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Chapter 1

INTRODUCTION

A number of investigations directed toward measuring the fracture
toughness of cementitious materials utilizing either notched or pre-
cracked beam specimens is reported (6).

The most comprehensive work reported to date using "notched"
specimens is that of Naus and Lott (4) in which effective fracture
toughness was determined for concrete beams and related to various mix
design parameters. The notches were formed using 0.003 in. (0.0762 mm.)
thick teflon strips cast into the specimens and effective fracture
toughness was determined by using the formula of Brown and Srawley (1).

On the other hand, tests performed on limestone beams by Schmidt
(5) indicated that a crack cannot be adequately simulated by a notch
for the purpose of measuring fracture toughness because of the closure
phenomenon associated with natural cracks. This has been observed also
in concrete (6).

Only recently has hardware been available that would allow cracks
to be grown in a controlled manner in plain concrete beams subjected to
bending. As described in References 3, 6, and 8 it is possible to pre-
crack beams either statically or in fatigue in a controlled manner.

A series of experiments conducted to compare the behavior of
beams with notches to those with natural cracks has recently been com-
pleted. A total of 42 beams with notches formed by casting teflon strips
into the concrete was tested to failure. A companion series of 42 beams
was statically precracked following the procedure described in Refer-

ence (3). The ranges of crack depth to beam depth varied from 0.3 to 0.7



(nominally). Two strengths of concrete were used with 3 in. x 4 in. x 15 in.
(76.2 mm. x101.60 mm. x 381.0 mm.) beams tested in three-point or
four-point bending.

The results of this study reported herein indicate a linear correla-
tioﬁ in stress—intensity (KI) values obtained between notched and precracked
beams as a function of a/w where a is the total crack depth and w is the
depth of the beam.

In chapter two some other similar experiments have been reviewed;
chapter three describes fully the experimental program. In chapter four,

test results are discussed, while chapter five summarizes the report.



Chapter 2

LITERATURE REVIEW

Fracture toughness is a material property determined by evaluating
the stress-intensity factor in an opening mode at the onset of rapid,
unstable crack propagation (4).

The stress—-intensity factor denotes the elastic stress and dis-
placement fields in the region of the crack tip of a homogeneous material.
When concrete is analyzed as a homogeneous material an 'Bffectivd' fracture
toughness is obtained (4).

Previous investigationsin determining the stress intensity values
for concrete beams have been somewhat limited. Earlier work done that
. closely approximates the present experiment was performed by Naus and
Lott (4) in which the "effectivg" fracture toughness of several pastes,
mortars, and concretes was é;termined by flexural tests of specimens
containing flaws of various depths cast at the center of the tensile
surface. The flaw was formed with a strip of teflon-coated fiberglass
cloth with a thickness of 0.003 in. (0.0762 mm.). The nominal flaw depths
used were: 0.25 in (6.35 mm.), 0.5 in. (12.7 mm.), and 1.0 in. (25.4 mm.)
for the paste and mortar series, and 0.5 in. (12.7 mm.), 1.0 in. (25.4 mm.),
and 1.5 in. (38.1 mm.) for the concrete series. Variation in the nominal
dimensions occured during fabrication, and actual dimensions of the speci-
mens were measured after testing. Materials used in the Naus and Lott
experiment were type I portland cement, fine-graded Wabash river sand and
two types of gravel: a Wabash river gravel and a locally-obtained crushed
limestone. Nominal dimensions of the flexural specimens for the paste and
mortar series were 2 x 2 x 14 in. (51 x 51 x 305 mm), and the nominal dimen-
sions of the flexural specimens for concrete series were 4 x & x 12 in.

(102 x 102 x 305 mm).



The effective fracture toughness (critical stress intemsity factor)

is the determination of the stress intensity factor at maximum moment.

Their result included the following:

1.

The effective fracture toughness decreased with increasing
water-cement ratio for paste and mortar series. There was no
apparent effect of varying the water-cement ratio on effective
fracture toughness for the concrete series.

Increasing the air content decreased the effective fracture
toughness for the paste, mortar, and concrete series.

In the paste, mortar, and concrete series there was an increase
in effective fracture toughness with age.

There was an increase in effective fracture toughness with in-
creasing sand-cement ratio for the mortar series; however, for
the concrete series there was a decrease in effective fracture
toughness with increasing sand-cement ratio.

The effective fracture toughness of the concrete series increased
with an increase in maximum size of coarse aggregate.

Increasing the gravel-cement ratio increased the effective frac-
ture toughness of concrete.

The effective fracture toughness of the concrete series cast
with a river.gravel coarse aggregate was lower than the effective
fracture toughness of a concrete series cast with a crushed
limestone coarse aggregate for ages of three days and six days;
howe&er, at ages of twenty-eight days and ninety days the dif-
ference in their effective fracture toughness was small compared

to that prior to twenty-eight days.



Another experiment was reported by Hillemeier and Hilsdorf (2).
Materials used in this experiment were German cement PZ350F with a water-
cement ratio of 0.40. All tests were conducted at a specimen age of
seven days. Two types of rocks used for the concrete aggregate were
quartz and marble. They used a "compact tension specimen'" or CT-Specimen
to determine the fracture toughness of the material.

They define fracture toughness to be the stress-intensity associated
with the start §f crack extension.

Results they obtained were as follows:

1. Hardened cement paste i8 a notch---sensitive material.

2. Wedge-loaded compact-tension specimens are suitable to determine

fracture mechanics characteristics of hardened cement pastes
and hardened cement paste-aggregate interfaces since they allowr
the controlled development of crack growth in a simple manner.

3. As a crack grows in the hardened cement paste specimen from
an initial notch the fracture toughness for further crack growth
decreases with increasing crack length and approaches a constant
value.

4, This constant value is independent of the initial notch depth
and may be considered the true fracture toughness of hardened
cement paste for the growth of a single crack.

5. Similar behavior has been observed for quartz-hardened cement
paste interfacés. However, the fracture toughness of such inter-
faces is considerably lower than the corresponding value for
hardened cement paste.

6. The fracture toughness values of marbleland quartz are approxi-
mately an order of magnitude larger than those of hardened cement

paste with a water cement ratio of 0.4.



7. The addition of a rFolymer dispersion led to a substantial increase
of the fracture toughness of quartz-hardened cement paste inter-
faces, whereas, the fracture toughness of the hardened cement
paste matrix decreased.

8. The ductility of model concretes tested in flexure primarily
depended on the fracture toughness 6f the aggregate-hardened
cement paste interfaces. Modifications of a hardened cement
paste of a given water-cement ration by various additions had
less effect on concrete flexural ductility.

An experiment was reported by Swartz, Huang, and Hu (8). As a part
of an ongoing experimental/analytical research effort to evaluate the
feasibility of a test method for fracture toughmess of concrete, forty-
eight plain concrete beams were tested in bending to failure. All beams -
were notched and then precracked to different crack length/depth ratios
prior to loading to failure. The precracking was done using an electro-
hydrodynamic materials testing system and displacement control.

The beams which were cracked in fatigue were subjected to one million
cycles of sinusoidal loading of AHZ. After the cycling was complete on
a beam, the c;ack depth was determined using a compliance calibration
technique (6), foliowing which the beam was loaded to failure. A load
versus crack-mouth-opening-displacement trace was plotted during this
final load run.

For each beam tested in fatigue, a companion beam was precracked
"statically" by loading in repeated cyecles until the crack depth, as
measured by compliance calibration, matched that of the fatigued specimen.

The studies were made on two different beam sizes in three and four-

point bending with two different mix designs. They define effective



fracture toughness to be the stress intensity at the end of the crack
associated with the load at the onset of unstable crack growth. This
load is defined to be the ultimate load obtained in the test for a
sufficiently long crack.

Results they obtained were as follows:

1. It is possible to précrack plain concreteé beams to a desired
depth with reasonable accuracy using commercially available
testing equipment. Furthermore, this can be accémplished
fairly easily by an operator with a nominal amount of training.

2. TFor concrete, static precracking prior to loading to failure
to determine fracture thoughness is acceptable, even for fatigue
loading cases.

3. The writers feel the only wvalid approach to determining fracture
toughness in concrete is by using natural cracks, i.e., notches
or inserts do not adequately model a crack.

4. Using precracked specimens, beams with depths as small as four
inches (102 mm.) exhibit notch-sensitivity. The results for
beams this size were essentially the same as for the larger
beams with depth of eight inches (204 mm.).

5. More consistent results are obtained using 4-point bending.

The reason for this may be due to the absence of a shear force
at the location of the crack. It is recommended testing be done
in 4-point bending. It is also recommended the supports be free
to roll--instead of sliding.

6. Effective fracture toughness is cleafly related to strength of
concrete. This should be considered in the development of

design/application formulas.



3.1

Chapter 3

EXPERIMENTAL PROGRAM

Test Specimens - one size of beam was constructed, Fig. 3.1, with

the following dimensions:

4 in. (101.6 mm.)
15 in. (381.0 om.)
3 in. (76.2 mm.)

1]

W
L
c

Two mix designs were used as given in table 3.1. The nominal strengths
were 3200 psi (22.07 MPa) for mix A and 6700 psi (46.21 MPa) for mix B.
The cylinder strengths in compression were measured during a given series
of tests.

A total of ninety-six beams were made, forty-eight of each mix in
three test series. 1In each test series two beams were used for compliénce
calibration and the rest were tested; thus a total of eighty-four beams
were tested. These eighty-four beamswere divided into six batches, iden-
tified by 1-A, 2-A, 3-A, 1-B, 2-B, and 3-B. The letters A and B represent
the mix type and the numbers 1, 2, and 3 represent batches with different
crack lengths. Batch 1-A had sixteen beams, two used for the compliance
calibration, and seven with a teflon imsert, 0.003 in. (0.0762 mm.) thick
with a depth of 1.2 in. (30.48 mm.). The other seven were plain beams.
Batches 2-A, and 3-A were similar to 1-A except that the depth of teflon
was 2.0 in. (50.8 mm.) and 2.8 in. (71.12 mm.) respectively. These beams
were tested in three-point bending. Batches 1-B, 2-B, and 3-B were the
same as 1-A, 2-A, and 3-A except for higher strength concrete and type of
applied load (four-point bending). The seven beams in each batch that
were cut with a saw to a depth of about 0.4 in. (10.16 mm.) and then

tested.



A special way of inserting the teflon into the concrete mold was
used. The size of each mold, back to back, was 17 in. x 17.5 in.
{(431.8 mm. x 444.5 mm.). Each could hold four beams. Two plates were
made, 18 in. x 3 in. x 1/4 in. (457.2 mm. x 76.20 mm. x 6.35 mm.), four
angles were cut, 3 in. x 4 in. (76.2 mm. x 101.6 mm.), with a length of
6 in. (152.4 mm.). These angles were bolted to plates as shown in
Figs. 3.2 and 3.§. For each size of teflon that was used, a type of
V-shape aluminum plates was constructed to hold the teflon inside the
mold, After concrete was poured the V-shape aluminum plates were re-
moved carefully. After removing the plates and aluminum plates, beams

with teflon insert are shown in Fig. 3.4.



water/cement
cement type
% sand (wt.)

sand dry Rodded
unit wt.

S. G. Sand

Sand Moisture
Content

Sand Fineness
Modulus

% coarse Aggregate
(wt.)

Aggregate dry
Rodded unit wt.

S. G. Aggregate

Maximum Size
Aggregate

Aggregate Moisture
Content

Aggregate Fineness
Modulus

Sand/Aggregate
Air Content
Slump

unit wt. of
concrete

Table 3.1 Mix Design

10

Mix A Mix B
0.78 0.50
I 8
31 31
106 pef (16.63 1N/m>) 106 pcf (16.63 kN/m>)
2.62 2.62
0.50% 0.50%
3.35 3.35
45 45
- 3 3
94.5 pcf (14.82 kN/m™) 94,5 pef (14.82 kN/m™)
2.59 2.59
0.5 in. (12.7 mm.) 0.5 in. (12.7 mm.)
0.3% G 3%
6.41 6.41
0.69 0.69
2.8% 3.2%
6.5 in. (165.1 mm.) 0.5 in. (12.7 mm.)

141.8 pef (22.24 kN/ms) 148.4 pef (23.28 kN/m3)
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3.2 Test set up and Equipment

The test set ups for load application in 3 point and 4 point bending
are shown schematically in Fig. 3.1. The actual support used initially
for 3 point bending is reported elsewhere (6). .The 4 point bending set
up for these beams utilized a spreader beam to apply the two loads which
were 5.51in. (139.7 mm.) apart. The new arrangement is shown in Figs. 3.5
and 3.6 and is comprised of two steel blocks 6 in. (152.4 mm.) x 4 in.
(101.6 mm.) x 3.6 in. (91.44 mm.) with notches to hold 2 inm. (SO.S_mm.)
dia. steel rollers. These blocks are bolted to a 0.5 in. (12.7 mm.)
thick steel plate as shown in Fig. 3.0.

All testing was done with an electro-hydraulic materials testing
system. Crack-mouth-opening displacements (CMOD) were measured using
a commercially available displacement transducer (MTS 632.05B-60) that
has a maximum sensitivity of + 0.002 in. (+0.0508 mm.) PerlO-V full scale

output.
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3.3 Test Procedure

A;l crack length measurements were made using the compliance proce-
dure described fully in Reference 6. Half of the tested beams were
notched initially by a saw cut about 0.13 in. (3.3 mm.) wide with a
depth of 0.4-0.45 in. (10.16-11.43 mm.). The other beams were ''pre-
notched" with teflon. The only purpose of the saw cut in the plain
beams was to ensure the crack would start at midspan.

Using the compliance method and after the calibration curves
for crack length had been obtained, the following procedures were
used.

Prenotched with teflon and loaded to failure

1. Align displacement gage on the test beam over the notch using the
holding yoke described in Reference 7. A sketch of this is shown
in Fig. 3.7.

2. Set appropriate scale factors on Plotter for load (Y-axis) and
displacement (X-axis). A summary of X and Y axis scale settings
follows:

Plotter: 431.13A - 02 (Type 200 Control Module)
X-axis METRIC SETTING

Ranges using calib. setting:

0.5% per cm = 0.05 V/cm
1.0% per cm = 0.10 V/cm
2.5% per cm = 0.25 V/em
5.0% per cm = 0.50 V/em
10.0% per cm = 1.0 V/em

Using CMOD  (Displacement) gage

Range 4: +2 x 1075 in./10V = + 2 x 10° in./V
0.57 : Lem=1x 107 in.
1.08 = Liem = 2 %18 4n,
5.5% 5 1 ea % 5w 107" g
502+ Tem =1 = 107 4n.



Range 3: + & x g3

0.5% :
1.0% :
2.5% :
5.0% :

=3
Range 2: * 1 x 10 ~ in.

0.5% :
1.0% :
2.5%
5.0% :

Ramge 1: + 2 x 1072 1in.

0.5% :
1.0% :
2.5% :
5.0% :

Y-axis METRIC SETTING

1l em
1l em
1 cm

1l cm

1l em
1l cem
1l cm

1l cm

1 ecm
1l cm
lem

1 cm

B &5 113

13

B %

/10V = + 4 x 10~ in./V
2 x 107 in.

4 x 10 in.
1 % 107% 1o,
2 x 10‘4 in.

J10V = + 1 x 10~
5 x 10
1 x 10
2,5 x 10
5 x 10 in.

in./V
_5 .
in.
_4 .
in.
-4
in.
-4

2 % 1077 fn./v

/10V = +

L 307 dn.
2 x 107% 1n.
5 x 10"4 in.
1 % 10-—3 in.

Ranges using calib. setting the same as X-axis.

Using load cell with ¥ 10

1v = 1000 1b.
0.52 : L cm

1.0%2 : 1 cm
2.5Z2 : 1 cm
5.0 : 1 cm

Operate system in load

50 1b.
100 1b.
250 1b.
500 1b.

control.

Use ramp function and span (frequency = 0.05)

Apply 0.60 Pmax using span control to obtain load V CMOD curve, then

measure straight slope and determine compliance,

Reload to failure and trace entire load V CMOD curve. This process

can be done very quickly.



14

Static crack growth of specimens without teflon

Steps 1 through 4 listed previously in Section 3.3 are the same here,
-except in step 3, that the system operated in strain (CMOD) control.

5. Apply loa@ using span control. As cracking starts the slope of
the load-displacement plot decreases. At this point the load is
removed.

6. Measure the straight slope of the curve and determine the crack
length using the compliance calibration curves (Figs. 4.1-4.6). 1In
fact, what was actually done, was to directly compare slopes of
P-CMOD'curves with those from the calibfation beams for a particular
notch depth.

7. Repeatsteps 5 and 6 until the desired crack length is obtained.

This process can be done fairly quickly and easily after the operator
has gained some experience with the equipment. Tge entire process
of statically cracking a beam to a desired crack length can be done
in an hour or less and involves perhaps ten to twenty iterations of
steps 5 and 6. However, difficulties in stability of the equipment
are encountered for long cracks (3 > 0.6).

A typical trace from the plotter showing this process is given
in Fig. 3.3.

Load to failure

After all specimens were precracked they were immediately loaded to
failure. This was done using load control and the ramp function. Typi-
cally the load was applied at a rate of 0.1-V per 10 seconds. This
corresponds to about 10 1b. per second (44.3 N per second) and a CMOD
rate of about 1.0 x 10—4 in./sec. (2.54 x 10_3 mm./sec.) initially. The

failure load was taken as the peak load recorded.



P2 /2
4 pt. bending __i,
¥ |=—— 3 pt. bendiag
F: N

v ; zrack

Specimen width = C = 3 in.

Fig. 3.1 Test Specimen and Loading Geometry,
1 in. = 25.4 mm
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Fig. 3.4 - Beams Removed from Molds
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Chapter 4

TEST RESULTS

A total of 96 beams were constructed. Twelve of these beams were
used for compliance calibration specimens and the remainder were tested
as described previously. The data that were collected, are presented
separately for each batch for each mix in tabular form at the end of
this chapter. (Tables 4.1-4.12). The theoretical relationship between
KI and a/w which has beem used to evaluate the data obtained from this
experiment was obtained from a finite-element computer program developed
by Hu and Huang.* From this computer program two curves have been
drawn, Figs.4.7,4.8, (KI_E a/w) for a unit load for three and four-point
bending for the beam geometry used here.

A total number of 30 cylinders, (3 in. x 6 in.), were made. Batch
1-A had three cylinders and all were tested in compression without strain
gages. Batch 2-A had five cylinders, four were tested with the compres-
sion machine and one with the tension machine (no strain gages were used
in this batch). Batch 3-A had six cylinders, five for compression testing
(four tested without strain gages and one with strain gages), one for
tension testing using strain gages. Batch 1-B had six cylinders, five for
compression and one for tension testing (no strain gages were used in this
bateh). Batch 2-B had five e¢ylinders, four for compression testing without
strain gages and one for compression testing with strain gages. Batch 3-B
had five cylinders, all were used for compression testing without strain
gages.

The mix A nominal strength was 3200 psi (22,07 MPa) and mix B nominal
strength was 6700 psi (46.21 MPa).

% Civil Engineering Dept., Kansas State University; under development -
not generally available at this time,



24

Two beams of each batch were used for compliance calibration.

Recording 3 and computing compliance by using the inverse slope for each
value of a/w, a compliance ﬁalibtation curve was drawn (compliance E_a/w)
Figs. 4.1-4.6. The net bending stress for each beam was calculated from

the data obtained during the experiment. The average bending stress

and average a/w for each batch were obtained then plotted in Figs. 4.9, 4.10,
These results definitely indicate both mixes yielded notch-sensitive
specimens.

All values of stress intensity were plotted versus a/w for mix A in
Fig. 4.11 and for mix B in Fig. 4.12. Using a least squares computer
program, a second order polymomial curve was plotted through each set.

Average stress intensity values are plotted versus average a/w in
Fig. 4.13 (a) and (b) for mix A and mix B respectively. It can be seen
from these figures that by increasing a/w, the values of stress intensity
decrease.

Computing the ratiocs of stress intensity values for precracked beams
divided by the stress intensity values for prenotched beams and using the
average values of a/w for mixes A and B, six points were plotted. Using
these six points, an equation has been derived as a function of a/w and
does not depend on other variables. This equation is

Kp
11

For simplicity this equation is modified to be

= 0.9137 + 1.6118 (%).

]

a
(1.0 + 1.6 2) K, (1)

Kp
where KiP

1

Tt

]

stress intensity value for precracked beams,

stress intensity value for preﬁotched beams
(with teflon),
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a crack depth,

w = depth of beam
Both of these equations are plotted in Fig. 4.14.

Two beams (2-A.1l1 and 3-A.1l4) out of the forty-two beams that were
tested by statically precracking were chosen to obtain KI values using
the approach of Hillemeir, et al. A trace of load cycles for beam 2-A.11
is shown in Fig. 3.8. Stress intensity values for each depth of crack
were calculated and then plotted versus a/w. For the two beams selected
these are shown in Figs. 4.15-4.16. Again as the crack depth increases,
stress intensity decreases.

The failure surface appearance in the region beyond the initial

crack for the beams with notches was identical to that for beams which

were precracked as shown in Fig. 4.17.
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Fig. 4.17

Failure Surfaces for Prenotech (2-B.7) and Precrack {(2-B.10) Beams
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Table 4.13, Summarized a/w and stress intensity values for Mix A

1-T#

1-N**

2-T

* Beams with teflon

*% Beams without teflon

afw
AVG., COEF. (%)
0.264 10.9
0.293 14.3
0.492 2.9
0.498 8.7
0.689 0.8
0.707 2.2

g, T2
KI - in. )
AVG. COEF. (%)
625 6.8
864 3.6
470 9.7
833 6.3
216 9.5
423 6.8



Table 4.14, Summarized a/w and stress intensity values for Mix B

1-T*

1-N#*

2-T

* Beams with teflon

*% Beams without teflon

(%)

ajw
AVG. COEF.
0.279 2
0.276 o
0.530 1z
0.534 o
0.719 1.
0.733 1.

K. (1b. - in.—3/2)
;A
AVG. COEF. (%)
854 3.7
1132 4.8
595 9.4
1038 5.1
344 7.8
739 9.5
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Chapter 5

SUMMARY AND CONCLUSIONS

The experimental investigation described in this thesis may be

summarized as follows:

1. 1In all cases the naturally-cracked beams yield higher failure
loads, stress intensity values, and bending stresses than
notched beams with the same crack length.

2. The average KI values for precracked beams were approximately
38%, 77%, and 96% in Mix A and 33%, 75%, and 115% in Mix B,
greater than for notched beams for crack depth ratios of 0.3,
0.5, and 0.7 respectively.

3. The failure surface appearance in the region beyond the initial
crack for the beams with notches was identical to that for
beams which were pre-cracked. For the pre-cracked beams, there
was no difference in appearance between the surface of the
initial crack and the final failure surface. The crack surface
was frequently planar but in a number of cases it was also
skewed.

4. True fracture toughness can not be obtained with notched beams.
Pre-cracked beams or some correlation between results obtained
for notched versus pre-cracked beams must be used (i.e. equation 1).

5. Excellent repeatability of results was obtained.
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ABSTRACT

A series of experiments conducted to compare the behavior of beams
with notches to those with mnatural cracks has recently been completed.
A total of 42 beams with notches formed by casting teflon strips into
the concrete were tested to failure. A companion series of 42 beams
were statically precracked following the procedure described in Reference
3 of the report. The ranges of crack depth to beam depth varied from
0.3 to 0.7 (nominally). Two strengths of concrete were used denoted
Mix A and Mix B and the 3 in. x 4 in. x 15 in. (span) beams were tested
in 3 point or 4 point bending.

Results are as follows:

1, in all cases the naturally - cracked beams yielded higher
failure loads and stress-intensity values than notched beams
with the same crack length.

2. The average KI values for precracked beams were approximately
38%, 77%, and 96% in Mix A and 33%, 75%, and 115% in Mix B,
greater than for notched beams for crack depth ratios of 0.3,
0.5, and 0.7 respectively.

3. The failure surface appearance in the region beyond the initial
crack for the beams with notches was identical to that for
beams which were pre-cracked. For the pre-cracked beams, there
was no difference in appearance between the surface of the
initial crack and the final failure surface. The crack surface

was frequently planar but in a number of cases was also skewed.



True fracture toughness can not be obtained with notched
beams. Precracked beams or some correlation between results
obtained for notched versus precracked beams must be used.

Excellent repeatability of results was obtained.



