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10.1 EXPERIMENTAL OBSERVATIONS OF CRACK PROPAGATION
AND DAMAGE

Concrete has much higher strength in compression than in tension. As dis-
cussed in Chapter 4, many initial flaws exist in a cementitious matrix as well
as at the interface between coarse aggregate and the matrix due to segregation
during casting and shrinkage and thermal cracking. Propagation of these cracks
is responsible for the so-called compressive failure of concrete.

Many studies have been previously conducted to observe propagation of
cracks for concrete under compression. Hsu et al.' and Shah and Chandra’
have observed internal cracks of compressive specimens with a microscope
and x-ray photographs. Shah and Sankar” tested a series of concrete cylinders
of 75 mm (3 in.) diameter and 150 mm (6 in.) height under uniaxial compres-
sion using a closed-loop testing machine. Axial displacement and diametric
deformations at different levels of specimen height (locations A, B, and C in
Fig. 10-1) were measured during testing. A typical compressive stress—axial
displacement relationship obtained is shown in Fig. 10-1a, and corresponding
diametric deformations at various loading levels along the specimen height are
indicated in Fig. 10-1b. It is seen that the lateral displacement is basically
uniform along the specimen height up to about 80% of the peak load (point
2). After point 2, the lateral deformation at location B increases much faster
than those at locations A and C. This indicates that to some extent strain lo-
calization appears in the vicinity of location B. Shah and Sankar> also moni-
tored crack patterns in both transverse and longitudinal directions using
petrography techniques. Specimens loaded to each deformation level were sec-
tioned, one transversely and one longitudinally. Slices l% in. (12 mm) thick
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Figure 10-1 Load-axial deformation curve and diametrical deformation profile for concrete
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cylinder under uniaxial compression.
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were cut from the center of the specimen using a diamond saw. The obtained
crack patterns for different Joading stages are shown in Fig. 10-2. It was re-
ported based on these observations that the extent of cracking up to about 83%
of peak load is primarily limited to bond cracking between coarse aggregates
and mortar matrix (Fig. 10-2a). These bond cracks are uniformly distributed
in both transverse and longitudinal directions. When the applied stress contin-
uously increases, these bond cracks start to coalesce into continuous cracks
that can be seen at the two edges of the longitudinal section, as indicated in
Figs. 10-2b, c¢. Cracking is uniform and extensive in both longitudinal and
transverse sections further into the postpeak region (Fig. 10-2d). Shah and
Chandra’ observed a significant increase of specimen volume after about 80%
of the eak load. A similar strain localization was also observed by Torrenti
et al.* using stereophotogrammetry and speckle laser.

Majl and Shah® used laser holography to observe initiation and propagation
of cracks in model concrete specimens. Results obtained are illustrated in Fig.
10-3. Cracks initiate at the interface between aggregates and cementitious ma-
trix and then propagate into the matrix as applied load increases. Crack paths
near the peak stress are basically in the same direction as the applied load.

Based on these experimental observations, the failure process of a uniaxial
compressive concrete specimen may be summarized as in Fig. 10-4. The com-
pressive stress—strain relationship may be divided into several stages. Stress
initially linearly increases with strain. The microflaws start to open at point A,
which is approximately 30% of peak stress. The interfacial flaws propagate at
point B (about 50% of the peak stress). These bond cracks, which are isolated
and uniformly distributed over the whole specimen, propagate in different di-
rections based on the shapes of the aggregates. These bond cracks propagate
into the mortar matrix and coalesce as a single crack or several major cracks
that are in the direction of the applied compressive load at about 80% of the
peak stress (point C). This is strain localization in compression. The beginning
of the strain localization accelerates failure of the specimen. These major cracks
stably propagate, and one of them reaches its critical length at point D. As a
result, the specimen exhibits its peak compressive stress. After the peak stress,
the major cracks automatically propagate even though the applied load de-
creases. A softening type of stress-strain curve is usually observed for the
compressive failure of concrete. Approximately, the specimen continuously
contracts up to point C. However, the volumc of the compressed concrete starts
to increase rather than contract after pont C.>7 Although Poisson’s ratio slightly
increases as the load is applied, its value suddenly greatly increases approxi-
mately after point C. It is noted that for high-strength concrete, since the in-
terfacial bond is improved by the use of cementitious materials such as silica
fume, cracks may not initiate from the interfacial bond and some cracks may
penetrate through aggregates.

When a uniaxial compressive specimen is tested, some lateral restraint stress
may develop at the machine-specimen boundary due to different deformations
between the steel loading platen and concrete.® The crack pattern (failure mode)
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Figure 10-2 Transverse and longitudinal crack patterns at different loading stages: (a) up )
to 83% of the peak load, (b) up to the peak load, (c) up to 93% of the peak stress in the post-
peak region, and (d) up to 819% of the peak stress in the post-peak region.? Figure 10-2 (Continued)
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Figure 10-3 Propagation of cracks in model concretg plate under uniaxial compression ob;
served by laser holographic interferometry: (a) load dlsplacgmem curve, {b) crack p‘anoeirnr: i
point 1, (¢} crack pattern at point 2, (d) crack pattern gt po;m 3, (e) crack pattern at pi ,
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of a compressive specimen is influenced by this lateral rerqtraint stress bepause
it results in triaxial compressive stress states at the end regions of'the specimen.
These triaxial stress states arrest cracking in the end regions, which may delay
or prevent strain localization and formation pf macrocracks. Thgrefore, when
plain steel loading platens are used f(?r testing pf a short specimen, a hour-
glass-type failure mode as shown in Fig. IQ~5(1 is usual'ly obt.amed. This type
of failure mode cannot be used to characterize compressive failure qf concrete.
The influence of the lateral restraint stress can be mlnlm}zed by using various
mechanisms such as a brush-type loading de\{ice or lubricants. In.lhls carqe. a
significant amount of prominent vertical splitting cracks accompanied by some
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Figure 10-3 (Continued)

shear cracks are observed, as shown in Fig. 10-5b.%° The effect of the lateral
restraint stress can also decrease by increasing the slenderness of the tested
specimen. Failure due to a single shear crack has been reported for slender
specimens loaded using a hinged platen, as shown in Fig. 10-5¢.°

Based on the above discussion, in a manner similar to tensile fatlure, the
compressive failure of concrete is characterized by a strain localization evi-
denced by coalescence of one or several major cracks accompanied by sudden
increase of Poisson’s ratio. The major cracks formed after the strain localiza-
tion are in directions of local maximum principal compressive stress, which
globally coincide with the applied compressive load, rather than in a direction
perpendicular to the applied force in tension. Since a crack results from tensile
stresses developed primarily due to the effect of Poisson's ratio, several major
cracks, instead of a single crack in the case of tension. are ofien observed after
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Figure 10-4 Stages of crack propagation in concrete under uniaxial compression.
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Figure 10-5 Failure modes of concrete specimens under uniaxial compression.
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Figure 10-6 Influence of specimen height on uniaxial compressive stress—strain curves.®

the strain localization. The presence of strain localization allows one to use
fracture mechanics to describe the failure behavior of concrete under compres-
sion.

The fact that fracture mechanics is a suitable approach to describe com-
pressive failure of concrete is confirmed by experimental results reported by
van Mier,” as shown in Fig. 10-6. His results indicate that postpeak compres-
sive stress—strain curves depend on the height of prismatic specimens. Speci-
mens with different heights have almost identical stress—strain behavior up to
peak stress, However, longer specimens exhibit less strain after the peak stress
compared to shorter specimens. This experimental observation indicates that
many previous constitutive models'™'" based on softening types of stress—strain
relationships may not be appropriate for concrete. On the other hand, fracture
mechanics can be used to reasonably describe the observed strain localization.
An extensive review of experimental and theoretical studies on compressive
failure of concrete has been given by Vonk.'? Various approaches for com-
pressive failure of concrete based on fracture mechanics will be discussed in
this chapter.

10.2 FRACTURE MODELS FOR FAILURE RESULTING FROM
INTERFACIAL BOND CRACKS

Both interfacial cracks and matrix voids exist in concrete before loading. A
major crack usually initiates from an interfacial crack. This may be due to the
facts that (i) the size of an interfacial crack is usually much larger than that of
the matrix voids and (ii) the interfacial layer (transition zone) has a poor mi-
crostructure that results in a weaker fracture resistance.'® The presence of the
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Figure 10-7 Structural unit to model compressive response of concrete proposed by S

and Winter.'®
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and the unit behaves linearly clastically. Since the bond layer has a lower
strength, some part of the bond layer reaches its yield stress at a certain load
level. This yielded zone in the bond layer, which can be regarded as a bond
erack, propagates with increasing load. Failure of the bond layer is described
by Mohr’s failure theory. After the bond layer starts to yield, the global rela-
tionship stress—strain becomes nonlinear. The above procedure was analyti-
cally implemented by Shah and Winter." Their model is capable of predicting
the stress at which the bond cracks initiate and the matrix cracking begins.
Nonlinear stress-strain curves of concrete under uniaxial compression result
from the progressive bond cracking. Note that in this model only the interfacial
debonding was simulated, and the effect of matrix cracking on the stress—strain
response was neglected. Some of the bond cracks propagate into the cemen-
titious matrix when strain localization begins, and isolated bond cracks at in-
terfaces of different aggregates coalesce into one or several major cracks. Since
the matrix cracking has a significant effect on the stress—strain behavior after
the strain localization, this model may only be valid up to the beginning of
strain localization (at about 80% of the peak stress).

Shah and Winter's model was significantly improved by Buyukozturk et
al.'® They proposed a unit including nine cylindrical aggregate pieces placed
in three symmetric rows about horizontal and vertical axes, as shown in Fig.
10-8. A plane-stress FE analysis was applied to the three different phases of
the materials to obtain stress-strain curves of the unit. Since nine aggregate
pieces were included, their model can be used to study the coalescence of
isolated bond cracks at interfaces of different aggregates after strain localiza-
tion. Results from the FE analysis indicated that cracks first initiate at weak
bond layers surrounding different aggregates, and at about 70% of the peak
load, these bond cracks start to propagate into the cementitious matrix. As the
applied load further increases. several major cracks appear, and the unit fails
at the peak stress. They reported that predicted crack patterns coincided with
experimental obscrvations and that the predicted and observed axial stress—
strain curves up to the peak stress were in good correlation. Palaniswamy and
Shah'? further applied this ninc-aggregate-piece model to concrete under cy-
lindrical triaxial stresses. It is noted that the interfacial layer may not be weak
for high-strength concrete due to the use of silica fume. Therefore, this ap-
proach may not be applied effectively to high-strength concrete.

Vonk'? has used a more complicated FE model to study failure of compres-
sive specimens due to interfacial cracks.

10.3 MULTILEVEL FRACTURE MODEL OF ZAITSEV AND
WITTMANN

10.3.1 Concrete as Multilevel Hierarchy System

— . . o . .
Zaitsev and Wittmann® and Zaitsev?' proposed a multilevel fracture model to
describe compressive failure of concrete. Based on its microstructure, a ce-
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Figure 10-8 Structural unit to model compressive response of concrete proposed by
Buyukozturk et al."®

mentitious material may be divided into macrolevel., mesolevel, and microlevel
for predicting its fracture behavior. Inhomogeneity on each level was repre-
sented by a type of inclusion. Linear elastic fracture mechanics was used to
describe fracture at these different material levels. To assure validity of LEFM,
the minimum dimension of the representative volume element (RVE) was re-
quired to be at least four times the maximum grain size. The inhomogeneity
on the macrolevel was given by ‘‘big’” inclusions such as coarse aggregates.
The typical linear dimension of the RVE for this level was assumed to be
on the order of magnitude of 100 mm. On the mesolevel, the mortar volume
between aggregates was considered. Inclusions on this level were average
grains of fine aggregates. The typical linear dimension of the RVE for the
mesolevel was an order of magnitude of 10 mm. On the microlevel, hardened
cement paste volumes between fine aggregates were considered. A main
inhomogeneity was represented by big capillary pores. The maximum
size of these pores may have an order of magnitude of 0.01 mm, and the
typical linear dimension of the RVE for the microlevel may be approximately

0.5 mm.
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10.3.2 Crack Propagation in Hardened Cement Paste
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(b) A two-dimensional model with randomly distributed cracks

Figure 10-9  Models for structure of hardened cement paste.?
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hole are also given by Zaitsev.”' When the load further increases, cracks begin
to interact. Beyond a certain load the crack propagation becomes unstable and
the specimen fails.

In the above simplified analysis, a series of coplanar cracks is assumed.
However. in a real hardened cement paste, cracks are oriented at random. It
may be assumed that all pores are statistically uniformly distributed. as shown
in Fig. 10-9b. Each pore may be assumed to have two preexisting cracks, and
the length of the cracks is uniformly distributed within the range of 0 < /, <
2r,. The angle of crack orientation with respect to the applied load, a;, is also
uniformly distributed within the limits between 0 and 2a. The interaction of
cracks was taken into account by assuming that two cracks will interact and
coalesce if «, and a are both below 7/6 or «, is below 7/6 while a; is above
57/6. The random structure was created by a computer program. If crack prop-
agation is studied by the Monte Carlo method, the results are similar to those
obtained by using the one-dimensional model shown in Fig. 10-9a.

For both model structures (the coplanar cracks and the two-dimensional
crack arrangement shown in Fig. 10-9), the equations describing crack prop-
agation for stable crack propagation can be written in a general form as

Klr
9= " 58
2";,

) (10.2)

where g(\,) is a function of the related crack length N,

Simulation of crack propagation as described above makes it possible to
estimate the effect of pore size distribution on the fracture mechanism, me-
chanical strength, and strain behavior of hardened cement paste. It has been
found that by increasing the mean size of pores while keeping the quantity
constant, the ultimate load will decrease.?’ It is noted that a Griffith-type frac-
ture criterion was used for both Egs. (10.1) and (10.2) because only the critical
stress intensity factor K. was involved.

10.3.3 Crack Propagation in Concrete

Fracture of concrete may be treated on the mesolevel of the hierarchical system
of the structure of materials. The main defects in concrete result from bleeding,
shrinkage, and other processes in fresh and hardening concrete. Most of these
cracks are interfacial bond cracks between hardened cement paste and coarse
aggregates. The actual structure of concrete may be modeled by a unit thick-
ness elastic plate containing inclusions (coarse aggregate particles). Aggre-
gates with random polygonal shape are randomly distributed in a homogeneous
matrix.

First consider a randomly inclined crack in a homogeneous plate loaded at
infinity, as shown in Fig. 10-10. It can be shown that as the compressive load
increases, two branching cracks of mode I may be created at the ends of the

103

MULTILEVEL FRACTURE MODEL OF ZAITSEV AND WITTMANN 439

Y

Figure 10-10 Development of branching
cracks from inclined crack.?

infiti;ll inclined crack with a length of 21,2227 It is assumed here that the path
gagte e I:W(; randf': I crack§ is ip the same direction as the apphied load In[:hie
se, the following relationship for a stable crack growth can be obtai}led' ‘

P _ K
N I (10.3)

where 7, is the length of the branching crack (Fig. 10-10)

p =T sin6, (10.4)

and T\- is the resulting force of shear stress o
opposite sides of the inclined crack. B
consideration, 7, can be expressed as

0, which causes sliding of the two
y taking the coeflicient of friction finto

T, = 2lo, = =24,q (sin 6, cos 6, — fsin? ,) (10.5)

l ll(: va q S p €SS S d C nat SysS
lu(: ()1 IS lIng[lVe 10] compression l)d [
) on [lle 00rdl dle ¢ y tem

10-10. Substituting Egs. (10.4) and (10.5) into (10.3) leads to

o Vil K,
R TN 3 (10.6)

where A(f,, f) = (sin 6, cos 6, — fsin’ 6,) sin 0,. Tt is seen from Eq. (10.6)
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that a crack (the value of /;) will steadily propagate when the applied load
increases.

Now consider a homogeneous matrix with one polygonal inclusion, repre-
senting an aggregate particle in an infinite matax, as shown in Fig. 10-11. An
initial interfacial crack with length 2/, is assumed to be located along one side
AB. This problem can be treated in a similar manner as one with an inclined
crack in a homogeneous matrix. But concentrations of shear and normal stresses
have to be taken into account. This can be done by introducing coefficients of
normal and shear stress concentration, k, and K, respectively. Since the length
of the initial inclined crack, 2/, is smaller than the length of the side AB, 2L,
the inclined crack initially propagates in mode 11 (shear mode), as shown in
Fig. 10-1la. Propagation of the shear crack is governed by

Kue .
gF = —————— (10.7)

vl DIF(GA-, D
where
D = k, sin 6, cos 0, — fk, sin® 0 (10.8)

Superscript IF is used to denote the interface hereafter.
The shear crack reaches the length of 2L, and stops, because further crack

HqH HqH H:H

(a) &) (c)

Figure 10-11  Crack propagation in matrix with aggregate: (a) an initial crack, (b) crack prop-

agation along interface, and (c) crack pranching.”
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or mode II. When the crack on the interface MN is mode I, the relationship
between the compressive load q;F and the mode 1 interfacial fracture toughness
K\" is given by

2K Vrly/L,
gF = — (10.10)
I AT, £)13 cos (8,/2) + cos (36,/2)] '

— 3B(6,, f)[sin (6,/2) + sin (36,/2)]

When the crack on the interface MN is mode 11, the relationship between the
compressive load gjf and the mode 1 interfacial fracture toughness K. is

2K NThil,

A" (@,, f)[sin (6,/2) + sin (30,/2)]
— B8, f)[cos (8,/2) + 3 cos (30,/2)]

= - (10.11)

where gif and gi are the critical loads to propagate the crack along the path
MN as mode I and as mode 11, respectively, and B'¥(8,. f) = D' (8, f)cos 6,.
Both values of g\ and g} depend on values of fracture resistances K. and
K\ and are negative for compression.

Zaitsev?' proposed that whether crack propagation is mode I or mode II
depends significantly on the sign of 6,, as shown in Fig. 10-12. Forf, < O a
crack of mode I is to be expected. For 8, > 0 as given in Fig. 10-12, a crack
of mode II is more probable. Zaitsev’' further indicated that since mode I
cracks are facilitated by shear components of applied pressure, the presence of
normal confining components of the applied compressive load makes the for-
mation of opening cracks in the interface less likely as compared to the for-
mation of shear cracks. As a consequence, in a material with randomly dis-
tributed inclusions (where the probabilities of occurrence of positive and
negative values of 6, are equal), new interfacial cracks will propagate primarily
in mode II. This means that a resulting crack running through the whole spec-
imen will contain some interfacial parts. Thus, the resulting crack will be
slightly inclined and not exactly parallel to the direction of the applied com-
pressive load, as shown in Fig. 10-13b.

More complicated situations including that the crack may propagate into
aggregates., which may happen for high-strength concrete and lightweight con-
crete, have also been discussed by Zaitsev and Wittmann. %'

Zaitsev and Wittmann®"?' have applied the above procedure to compressive
specimens made of hardened cement paste and normal concrete. The obtained
cracked patterns for the two types of materials are shown in Fig. 10-13.
Zaitsev®' also applied the proposed method to concrete subjected to a biaxial
state of stress and reported that the predicted biaxial failure envelope matches
with experimental results quite well.
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Figure 10-13 Crack patterns for different cementitious
paste and (b) a normal strength concrete.?!

materials: (a) a hardened cement

10.4 MIXED-MODE FRACTURE IN COMPRESSION

The compressive failure of concrete can also be
of mixed-mode fracture presented in Cha
Tasdemir et al.>*?* for a two-dimensional
presented below.

Consider an infinite-size plate containing an i
10-14. The length of the inclined crack is 2a,
uniaxial compressive stress 4, where g is define
The inclined crack may be a bond crack at the 1
resolution of stresses, the interfacial crack ma
a normal stress o4 and a shear stress Ts-

described by using principles
pter 8: This has been done by
analysis. Their approach will be

nclined crack, as shown in Fig.
and the plate is subjected to a
d as negative for compression.
nterface of an aggregate. After
y be considered as subjected to
Values of o and 7, are given by

0y = —q sin’ 0, Tg = —q sin §.cos 6, (10.12)

where 6, is defined in Fig. 10-14.

) Propagation and stability of the interfacial crack could be evaluated using
the concept of fracture mechanics. Under compressive loading, the interfacial
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R

Pyt
Figure 10-14 Initial crack, stresses e?a: on- q
set of interface debonding and kinks.”

crack with the inclination shown in Fig. 10-14 cannot open because the' normal
stress og 1s compressive. It cannot close either bf:cause the q’ack :surf;ccs art;
already in contact. Therefore, the mode 1 (openmg) stress intensity .actoer;:
the tip of the interfacial crack, K|, is zero. This resplt was verified usmlgda |
analysis. Since the actual crack faces were already in contact, they wotl: on );
be capable of sliding. The mode II (sliding) stress intensity factor at the tip o
the initial interfacial crack is given by*®

Ky = ’*q\/ﬁ(sin 0,cos 0, — fsinzf)k) (10.13)

where f1s the friction coefficient at the interfa;e. It i.s-noted that for sll‘dmg t;o
occur, |7g] > f|og|. This indicates that there is a critical Ya.lue of 6, given ()j/
0o = arccot f. Here, K}, is zero fgr 6,E 13 1(93‘,;),fwh(;are‘zzsOslldmg can occur an
ing K; is given by Eq. . or 0, < 0. .

lhe’l'cti”cé:rs'apgl?d»:/ilgl p;lopagate wt?en the applied compr'essive stress.mcreaseds.
The direction of propagation of the existing gmck ‘subjected to a mfxe(.j 120 e
is denoted by «. Generally, « does not coincide with 6,. Several criteria :;vti
been proposed to determine the value of «. For e).(ample, one may assume tha
the crack will extend in the direction of the maximum lTIIOdF: 1 stress intensity
factor. The stress intensity factors at the tip of an 1nﬁ{11t651lnal kink gl;flzt&ex-
tends from the initial crack tip at the angle « can be written as follows :

KEoky = — 2K, [sin (k/2) + sin (3k/2)] (10.14)
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and
Ki™(x) = 1Kulcos (k/2) + 3 cos (3x/2)] (10.15)

where K™ (k) and K™ («) are the mode I'and mode I stress intensity factors
at the tip of the kink, respectively, and K, is given by Eq. (10.13). It is noted
that after kinking the value of K:‘i"k(x) is not zero. Since it is assumed that the
crack will extend in the direction of the maximum mode I stress intensity fac-
tor, the maximum value of K}""k(x) occurs at x = 71° for all values of 6, and
can be obtained from BK}“"k(x)/ax = 0. Maji ct al. > also discussed the use of
different fracture criteria for extension of the kink.

An approximate solution has also been proposed by Steiff.>” His expressions
were based on the assumption that crack faces slide paratlel to themselves, and

the stress intensity factors at the tip of the kink for far-field uniaxijal compres-
sion are given by

. bl l’)
KI™ = —gsin'(o, - o, |72

N 3 /. 4o 3k
- — [ si sin —
) q 3 sin sin 5

" (sin ficos O, = f5in*0) (V2a + 1, — NIy (10.16)

N>

and

I
Khlnk(x) - _g Sinz(ﬁ‘ — K)A\/Wzg

3,
-9 T cosf+3cos~h
442 2 2

" (sin Gc0s 6, — fsin'6)(V2a + L, — VL) (10.17)

where /; is the length of the kink, as shown in Fig. 10-14. These cquations
describe the variation of K*™(x) and K "™ (x) at the tip of the kink. Equations
(10.14) and (10.15) can be obtained by substituting /, = 0 into Egs. (10.16)
and (10.17). Typical variations of K*"*(x) and K™ (k) for 6, = 36° and f=
0.25 are shown in Fig. 10-15. Note that these equations are based on solutions
of an infinite-size plate containing an inclined crack. It is seen that the value
of « for which K:""k(x) is maximum decreases with increasing value of L/a,
and this value of « corresponds to K% (x) = 0.

Tagdemir et al.** also used a FE method to analyze finite-size plates sub-
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Figure 10-15 Stress intensity factors at tip of kink as function of kink angle.®®

jected to mixed-mode fracture using the software FRANC, which has been
briefly presented in Chapter 5. They also used laser holographic techniques to
measure experimentally mixed-mode crack propagation. A two-dimensional
elastic analysis was performed using six-noded triangular and eight-noded
quadrilateral elements. The dimensions of the specimen and the initial element
mesh are shown in Fig. 10-16a. The nodes on the top and bottom faces of the
crack were fixed in the vertical Y direction to simulate absence of closure (Fig.
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N __/__

Figure 10-16 Finite element analysis of compressive failure: (@) initial mesh, (b)

S

|
1
|
1
|
P

et e —— -

condition, and (c) mesh showing crack propagation and singular elements.?*

boundary
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10-16b). One middle node at the upper side of the crack was fixed in the l)f
direction to prevent rigid body translation. Hence, LhchI;ack lfaczswvzzrzoz;e
i a d open. The analysi
d to slide, but not allowed to close an | was
:)?sv:d on the experimentally observed crack path. The load(sj wetre fapprl]:e(\jv:;
i i iaxial compression. A second set of runs '
specimen ends to simulate a uniaxia . A second scl o runs was

ade where the top and bottom crac.k faces wer _ ‘
?(])dsi?nulate the aggregate matrix friction. The applied shez{r stress usgd wa'sli)f
the magnitude of f g sin’d;, where f = 0.25 was determined expenmlentd z
i 1axi ssive stress. These stresses were lumpe
and ¢ was the applied uniaxial compressiv ‘ en were lumped
i i f these two runs resulted in
at the interfacial nodes. Superposition o ! the solu
i i i 12.2 mm (0.5 in.} and 0,
ions. A typical mesh with kink extension of about r
t‘—0r13§6°Aisys‘;10wn in Fig. 10-16¢. Results of the FE analy51.s were cqmpared
\;ith Eq. (10.13) and shown in Fig. 10-17. Note that for this comparison t\k}l}e
crack wés simulated by a single line representing a sharp crack in the F;E mes n
As shown in Fig. 10-17, the results obtained by the FE analy'51s f(')rt ebglée
di>mensions are reasonably close to the infinite-size plate soluthn given by q(i
(10.13). As in previous discussions, it was assumed that the kink will exten

Q.5
OFEM (f=0) Eq.(10.13)
Q.4 °
®
f=0.25
Q3 —
E f=0
Z
<
o2r
0. e
. A
oL —— 80°

Crack orientation angle, 6y

i i i ion
Figure 10-17 Normalized mode Il stress intensity factor as function of crack orientat
angle.®
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!
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FEM: Stone }f =0.25
l/a = 0.50 S
IE 0.2t
o °
} £q. (10.18)
0.1
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0 e L 1 L ——
0 20 40 60 80
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Figure 10-18 Comparison of values of Ko between Eq. (10.18) and FE analysis.?

in the direction of the maximum value of K'™(x). This maximum value of
K{™(x) is denoted by Ko. which is given by

Ko = max K™ (k) = ~1.1547¢/a(sin O cos 6, — fsin’,)  (10.18)

based on Eq. (10.16) using the condition dK*"™(x)/ax = 0. Values of the ap-
parent mode [ stress intensity factor, K. obtained by the FE analysis for the
plate with given dimension are compared to Eq. (10.18) in Fig. 10-18. For the
FE analysis, values of both the sharp crack and the stone-matrix interface are
given. The analytical solution correctly predicts the trend for the finite-size
plate for the given dimension, but the values of Ky do not always match. For
a given value of the applied stress g, the corresponding value of K, can be
calculated either by Eq. (10. 18) or by a FE method. Based on LEFM, if the
value of Ky, is greater than the critical stress intensity factor K., which is a
material fracture parameter, the crack will propagate. It is noted that the crack
will propagate in the direction of the maximum value of the mode I stress
intensity factor, which is determined from the condition K™ (x)/ax = 0. By
repeating this procedure for different values of ¢, a relationship between the
applied load and the crack extension can be obtained. Tagdemir et al.** also
modified an LEFM FE method to take both norm

al and shear traction forces
on cracked faces into account.

10.5 SUMMARY

Mechanisms for compressive failure of concrete specimens have been dis-
cussed based on various experimental observations. The compressive failure
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is characterized by strain localization. Cracks usually initiate from the interface
between the aggregate and cementitious matrix and then coalesce into one or
several major cracks that are in the same direction as the applied compressive
load. Since the major crack(s) accompanied by the strain localization is in the
same direction as the applied compressive load, modeling of the compressive
failure using fracture mechanics is more difficult than when compared to the
tensile failure of concrete. Several models based on fracture mechanics have
becen presented to account for this fracture process. It is noted that because of
the difficulty in modeling the compressive failure, these models are primarily
based on LEFM. Sophisticated models in this arca will depend on more un-
derstanding of compressive failure mechanisms and on development of new
analytical methods.
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