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An experimental program involving the measurement of the local vertical strain distribution within‘ a concrete specimen
has been conducted to examine the failure mechanism and localization effect of concrete under uniaxial compression. This
leads to a new quantitative approach to localized compressive fracture length. By considering the geometrical parameters
and properties of the concrete used, it is found that, when localization occurs, the localized compressive fracture length
depends only on the size of the cross-section of the specimen. A new definition of fracture energy under compression in
terms of externally applied energy per unit fiacture volume is also introduced. A
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1. INTRODUCTION

It is now generally accepted that the failure of concrete in tension is localized within a limited zone. Manyresearchers have
studied the localization behavior of concrete in tension, and useful results have been obtained0. The localized behavior in
tension is generally modeled by a stress-crack width relationship based on the tensile fracture energy (GF). A uniaxial
description of the properties is sufficiently realistic, because no maj or lateral deformations take place simultaneously.

On the other hand, material models for compressive failure of concrete are normally based on a uniaxial compressive
stress-strain curve obtained fromtests, where uniform deformation throughout the concrete specimen is assumed. This
assumption is reasonable for the ascending branch of the stress-strain curve, but is not necessarily accurate for the
descending branch. Since it has been found that deformation after the peak stress is localized within certain zones2), the
descending branch ofthe stress-strain curve becomes size dependent as the measured strain depends onthe gage length and
position ofthe gage3).

Despite a number of studies4)>5), the localization behavior and fracture zone of concrete in compression have not yet been
clarified. Compressive failure is more complex than tensile failure, because it is always accompanied by significant lateral
deformations. These lateral deformations are mainly caused by splitting cracks, which form and expand during the failure
process. In addition to these cracks, localized shear bands mayalso form. Thus, the fracture process in compression is not
only determined by localized cracks, as in tension; rather to be realistic, both the local and the continuum components of
compressive softening have to be taken into account.

In order to analyze the post-peak behavior of concrete in a more realistic manner, it is necessary to study the behavior of
concrete under compression in consideration of crack localization and fracture energy of concrete in compression.
Furthermore, a realistic stress-strain curve for concrete under uniaxial compression that takes into account localization
behavior will lead to more accurate results in the analysis of bending stresses in reinforced concrete members6).

2. REVIEW OF PREVIOUS RESEARCH

The problem of accurately determining localized compressive length has often been discussed. Markeset and
Hillerborg5)'7) took the value of damaged zone, Ld, to be 2.5 times the smallest lateral dimension of the concrete
cross-section. This proposed value was based on the finding of other researchers3)i8) that the compressive strength, fc , of a
specimen becomes constant when the slenderness ratio reaches a value of about 2.5. This constant value of fc is obtained
regardless of the test technique and end restraint conditions. However, there has been no direct measurement of the
fracture length for the suggested value of Ld.

In 1999, an attempt to measure the localized compressive fracture length was made by Nakamuraand Higai4). They
obtained the localized compressive fracture length by considering the local strain, as measured by embedding a deformed
acrylic bar fitted with strain gages within concrete cylinder specimens. It was found that the localization behavior could be
captured effectively, but no clear evaluation method of localized compressive fracture length was presented and the
parameters ofthe study mainly focused on properties ofthe concrete used to cast the specimens.

Onthe other hand, the definition of fracture energy in compression also remains uncertain. Nakamuraand Higai4) defined
the local fracture energy, Gfc, as the energy absorbed per unit area in the fracture zone. This was estimated fromthe area
under the overall load-deformation curve excluding the elastic unloading part. The compressive fracture energy, Wq,was
alternatively defined as the energy dissipated up to the point where the load descends to 1/3 ofthe peak load; this includes
a portion ofthe elastic strain energy as presented by Rokugo and Koyanagi9).

In this investigation, an experimental program is conducted in order to clarify the localized behavior of concrete in
compression. The experiment is divided into two parts. The first considers the wide range of geometrical parameters such
as the height-depth ratio, shape and size ofa specimen. The effects ofthese parameters on localized compressive fracture
length and fracture energy in compression of concrete under uniaxial compressive stress are determined while holding
properties of the concrete constant.

The effects of concrete properties (i.e. cylindrical compressive strength and maximumsize of coarse aggregate) on
localized compressive fracture length and fracture energy in compression are subsequently examined in the second part of
the experiment. In all tests, high early strength cement is used. Finally, a quantitative judgment of localized compressive
fracture length and a definition of compressive fracture energy are introduced.
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3. EXPERIMENT

3.1 Part I

The effects of the geometrical parameters
height-depth ratio, size and shape of the specimen on
failure relating to localized compressive fracture
length and compressive fracture energy were
examined. Details of the experimental program are
listed in Table l(a).

All specimens were cast using concrete with the same
mix proportion and an average cylindrical
compressive strength of45 N/mm2.The quantities of
materials used are shown in Table 1 (b). The tops of
specimens were capped with cement paste 6-8 hours
after casting to ensure a smooth horizontal surface for
loading. Specimens were demolded after one day and
cured in water at about 22 °C for 7 to 8 days before
testing. Compressive strength tests were also carried
out on concrete cylinders <b 100 X 200 mmtaken
fromthe same concrete batch.

The technique of measuring strain within a concrete
specimen by embedding a deformed acrylic resin bar,
as studied by Nakamuraand Higai4), was found to be
effective and was adopted in this experiment. The
square-section acrylic resin bar with a cross-section
of 10 X 10 mm was first deformed by cutting half
cylinder-shaped furrows across the two opposite faces
in order to ensure good bonding between the bar and
concrete, as shown in Fig.1 (a). Strain gages were
attached to the bar which was then installed vertically
in a position coincident with the specimen axis before
casting of the concrete. The strain gages were
attached in a vertical orientation to measure the
longitudinal local strain at intervals of40 mm(or 20
mmin the case of 100 mmheight specimens). The
total deformation of a specimen was externally
measured during loading by the use of deflection
gages set between the loading plates. Friction at the
interfaces between the ends of a concrete specimen
and the loading platens was reduced by inserting
friction-reducing pad sets consisting of two teflon
sheets sandwiching silicon grease. In the case ofthe
standard cylindrical compressive strength tests on the
$ 100X200 mmcylinder, no attempt was made to

reduce friction between specimen ends and the
loading plates. The installation of the deformed
acrylic bar and the test arrangement are also
illustrated in Fig.l. All data were recorded using a
data logger.

Post-peak load-deformation curves were captured by
one-directional repeated loading in the stress
descending range. The initiation and propagation of
cracks were also visually observed.

Table 1 Experimental Program: Part I

(a) Experimental program

*Average cylindrical compressive strength at 7 daysfor all cases is
45 N/mm2with the maximumsize of coarse aggregate 20 mm.

(b) Mix proportion ofconcrete** ,...,å .

**No admixture; air content is 2. 0%.

(a) Acrylic bar with strain j^gss

(b) Installation of acrylic bar (c) Loading set up

Fig.l Installation of strain gages and test arrangement
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3.2 Part II

In this part ofthe experiment, only cylinder specimens
$ 100 X400 mmwereused in the testing program.
Once again, a deformed acrylic bar fitted with strain
gages was embedded inside all specimens. The
concrete properties, i.e. maximumsize of coarse
aggregate, Gmax,and water-cement ratio, W/C, were
varied as shown in Table 2. The specimen preparation
process was the same as in Part I, except that instead
of capping the tops of specimens, the tops of the
specimens wereground.

The testing procedures were also the same as in Part I.

Table 2 Experimental program: Part II*

*No admixture was added and the air contentfor Gmax13 and 20 mm
is 2.5% and 2. 0%, respectively.

4. DETERMINATION OF LOCALIZED COMPRESSIVE FRACTURE LENGTH AND FRACTURE ENERGY
IN COMPRESSION

After compiling all test results, the overall average stress-strain curves fromexternal measurements, together with the local
stress-strain curves measured by each gage attached to the deformed acrylic bar, were plotted. As an example, the PS 10
series of specimens are shown in Fig.2 (a) and (b). Here, a maxand e 0 refer to the maximumstress and corresponding
strain, respectively.

4. 1 Localized compressive fracture length, Lc

It can be seen fromthe local stress-strain curves of PS10-40 shown as in Fig.2 (b) (full results including the numerical
values for PS10-40 are summarized in APPENDIX A) that, in the stress descending range, someparts of the specimen
exhibit softening behavior (increasing strain) while others show unloading behavior (decreasing strain). Thus, in this case,
failure was localized into a certain part ofthe specimen.

As cited before, many attempts have been made to set up the value of fracture length or localized compressive fracture
length, Lp, on the basis of test results. Most did not directly measure the value ofLp, but rather theoretically derived it6), or
else based it on the part ofthe specimen believed to be subjected to uniform uniaxial compressive stress5)?7). One attempt
to directly measure Lp was made by Nakamuraand Higai4),but the determination of Lp in their study was based on the
ability to distinguish between the zone of increasing local strain (the softening zone) and the zone of decreasing strain
(the unloading zone), which is somewhat subjective. This problem also became apparent in this study when someparts of
a specimen showed unloading behavior at the beginning of the descending path, but then exhibited softening behavior
whenthe load was further increased, as seen in curves for gage numbers 3 to 6 in Fig.2 (b).

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

e/So

orl
å <^>

å p

®

Distancefrom 2o 60 100 140 180 220 260 300 340 380

£ top (mm)

(a) Externally measuredstress-strain curves (b) Local stress-strain curves (PS1 0-40)

Fig.2 Typical results from experiment Part I (PS 1 O-SERIES)
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Given these problems, a newly developed concept for the
determination of Lp is introduced in this paper. The energy
consumed by each portion of a specimen, as calculated from
the load-local deformation curve, is used as the criterion for
judgment of Lp.

From the load-local deformation curves of a specimen, the
energy absorbed by the whole specimen can be calculated by
summing up the energy absorbed in each portion of the
specimen, assuming that there is constant strain in the intervals
between strain gages, as depicted in Fig.3. Figure 3 (a) shows
the portion assumed to have constant strain, while Fig.3 (b)
shows the area beneath the descending part of the load-local
deformation, P-d;, curve for that specimen portion until the
load falls to 10% of that at the maximumresistance, Pmax.The
calculated area, i.e. the shaded area, therefore, is the energy
consumed within that portion of the specimen; this will be
called Aint/. The summation ofAint, over the whole specimen
yields the total energy consumed, or A^, as shown in Eq. (1).

Assumedconstant strain portion

4nt=2Xu CN-mm) (1)

where, n is the total number of gages attached to the deformed
acrylic bar.

Therefore, a distinct and objective definition of the
compressive fracture zone is then obtained as the zone in
which the value ofA^t, is larger than 15 percent of A^t,
and the length of this zone is called the localized compressive
fracture length, Lp (Fig.3 (c)). The 15 percent criterion is
selected because calculated values of Lp correlate well with
the experimental observations at this level. In addition, for
portions in which A^, is greater than 15 percent ofA^, it can
be perceived that the energy absorbed is considerably high and
enough to lead to failure.

4.2 Compressive fracture energy, GFr

(a) Assumed length of uniform strain distribution

±P,N

d o.lPmax

(b) Energy consumed by each portion, A^y
(Load-local deformation curve)

A^, N-mm

20,000 40,000 60,0 00

(c) Localized compressive fracture zone

Fig.3 Determination of LpThe definition of compressive fracture energy has also been
suggested by many researchers. Nakamura and Higai4)
defined the local compressive fracture energy in terms of absorbed energy, as provided by an externally applied load up to
20% of Pmax,within the softening range excluding the elastic unloading path, per unit area ofthe specimen cross-section.
Onthe other hand, Rokugo and Koyanagi9) defined the total absorbed energy up to 1/3 (approximately 33%) ofPmaxin the
descending range as the compressive fracture energy. It is clear that a universal definition has yet to be set up. One reason
mayarise fromthe lack of reliable data on fracture length, Lp. Hence, in this paper, based on the newly developed criterion
for Lp, Gpc is evaluated fromthe energy consumed by the specimen up to 10% ofPmaxwithin the descending range and the
true fracture volume, Vp, resulting fromthe externally applied load. This concept ofGFc based on fracture volume, Vp,(not
area) is introduced here since, in a realistic interpretation, the externally applied energy would cause a volumetric failure
rather than failure at any specific cross-section of a specimen. Further, the value of 10% of Pmaxis chosen because, from
the experiments, it was found to be the level of load at which further loading would cause only a small change in total
specimen deformation.

Just as for A^, Aextcan be calculated fromthe externally measured load-overall deformation, P-d, curve. That is, Aext is
the total energy supplied by the external load that causes failure ofthe specimen. The main place offailure is the localized
fracture volume, Vp, which is the product of Lp and the specimen cross-sectional area, Ac. Therefore, the compressive
fracture energy, Gpc, or the applied energy per unit volume ofthe fracture zone, can be calculated by dividing the
obtained Aextby Vp, as shown in Eq.(2).
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Table 3 Summaryof test results

(a) Part I

*For PR20-SERIES, D = 200 mmwas used.
**Result not available.

(b) Part II

n -We -å  F (N/wm2) (2)

where, Vp=Localized fracture volume, mm3=LpXAC
Ac=Concrete cross-sectional area, mm2

The results ofLp and Gpc for Parts I and II ofthe experiment are summarized in Table 3(a) and (b), respectively.

5. CRACKING PATTERNS

Manyresearchers have reported the effects of end restraint on the measured stress-strain curve of concrete under uniaxial
compression3^ 8)> 10). Thus, as mentioned above, in all tests here, an attempt was made to reduce friction between specimen
ends and the loading platens by inserting friction-reducing pads. From the test results shown in Table 3(a) and (b), the
ratios ofthe maximumspecimen stress to cylindrical compressive strength, a msJU, vary. However, the average values
are 71% and 76% when H/D=2 and 4, respectively, which means the friction was effectively eliminated by the
friction-reducing pads.

In the case of H/D = 1, the average a max/fc'is 57%. The reason for this low value is that specimens with H/D=l failed in
splitting failure mode, which is completely different fromthe cases whenH/D>2.

Moreover, fromthe observation of cracks, it was found that, for specimens with H/D>2, failure did not commenceat the
central zone of a specimen but was initiated from one end, meaning that the effects of end restraint were substantially
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eliminated. An additional reason arises because of the nature of
concrete; it is inhomogeneous and its strength over the specimen
length takes the form of a normal distribution. Hence, stable
failure throughout the length cannot be expected. Furthermore,
certain unavoidable imperfections in the testing arrangement,
such as the horizontality ofthe loading plate, meanthat perfectly
uniform force transfer fromthe ends is unlikely to be achieved,
especially whenthe length of the specimen is greater; therefore,
the failure is likely to be initiated from one end ofthe specimen.

5.1 Experiment Part I

Fromobservations of crack occurrence in tested specimens, it can
be seen that, for short specimens with H/D=l , failure consisted of
splitting from top to bottom of the specimen and the observed
value of compressive fracture length, Lp, is, in almost all cases,
equal to H. As for the longer specimens with H/D=2 and 4, lots
of small visible vertical cracks were observed in a particular
region when the peak resistance wasreached. At the final stage,
in the post-peak region at 0. 1Pmax,the small cracks coalesced to
form the crack zone while a few long vertical cracks penetrated
downto the bottom(in a case where the specimen failed fromthe
top). Thus localization occurred only for H/D>2, and later
sections discussing Lp and Gfc will refer to only the results for
specimens having H/D>2. This localization behavior can also be
clearly seen in the photographs ofthe cracking pattern at the final
stage shown in Fig.4.

It should be noted that, compared with the work done by
Markeset5), these vertical cracks are assumed to be localized into
a shear band but positioned vertically in this experiment, because
friction at the ends was effectively removed.

5.2 Experiment Part II

Further observations on the effects of maximumsize of coarse
aggregate and water-cement ratio on localization in compression
werecarried out. Concrete cylinder specimens with a diameter of
100 mmand a height of 400 mmwere selected and tested.
Typical results are depicted in Fig.5.

(a)H/D= 1

(c) H/D =4

Fig.4 Cracking patterns of tested specimens
(C1 0-SERIES) (experiment Part I)

W/C=50 %

0.00

W/C=60%

W/C=70%

0 2000 4000 6000 8000 10000
sxlO6

Fig.5 Typical results fromexperiment Part II
(Gmax =20 mm)

From the observation of cracks during the tests, examples of which are shown in Fig.6 (a) and (b), it is clear that
localization occurred in some parts of specimens with a few penetrating long cracks as in experiment Part I. There is no

11111111111!
ft*

W&k. <Hk?w!1

mgggf
W/C=0. 50 W/C=0. 60 W/C=0. 70 W/C=0. 50 W/C=0. 60

(a) Gmax=20 mm (b) Gmax= 13 mm

Fig.6 Cracking patterns oftested specimens (experiment Part II)

W/C=0. 70
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significant difference in cracking patterns when specimens have different concrete properties.

It is of interest to notice that the slope of each local stress-strain curve shown in Fig.2 (b) (refer to also APPENDIX A) is
different. A possible reason for this is that, when loading was applied, the volume ofthe specimen began to decrease as the
length shortened, and this was followed later by lateral expansion. However,due to the residual frictional restraint at each
end ofthe specimen, despite the attempt to eliminate it, and because of the inhomogeneity of concrete itself, expansion at
the top and bottom was different. In the case ofPS 10-40 (Fig.3 (c)), the bottom expansion seems to be larger than that at the
top, while more shortening is seen at the top, i.e. it has not yet expanded. Therefore, the ascending curves of local gages
positioned near the top of the specimen show significant changes in longitudinal strain, whereas nearer the bottom, and
especially at gage 1 0, only a slight change takes place, as can be seen from Fig.2 (b). On the other hand, after the peak load,
the lower portion, where expansion is greater than at the top, fails in the final state; in other words, failure is localized at the
bottom. This also confirms the concept that most ofthe applied energy is absorbed within the localized failure zone. This
can be seen from area under the local strain curves, i.e. the higher A^ti at gages positioned on the lower half as compared
with the upper ones.

In conclusion, the test results show in all cases for specimens whose length is greater than Lp, the final failure pattern is a
combination ofa few long penetrating cracks and a zone containing lots of small splitting cracks. The penetrating cracks
are, in general, in the diagonal shear band, but in this study the frictional restraint at both ends of the specimens was
eliminated in the tests, so the deviation ofthe crack inclination from the vertical is relatively small. The zone containing
the splitting cracks, which indicate volumetric failure, contributes to the failure of most specimens; as a result, in this
research, the determination ofLp is based on the length of this zone. Accordingly, Gpc, which is defined as the energy
required to cause compressive failure of a unit volume ofthe specimen, can then be calculated based on the externally
applied energy and the localized failure volume, i.e. the zone containing splitting cracks, as described in detail in the
Sections 6 and 7.

6. LOCALIZED COMPRESSIVE FRACTURE LENGTH, Ln

6. 1 Effects of geometrical parameters

The effects of each geometrical parameter are discussed below
for cases except H/D- l.
a) Height-depth ratio
By including also the results from experiment Part II, Fig.7
shows that the variation of H/D of a specimen causes no
significant change to Lp. An average Lp value of almost 120
mmwasobtained for both H/D=2 and 4 cases. In other words,
a change in height of a specimen of a particular cross-section
has no significant effect on Lp. The results for PR20-80 are
excluded fromthis consideration because at the final stage a
long penetrating crack from top to bottom was observed,
indicating that the specimen failed with a different failure
mode.
b) Size and shape of specimen
From Fig.8, it can be observed that, for specimens having the
sametype of cross-section, an increase in cross-sectional area
leads to a slight decrease in Lp while the square and rectangular
cross-section specimens show slightly higher values of Lp
compared with cylindrical specimens.

6.2 Effects of concrete properties

The relationship between the experimentally obtained localized
compressive fracture length and the cylindrical compressive
strength is plotted in Fig.9.

It can be seen that, regardless of fc and Gmax,Lp is almost
constant with an average value of 120 mmand a coefficient of
variation of 1 1%. That means, in comparison with geometrical
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parameters, Gmaxand W/C have little effect on the localized
compressive fracture length of a specimen.

6.3 Formulation of Lc

As noted above, the height and shape of a specimen and also
properties ofthe concrete used to cast it have virtually no effect
on Lp, whereas Lp evidently dependent on the cross-sectional
area. Therefore, the relation between Lp and the cross-section
ofa specimen given in terms ofD*, the equivalent cross-section
width or the square root of cross-sectional area, Ac, is
considered. The plot of concrete cross-sectional area against
Lp/D* in Fig.10 (a) shows that, within the range ofthe tests, an
almost constant value ofLp/D* is obtained when D*is less than
100 mm(Ac<10,000 mm2). An increase in Ac above this leads
to a decrease in Lp/D* in which the rate of decrease gradually
falls. In order to simplify the relationship, a constant value of
Lp/D* for D* larger than 180 mm(Ac>32,400 mm2) is assumed.

Finally, the following simplified relationship can be proposed:

where, D =^JAC ,mm

, as depicted in Fig.10 (b).

The effects of various concrete specimen parameters on Lp,
which were obtained from direct measurements, were also
studied by Nakamura and Higai4). They performed uniaxial
compressive tests on concrete cylinders measuring <^> 100 and
0 150 mmwith a range ofH/D ratios, and found that H/D has

little effect on Lp, reflecting the results obtained in this study.
However,their results further showed that the cross-sectional
area of a specimen has no effect on Lp> while Lp is rather
affected by fc and the size and grading ofthe aggregates. This
maybe because ofthe narrower range of cross-sectional area in
their test. In addition, Lp was not quantitatively evaluated,
which differs from the process presented here. In contrast,
according to experimental research done by Rokugo and
Koyanagi9), Lp tended to be constant for concrete specimens
with the same cross-sectional area.

150
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Sso

-3»"

Average=120 mm
CV. =U%

o Gma=20mm à"GmA=13mm

20 30 ..XT/ 240

fc, N/mm 50

Fig.9 Relationship between Lp and concrete
cylinder compressive strength

0.00

10000 20000 30000 40000 50000
Ac, mm2

(a) Experimental results

L/CT = -3.53 X10-sD'2+1. 71

LJD*

1.36

0.57|

1 0,000 32,400

(b) Proposed formulation

Fig.10 Relation of Lp and equivalent width
ofthe specimen

7. COMPRESSIVE FRACTURE ENERGY. Gf,

As mentioned above, one-directional repeated loading in the
stress descending range wascarried out so as to capture the
stress-strain curve within the post-peak region. However,
for specimens with comparatively large cross-section, a
sudden drop in load at the peak point was, for somereasons,
unavoidable. Furthermore, GFcis substantially dependent on
the area under the load-overall deformation curve or the shape
of the curve itself, especially in the descending range.
Therefore, in order to obtain the most reliable results, the
results ofthe C20 and PS20 series were not included in the
consideration of GFc.Thus, Fig. 1 1 was plotted omitting these.

o o.io
0.05

0.00

0 2 4 t 6, 8
Vc, x l06 mm3

(a) GFc and Vc
Fig.1 1 Relationship between GFc and

parameters in the tests

10
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7. 1 Effects of geometrical parameters

Figure 1 1 (a) shows the relationship between the total specimen
volume, Vc, and the average value of GFc for cylindrical and
prism specimens. In order to isolate the effects of the
geometrical parameters, the results of Part II were not included.
It can be seen that there was almost no change in GFc with
changes in the geometry of specimens.

7.2 Effects of concrete properties

Figure ll (b) shows that the value of Gpc is, in some way,
dependent on the cylindrical compressive strength. It is found
that when GFcis divided by fc'1/4, an almost constant average
value of 0.86 X 10"1 with a coefficient of variation of 18% is
obtained, as shown in Fig. 11 (c).
Onthe other hand, from Fig. 12 it can be seen that the maximum
size of coarse aggregate has little effect on the magnitude of
GFc-

7.3 Formulation of GFr

From Fig.l l(c), the following simplified relationship can be
obtained for when localization in compression occurs :

where, the units ofGFc and fc are N/mm2.
(4)

This formulation is consistent with previous research work4) in
that the fracture energy in compression depends on concrete
compressive strength regardless of the size and shape of the
concrete specimen. Though the coefficient and the power of
fc in the formulation are different because ofthe difference in
the calculation of GFcbut it can be conceived that the relation
between GFcand fc is nonlinear.

However,the actual cracking pattern of a concrete specimen
comprises a zone containing lots of small cracks and a small
numberof penetrating long cracks. The calculation of GFc
here is based on only the small cracking zone, which is
simulated by the localized fracture volume, while the long
penetrating cracks and the unloading portion that absorb some
part of the external applied energy are not taken into
consideration. Note that the results for PR20-80 were also not
included here because the final failure pattern ofthe specimen,
which consisted of a long and wide open splitting crack from
top to bottom and only few small tensile splitting cracks, is
considerably different fromthe other specimens.

20 3 0 . T/ 240
fc, N/mm

(b) GFc and fc"

50

0.15

0.10

o

0.05

0.00

20
fc , N/mm

(c) GFc and fc'

50

Fig.l 1 Relationship between GFcand
parameters in the tests (continued)

3 0 ,, 2 40
fc, N/mm2

Fig.12 Relationship between GFcand fc

8. CONCLUDING REMARKS

Through the technique of measuring the local strain within a concrete specimen along its axis, localization ofthe failure in
uniaxial compression is shown to occur whenthe specimen has an H/D ratio greater than or equal to 2. The localized
compressive fracture length can be evaluated fromthe relative amountof energy absorbed by each portion ofthe specimen.
The method presented here offers a new quantitative means of determining the value of Lp, and the results obtained are
found to agree with observations made during the testing procedure.
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The localized compressive fracture length is found to be dependent solely on the specimen cross-section, whereas the
specimen height, H/D ratio, and cross-sectional shape are found to have less effect on Lp. The cylindrical compressive
strength and the maximumsize of aggregate of the specimen concrete are found to have virtually no effect on localized
compressive fracture length. A relation between Lp and the equivalent section width is proposed.

Subsequently, the fracture energy in compression is calculated by dividing the area under the load-overall deformation
curve by the fracture volume. This concept is different fromprevious research work which, in most cases, did not taken
into account the effect of the localized failure zone. The test results indicate that GFc varies with changes in concrete
cylindrical compressive strength, while changes in geometry of the specimen and the maximumsize of aggregate used in
casting have less effect on Gpc. A relation between Gpcand fc is proposed.

The obtained GFcvalues do not take into consideration the contribution frompenetrating cracks and the unloading portion;
further studies are needed in order to gain a better understanding of localization behavior in compression.

APPENDIX A TEST RESULTS FOR PS10-40

The applied stress-local strain curves for PS 1 0-40 are depicted in detail in Fig.A1. Each curve represents the path obtained
fromone-directional repeated loading in the stress descending range, and the envelope obtained by connecting the peak
points ofthe repeated curve is also shown.
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APPENDIX B USE OF ACRYLIC BAR

The effectiveness of local strain measurements using a
deformed acrylic bar was investigated by comparing the
deformation measured externally by deflection gages with the
accumulated calculated deformation from the local strain
gages throughout the whole length of a specimen. It was
found that the two sets of results agreed with each other well
until the peak load was reached. After the peak load, the
calculated deformation from local strain gages was slightly
smaller than that indicated by the deflection gages, as shown
in Fig.B 1. This deviation occurs because, once the maximum
resistance is reached, cracking takes place in the specimen;
at this point the deflection gages continue measuring the
overall-averaged deformation, whereas the calculated
deformation from local strain gages is, in some way,
evaluated based on the magnitude of the strain measured at
the location of the strain gages and is the average figure for
the interval between gages. However, the difference is
negligibly small, so the use of a deformed acrylic bar with
attached strain gages to measure the internal local strain is
considered reliable.
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