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trations of steel fibers by volume of concrete and cured for 28 days in

a moisture room. After 28 days, a notch was sawed in each of the specimens
with a masonry saw, and a small crack was propagated from the tip of the
notch by mechanical means. Control specimens then underwent a compliance
testing procedure to determine the work rate necessary to propagate a
crack through the specimens. The remaining specimens were subjected to

a flowing saltwater environment for four different exposure intervals.
The-strain energy release rate of the specimens exposed to saltwater

was .determined and compared with that of the control specimens. The

rate of change of strain energy release rate decreased with increasing

time and with increasing steel fiber content. P
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STRENGTH OF STEEL FIBER CONCRETE
IN ADVERSE ENVIRONMENTS

1 INTRODUCTION

Background

Introduction of randomly dispersed discrete steel fibers into a
concrete mix significantly alters the strength characteristics of the
plain concrete. Of particular concern is the change in strength as
cracks develop and propagate through fibrous concrete exposed to a
flowing saltwater environment--conditions to which a fibrous concrete
overlay of a pavement or bridge deck would be exposed.

This study investigated this problem using fracture mechanics.
Fracture mechan1cs, wh1ch A. A. Griffith proposed as a theory explaining
brittle failure in 1921,° involves use of energy relationships to deter-
mire a material's strength by relating inherent flaw dimensions to the
material's state of stress. (Appendix A explains the theory in greater
detail.) Fracture mechanics was initially applied to brittle materials
such as glass, but was later mod1f1ed by Irwin for application to duc-
tile materials such as steel. Interest in using fracture mechanics to
explain the failure mechanism of both plain and fiber-reinforced con-
crete® has been growing.

The introduction of random]y distributed discrete steel fibers
directly into the concrete mix improves many of the important mechanical
propert1es of plain concrete, such as the flexure, tensile, and fatigue
strengths.” ® The average spacing of fibers is less than 0.200 in.

TA. A. Griffith, "Phenomena of Rupture and Flow in Solids," Philosophical
Transactions, Vol 221, No. A587 (Royal Society of London, 1921), p 163.
2G. R. Irwin and J. A. Kies, "Critical Energy Rate Analysis of Fracture
Strength," Welding Jourmal, Vol 33 (April 1954), p 193s.

*J. P. Romualdi and G. B. Batson, "Mechanics of Crack Arrest in Concrete,"

Journal oP the Engineering Mechanics Division, Proceedings of the American
Soetety of Civil Engineers, Vol 89, No. EM3 (June 1963), p 147.
“G. B. Batson et al., "Flexural Fatigue of Steel Fiber Reinforced Con-

crete Beams." Journal of the American Concrete Institute, Proceedings
Vol 69, No. 11 (November 1972), p 673.
°G. B. Batson, E. Jenkins, and R. Spatney, "Steel Fibers as Shear Rein-
forcement in Beams," Journal of the American Concrete Institute,
Proceedings Vol 69, No. 10 (October 1972), p 640.
®R. N. Swamy and P. S. Mangat, "The Onset of Crack1ng and Ductility of
Steel Fiber Reinforced Concrete," Cement and Concrete Research, Vol 5
(1975), p 37.




(5.08 mmz for concentration of steel fibers in the range of 1 or 2
percent.”*® The close spacing of the fibers, which act as crack arres-
tors, inhibits or retards the growth of f1aws existing naturally in the
concrete. The crack-arrest action increases the first-crack strength
(i.e., the point at which the load-deflection relationship is no longer
linear), and greatly improves the ductility after cracking by consuming
energy to pull out or strip steel fibers from the concrete matrix.°

Purpose

The purpose of this study was to determine the reduction in strength
of steel-fiber-reinforced concrete when a sharp crack in the fiber con-
crete is subjected to an applied stress normal to the direction of the
crack after exposure to continually flowing saltwater for varying dura-
tions of time.

Approach

The experimental technique employed is an adaptation of the plane
strain fracture toughness testing technique.!® Wedge opening loading
(WOL) specimens, which have been widely used for experimental verifica-
tion of theoretical fracture phenomena,!! were used. The main advan-
tages of the WOL spec men are its compactness and convenience for
Taboratory machining and testing. A scaled-up WOL specimen (Figure 1)
has been employed for previous fiber concrete research.'?’!'® The di-
mensions of the specimen are such that a significant volume of the
material has a random distribution of fibers; only near the surfaces is
there any preferential alignment.

"Swamy and Mangat.

8J. P. Romualdi and J. A. Mandel, "Tensile Strength of Concrete Affected
by Uniformly Distributed and Closely Spaced Short Lengths of Wire Rein-
forcement," Journal of the American Concrete Institute, Proceedings
Vol 61, No. 6 (June 1964), p 657.

*Swamy and Mangat.

YWannual Book of ASTM Standards (American Society for Testing and
Materials [ASTM], May 1969), Part 31, p 1099.

"IE. T. Wessel, "State of the Art of the WOL Specimen for Ki. Fracture
Toughness Testing," Engineering Fracture Mechanics, Vol 1 %1968 SEDS s

120, A. Forzani, Environmental Effects on Fiber Reinforced Concrete,
Unpublished M.S. Thesis (Clarkson College of Technology, ?972)

13M, J. Mathis, Fracture Testing of Fiber Reinforced Concrete by
Means of the Wedge Opening Loadana Specimen, Unpublished M.S. Thesis
(Clarkson College of Technology, 1974).




Load-displacement curves were experimentally determined for notch
depths of 2.25, 3, 4, and 5 in. (57.2, 76.2, 101.6, and 127.0 mm) and
fiber contents of 1.0, 1.5, and 2.0 percent in the ambient condition of
the laboratory. Compliance was then determined based on the specimen's
original dimensions, and plotted versus the crack length to specimen
length ratio for each fiber content. The compliance of the specimen was
taken as the inverse slope of the stress-deformation curve.

The strain energy release rate, required to extend a crack for the

ambient condition was compared with that for specimens subjected to 74,
113, 148, and 176 days of exposure to a flowing saltwater environment.

10 .
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Figure 1. Modified WOL specimen. SI conversion factor: 1 in. = 2.54 cm.
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The reduction in strain energy release rate is a measure of the effect
of the flowing saltwater on the strength of the fiber-reinforced con-
crete, because the strain energy release rate can be directly related to
the stress necessary to extend a crack.'*

An added feature of the approach used was the experimental verifi-
cation of the theoretically evaluated compliance curves for the WOL
specimen.

T%G. R. Irwin and J. A. Kies, "Critical Energy Rate Analysis of Fracture
Strength," welding Jowrnal, Vol 33 (April 1954), p 193s.
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2 TESTING PROGRAM

Test Specimen

The forms for specimen casting were constructed from steel plates 4
in. (101.6 m) wide x 1/4 in. (6.4 mm) thick conforming to the dimensions
in Figure 1 and mounted on a channel (12 in. wide by 20.7 1b [0.3 m by
9.4 kg]) base. Two channel section bases, each permitting mounting of
four steel plate forms, were used. The loading pin holes were formed by
fixing two tubes of 1 1/8 in. (28.6 mm) outside diameter aluminum coated
with paraffin to the channel base.

The mix proportions given in Table 1 were adopted from a mix
designed by the U.S. Army Construction Engineering Research Laboratory
(CERL) for an overlay project at Fort Hoed, TX. The sand used was a #1
dry silica sand supplied by Pennsylvania Glass Sand Corp. of Philadelphia,
PA. The coarse aggregate was 3/8 in. (9.5 mm) peastone from Bicknell
Brothers of Potsdam, NY. The cement was Portland High Early manufac-
tured by Ciments Canada Lafarge Lte'e. Pozzolith, a water-reducing
admixture produced by Master Builders, was used at the rate of 743 m&/cu
yd of mix (972 me/m®). Tap water was employed throughout the process.
U.S. Steel Fibercon fibers (Figure 2), 0.010 x 0.022 x 1.00 in. (0.254
x 0.559 x 25.4 mm), were added on a percentage by volume basis.

Table 1
Mix Design
A. Proportions Per Cubic Yard
PeasTOmel o e ie o T e na e ek e e s 1351 1b (613 kg)
SaNdE e S e e 1351 1b (613 kg)
I N T e ol R T e s e 850 1b (386 kg)
Waermai el Sl oeRE S S Bt e, 510 1b (231 kg)
Water Redlicer. o « « o & % o = « v o 743 mg Pozzolith
Fiber
RO i s S e e 136 1b (62 kg)
G e o e e e U = I P 204 1b (93 kg)
A e N e W R e T PN 272 1b (123 kg)
B. Sieve Analysis for #1 Silica Sand
Sieve No. Opening, in.(mm) % Retained Cumulative
% Retained
16 0.0460 (1.1684) 0.0 0.0
30 0.0232 (0.5893) 3.98 3.98
50 0.0116 (0.2946) 66.39 70.37
i00 0.0058 (0.1473) 28.10 98.47
pan 0.0 (0.0) 1.53 -
Z Cumulative % Retained

Fineness Modulus = 100

Fineness Modulus = 1.73

11
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Figure 2. Steel fibers.

Specimen Casting Procedure

The concrete was mixed in a 2 cu ft (1.5 m®) electric-powered
rotating drum mixer which had been moistened and allowed to drain. The
mix constituents were weighed on a platform scale to an accuracy of 0.01
1b (0.01 kg). The liquid admixture, Pozzolith, was proportioned with a
graduated cylinder to the nearest 0.1 m&.

The mixing sequence was as follows. First the peastone and then
the sand were added to the mixer and allowed to mix for approximately 1
minute. Next, the cement was added and mixed for 1 minute. The water
augmented with Pozzolith was slowly added while the mixer was rotating.
With the mixer still rotating, the fibers were added by sifting them
through a wire mesh basket to prevent segregation or "balling up" within
the concrete mix. After the fibrous concrete was mixed for at least 3
minutes, or until thoroughly blended, it was placed in a wheelbarrow and
transported to the forms.

The concrete was placed in the forms to a depth of 2 in. (50.8 mm),
and the forms were vibrated externally by an electric vibrator. The
forms were then filled with concrete and vibrated again. To insure
random distribution and orientation of the fibers, the vibrator was not
inserted into the mix. The surface of the specimens was then troweled
smooth and covered with polyethylene. After the specimens cured in the
forms for 72 hours, the forms were stripped and the specimens were
placed in a moisture room where they cured for 25 days. One compression

e
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cylinder conforming to American Society for Testing and Materials
(ASTM) standards'® was cast for each batch of concrete mixed.

Control Specimen Testing Procedure

After the specimens were cured, groups of 16 specimens of each
fiber content were removed from the moisture room and notched to depths
of 2.25, 3, 4, and 5 in. (57.2, 76.2, 101.6, and 127.0 mm) with a
masonry saw. A small crack was then propagated from the tip of the
notch by means of the mechanical harness shown in Figure 3. India ink
dye was injected into the crack to mark its depth. The crack was
propagated so that the strain energy release rate (Glc) would be
determined for a sharp crack rather than a blunt notch as used in
previous research.!®?!7

Figure 3. Mechanical cracking harness.

— ————
P S OA g

& 7t miar’s (ASTM, May 1969).
UMmO8 T W Fracture Toughness Testing and Its Applications, ASTM
Special ochn1ca1 Publ1cat10n No. 381 (ASTM in cooperation with
‘National Aeronautics and Space Administration [NASA], 1965).

"7C. E. Turner, "Fracture Toughness and Specific Fracture Energy: A
Re-Analysis of Results," Materials Science and Engineering, Vol 11
(May 1973), pp 275-282.

13




The specimens were tested in a Tinius Olsen Ucelotronic electro-
mechanical testing machine (Figure 4) with autographic recorder (Figure
5). The recorder plotted the load applied to the specimens and the dis-
placement across the front face of the notch in the direction of the
applied load. The magnitude of the Toad was determined by a 12,000-1b
(5443-kg) load cell in the electromechanical testing machine. The dis-
placement was measured by the compliance gage shown in Figure 6; 0.1
in. (2.54 mm) of travel of the recording chart represented 0.000288 +
0.000003 in. (0.007315 + 0.000076 mm) of displacement. Figure 7 shows a
schematic of the compliance gage, and Figure 8 shows the control spec-
imens prepared for testing.

&

Figure 4. Electromechanical testing machine.
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Figure 5. Autographic recorder.

e

Figure 6. Compliance gage.
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500 Ohm Strain gages
T| T Tension gages
C) Co Compression gages

Compliance gage mounted on specimen.

25 Ohm
Zero Balance

Yiom

X-Y Recorder

b. Bridge measurement.

Figure 7. Schematic of compliance gage.
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a. Compliance specimen.

b. Flushing of environmental specimen.

Figure 8. Specimens prepared for testing.
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Each specimen was loaded to failure, and the inverse slope of the
linear portion of the load-displacement curve was computed as the

compliance of the specimen.

relationship.

Figure 9 shows a typical load-displacement

1750

1500

1250

1000

LOAD
( pounds)

500

250

Pp

Figure 9.

6 9
DISPLACEMENT
(inches)x10-3

Typical load-displacement relationship.
1 din. = 25.4 mm; 1 1b = 0.4536 kqg.
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Environmental Specimen Testing Procedure

The environmental specimens were cast and cured in the same manner
as the control specimens. All specimens to be exposed to the saltwater
environnent had a sawed notch depth of 4 in. (101.6 mm), with a sharp
crack propagated from the notch tip. The notch was held open by a
system of wooden wedges forced into the front face of the notch. The
purpose of the wooden wedges was to create a region of high stress
concentration at the tip of the sharp crack. The specimens were then
placed in the environmental tank (Figure 10) where the crack tips were
subjected to continuous flushing of artificial saltwater for varying
exposure durations. The artificial saltwater solution was made by
adding 3.5 percent sodium chioride and 0.5 percent magnesium sulfate by
weight to distilled water.'® The salt content in solution was monitored
weekly and adjusted if necessary. The pH, conductivity, and temperature
of the solution were monitored weekly throughout the experiment.

The artificial saltwater was delivered directly to the notch of
each specimen by a 0.25-in. (6.4-mm) inside diameter Tygon tube. The
tubes were individually secured to the spigots at the base of a tank
which provided 18 in. (0.5 m) of constant hydrostatic head. The flow
rate through each tube was held constant at 0.15 gal/minute (0.6 %/
minute) by using a clamp flow restriction located on each tube. The
entire environmental tank was covered with a polyethylene sheet to
minimize evaporating losses.

e

w.,‘»ﬁ.«..‘ /-

Figure 10. Environmental exposure tank.

TPH, Woods, urability of Concrete Construction, ACI Monograph #4

(American Concrete Institute [ACI], Iowa State University Press,
1968), p 137.
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Three specimens of each fiber content--1.0, 1.5, and 2 percent--
were exposed to the saltwater environment for 74, 113, 148, and 176
days. At the end of each time interval, specimens were removed from
the environmental tank and loaded to failure on the electromechanical
testing machine.

Compliance Analysis

A modified compliance testing procedure was used in determining the
critical strain energy release rates for both the control and environ-
mentally exposed specimens. Compliance testing relates to the load
deflection characteristics of a material with the associated external
energy changes or work done on the specimen.!® The compliance is the
inverse spring constant of the material. The critical strain energy
release rate is related to the specimen compliance by Eq 1:

crack length being analyzed.

o 2 dC
GC = O.S(PQB) = [Eq 1]
where: Gc = the critical strain energy release
B = the width of the specimen :
PQ = the load at which crack propagation initiates :
dc
da = the slope of the compliance curve at the particular ;

For a given fiber content, the specimen compliance was plotted as a
function of the crack length ratio, obtained by dividing the crack
length by the specimen length. The modified polynomial least square
curve fit computer program in Appendix B was used to fit a curve to the .
data. The work rate necessary to extend the crack was then determined
by the experimental relationship:

Z
PQ] dc L
e W 3
where GIc = the work rate required to extend the crack a unit distance ;
B = the specimen width ?
PQ = the load at which the load-deflection curve deviates 1

from Tinearity

9. F. Knott, Fundamentals of Fracture Mechanics (Butterworths, 1973),
p 105.

20




dc P .
dG@/w) = the slope of the compliance curve at the particular
e crack length ratio being evaluated
w = the specimen length.

Two modifications of the polynomial least square fit were made to
analyze the data. At a crack length ratio of zero, the compliance was
set equal to an approximate value of the inverse of the modulus of
elasticity for the material. Furthermore, the coefficient of the first-
order term in the polynomial was forced to zero on the a priori basis
that GIC would of necessity be zero for zero crack length.?°

After loading the specimens to failure, the Gyc values were com-
puted using Eq 1, where P? was the load at which the load-deflection
curve of the environmentally exposed specimens deviated from linearity.

To verify the correctness of the experimental compliance curves, an
analytical solution for the stress intensity factor, K, was employed.
This analytical relationship is:?!

K = PQ(a/w)]/zY [Eq 3]
3w /%) :

w

where Y = a polynomial obtained by boundary collection of the
Williams stress function.?22°23

For the WOL specimen used, Y is given as
Y = 29.6 - 185.5(a/w) + 655.7(a/w)? - 1017(a/w)° + 638.9(a/w)* [Eq 4]
The compliance (C) can be related to the polynomial Y in the following

manner:?*

_ Lf(a/w)]
&= wBE [Eq 5]

“%J. E. Srawley, M. H. Jones, and B. Gross, Experimental Determination of
the Dependence of Crack Extension Force on Crack Length for a Single
Edge)Notch Tension Specimen, NASA Technical Note D 2396 (NASA, August
1964).

21J. D. Desai and W. W. Gerberich, "Analysis of Incremental Cracking by
the Stress Wave Emission Technique," Engineering Fracture Mechanics,
Vol 7 (Pergamon Press, 1975), p 156.

*2pesai and Gerberich.

238, Gross, J. E. Srawley, and W. P. Brown, Stress Intensity Factors for
a Single Edge Notch Tension Specimen by Boundary Collocation of a
Strese Funetion, NASA Technical Note D 2395 (NASA, August 1964).

““Desai and Gerberich.
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where L

the distance between points of application
of the tensile force

f(a/w) = proportional to Y

n

E the modulus of elasticity.

The relationship for the specimen geometry (Figure 1) is

€ = - f2.atam) A [Eq 6]

L
wBE
where the constant 2.7 was changed from 0.8 as given by Desai and
Gerberich.

An attempt was made to generate two compliance values from each
specimen. The specimen was loaded until the maximum sustainable load
for a particular crack length, Py, was reached. A methyl red dye was
then injected into the crack, and the specimen was unloaded. After the
dye had dried, the specimen was again loaded to failure and the com-
pliance determined in the same manner as before.

22




3 RESULTS

For all fiber contents, the exposure to the artificial saltwater
environment decreased the strain energy release rate required for crack
propagation (Table 2). Figure 11 shows a typical relationship between
Grc and exposure. The effect of the saltwater was less pronounced with
each increase in fiber concentration. For the 1 percent fiber speci-
mens, the critical strain energy release rate decreased from 0.540 (in.-
1b)/sq in. (94.6 m-N/m?) for the ambient condition to 0.388 (in.-1b)/sq
in. (68.0 m-N/m?) after 74 days of exposure, a drop of 28 percent. Dur-
ing the remaining 102 days of exposure, the Gyc value decreased to 0.356
(in.-1b)/sq in. (62.3 m-N/m?), an additional decrease of 5.92 percent
with more than 100 percent increase in exposure time. The Gj. values
for the 1.5 percent fiber specimens decreased from 0.850 (in.-1b)/sq in.

Table 2

Critical Strain Energy Release
Rates of Environmental Specimens

1.0 Percent Fiber

a/w* Exposure PQ GIc PP GIC
Days 1b (in.-1b)/sq in. 1b (in.-1b)/sq in.
(kg) (m-N/m?) (kg) (m-N/m?)
0.566 74 760 (345) 0.388 (68.0) 805 (365) 0.435 (78.8)
0.564 74 780 (354) 0.403 (70.6) 870 (394) 0.502 (87.9)
0.516 74 890 (404) 0,373 (65:3) 1025 (465) 0.495 (86.7)
Avg: 0.388 (68.0) Avg: 0.477 (83.5)
0.516 113 890 (404) 0.373 (65.3) 968 (439) 0.442 (77.4)
0512 13 913 (414) 0.382 (66.9) 1210 (549) 0.670 (117.3)
0.506 113 1000 (455) 0.438 (76.7) 1193 (541) 0.633 (110.9)
Avg: 0.398 (69.7) Avg: 0.582 (101.9)
O.?ZO 148 870 (394) 0.367 (64.3) 960 (435) 0.477 (83.5)
0.513 148 890 (404) 0.365 (63.9) 955 (433) Qlad2 (737
0.505 148 930 (422) 0.362 (63.4) 1135 (515) 0.540 (94.6)
Avg: 0.365 (63.9) Avg: 0.479 (83.9)
Q.§39 176 800 (363) 0.356 (62.3) 1035 (469) 0.596 (104.4)
J.§24 176 850 (386) 0.361 (63.2) 1255 (569) 0.787 (137.8)
J.508 176 890 (404) 0.352 (61.6) 1170 (531) 0.608 (119.1)
Avg: 0.356 (62.3) Avg: 0.664 (116.3)

*a is the distance from the center of the loading pin holes to the
bottom of the sawed notch plus the length of the mechanically induced
crack; w is the width of the specimen, which is a constant.
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Table 2 (cont'd)

1.5 Percent Fiber

0.531 74 1200 (544) 0.837 (146.6) 1660 (753) 1.601 (280.3)
0.525 74 1220 (553) 0.809 (141.7) 1990 (862) 1.996 (349.6)
0.523 74 1100 (499) 0.658 (115.2) 1160 (526) 0.732 (128.2)
Avg: 0.768 (134.5) Avg: 1.443 (252.7)
0.518 113 1180 (535) 0.726 (127.1) 1620 (735) 1.369 (239.7)
0.512 113 1300 (590) 0.838 (146.8) 1700 (771) 1.432 (250.8)
0.506 113 1300 (590) 0.795 (139.2) 1740 (789) 1.425 (249.6)
Avg: 0.786 (137.7) Avg: 1.409 (246.8)
0.535 148 1060 (481) 0.675 (118.2) 1170 (531) 0.822 (144.0)
0.510 148 1220 (553) 0.725 (127.0) 1440 (653) 1.010 (176.9)
0.506 148 1260 (572) 0.747 (130.8) 1700 (771) 1.360 (238.2)
Avg: 0.716 (25.4) Avg: 1.064 (186.3)
0.547 176 1030 (467) 0.701 (122.8) 1040 (472) 0.715 (125.2)
0.520 176 1160 (526) 0.714 (125.0) 1750 (794) 1.608 (281.6)
0.516 176 1130 (513) 0.655 (114.7) 1860 (844) 1.744 (305.4)
Avg: 0.690 (120.8) Avg: 1.356 (237.5)
2.0 Percent Fiber
0.531 74 1120 (508) 0.699 (122.4) 1440 (653) 1.155 (202.3)
0.510 74 1760 (798) 1.351 (236.6) 2155 (977) 2.026 (354.8)
0.508 74 1590 (721) 1.076 (188.4) 2035 (923) 1.763 (308.8)
Avg: 1.042 (182.5) Avg: 1.648 (288.6)
0.506 113 1560 (708) 1011 1(177.-0) 1960 (889) 1.596 (279.5)
0.506 113 1500 (680) 0.935 (163.7) 2110 (957) 1.849 (323.8)
0.504 13 1580 (717)  1.012 (177.2) 1730 (785) 1.213 (212.4)
Avg: 0.986 (172.7) Avg: 1.553 (272.0)
0. 522 148 1340 (608) 0.903 (158.1) 1600 (726) 1.288 (225.6)
0:.5¥7 148 1430 (649) 0.930 (162.9) 2060 (934) 2.013 (352.5)
05012 148 1460 (662) 1.177 (206.1) 1790 (812) 1.770 (310.0)
Avg: 1.003 (175.7) Avg: 1.690 (296.0)
0.521 176 1400 (635) 0.974 (170.6) 1900 (862) 1.795 (314.4)
0.510 176 1460 (662) 0.930 (162.9) 1870 (848) 1.525 (267.1)
0.508 176 1550 (703) 1.023 (179.2) 2220 (1007) 2.098 (367.4)

Avg: 0.976 (170.9)

Avg:

1.806 (316.3)
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Figure 11. Critical strain energy release rate for 1.0 percent
fiber content. SI conversion factor: 1 (in.-1b)/sq
in. = 175.13 m-N/m?.

(148.9 m-N/m?) for the ambient condition to a 0.768 (in.-1b)/sq/in.
(135.5 m-N/m?) after 74 days of exposure, a drop of 9.65 percent. After
176 days of exposure, the Gj. value decreased to 0.690 (in.-1b)/sq in.
(120.8 m-N/m?), for a total decrease in critical strain energy release
rate of 18.82 percent. The Gy, values for the 2 percent fiber specimens
decreased from 1.10 (in.-1b)/sa in. (192.6 m-N/m?) for the ambient
condition to 1.04 (in.-1b)/sq in. (182.1 m-N/m?) after 74 days of ex-
posure. For the remaining 102 days of exposure, the Gjc value dropped
to 0.976 (in.~1b)/sq in. (170.9 m-N/m?) decrease of 1.3 percent for the
entire duration of exposure.

As the fiber content increased, the specimens retained a greater
percentage of their ambient Gy. values for any given duration of ex-
posure. Figure 12 shows the e$fect of exposure time on the rate of Gj¢
values tor the three fiber concentrations. A student 't' test was made
for the average Gy to establish if there was a statistically significant
change in Gyc for each succeeding increment of exposure. Table 3 shows
the results. If the absolute value of t calculated is greater than the
table tqo value, then GIC changed significantly from one exposure level
to another.
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Figure 12. Relative critical strain energy release rates.

For each fiber content, the polynomial least square curve fit for
the compliance function resulted in a fourth-order equation. These
equations are:

1.0 percent fiber content

C = [663.6875(a/w)¥-492.1875(a/w)>+144.6875(a/w)%+0.24411x10°  [Eq 7]
1.5 percent fiber content

C = [871.75(a/w)*-644.75(a/w)3+162.3125(a/w)%+0.69751x107° [Eq 8]
2.0 percent fiber content

C = [1634.8125(a/w)*-1480.3125(a/w)+391.75(a/w)?+0.03491x10°®  [£q 9]




Table 3
Student 't' Test for Average GIC Values

1 Percent Fiber

t*
: Exposure Gic Std. Dev. Calculated too*
0 0.540 0.064
3.98 177
74 0.388 0.015
-0.455 2.13
113 0.398 0.035
1.63 218
148 0.365 0.003
2.67 2.13
176 0.356 0.005
1.5 Percent Fiber
it
Exposure GIC Std. Dev. Calculated tgo
0 0.850 0.074
1.63 1.77
74 0.768 0.096
-0.28 2.13
113 0.786 0.057
1.78 2.3
148 0.716 0.037
0.933 2.13
176 0.690 0.031
2 Percent Fiber
t
Exposure GIC Std. Dev. Calculated too
0 1.10 0.249
4 0.342 177
74 1.042 0.327
0.294 RS
113 0.986 0.044
-0.187 2.13
148 1.003 0.151
0.296 il 3
176 0.976 0.047

*If the absolute value of t calculated is greater than the table tq,
value, then GIc changed significantly from one exposure level to
another.
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Table 4 shows the compliance and load results for the control
specimens. The results of the curve fit are shown in Figures 13, 14,
and 15 and in the computer printout in Appendix B.

For all fiber contents, Pg and Pp generally decreased with in-
creasing notch depth ratios. Qhe critical strain energy release rates
for the control specimens (Table 5) remained relatively constant within
each fiber content. Specimens with 1.0 percent fiber content and a/w
ratios in excess of 0.600 were the exceptions; values for these four
specimens were internally consistent, but were 19 percent lower than the
results obtained for shallow notch depths. Throughout the fiber content
range, an increase in fiber content of 0.5 percent produced a correspond-
ingzgncrease in Gic value of approximately 0.3 (in.-1b)/sq in. (5.25 m-
N/m*).

0f the control specimens tested, four of the 48 data points ob-
tained were rejected because the cracks did not propagate perpendicular
to the plane of loading. The skewed cracks induced erroneous compliance
values which were omitted from the data analysis.

The results of the compression cylinder tests (Table 6) were con-
sistent within each fiber content. The respective compressive stresses
at failure were 6070, 5589, and 5932 psi (41 883, 38 564, and 40 931
kN/m?) for fiber contents of 1.0, 1.5, and 2.0 percent.

Extremely good correlation between experimental and analytical
compliance values was maintained throughout the experiment. The magni-
tude of the first derivative of the experimental compliance curves and
the analytical relationship of Eq 6 differ by a maximum of 5 percent
throughout the range of a/w values used (Figure 16).

The pH of the saltwater solution increased from 7.2 to 8.8 within
the first 4 hours of environmental exposure (Table 7). A gradual in-
crease in pH was noted during the next 37 days of exposure, until
equilibrium was attained at a pH of roughly 9.65. The conductivity of
the solution maintained a relatively constant value of approximately
48 000 pmhos/cm?. The temperature of the saltwater environment remained
between 69° and 76°F (21° and 24°C). Although a polyethylene sheet
covered the entire environmental tank, evaporation losses were observed
to be approximately 1.5 gal (5.7 &) of water per month.
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Table 4

Compliance, Crack Onset, and Ultimate

Loads of Control Specimens

1 Percent Fiber

Specimen No. alw

680
672
664
640
563
555
547
523
422
410
398
398
390
387
360
.330

il e
CO00CO000O02000IS
T v

7

7

T g E

7

NNUNONN—— WD — D w D
7

NRNWRNWWNwads_OTOT

[=X=-R-Y-Y-N-F-F-R-R-N-R-R-F-N-¥-]

1.5 Percent Fiber

0.656
0.656

523
521
521
450
438

435
398
380
380
281

[=Y=R-E-¥-F-R-N-¥-R-X-¥-)

0000000000000
v
o

*
.

*Re jected based on physical observation.

C

(sq m./lb)nlo.6
([m’/kN]x107%)

58.68
47.83
49.20
39.27
30.61
24.28

(

8.51)

(18.73)
(9.18

(9
(7
(3
(2
(2
(2.
(2.34)
(1
(1
(1
(1
(1
(0
(3

perpendicular to the plane of loading.

**Rejected based on physical observation.
nor propagation was perpendicular to the plane of loading.

P
b

(kq)

570
616
557

1080
1042
1420
1670
1460
1450
1850
1510
2230
1770

605

670

800

780
1010
1222
1310
1320
1500
1700
1300
1850
1560
2400
2300
2550

630

822

870

890
1200
1400
1400
1560
1750
2650
2300
2510
2100
3550
3600
2350

(259)
(219)
(253)
(272)
(449)
(404)
(490)
(473)
(644)
(757)
(726)
(658)
(829)
(685)
(1016)
(803)

(274)
(304)
(363)
(354)
(458)

(1157)

(286)
(373)
(395)
(404)
(544)
(635)
(635)
(708)
(794)
(1202)
(1043)
(1139)
(953)
(1610)
(1632)
(1066)

P

p
b

(ka)

628
672
637
721
1030
955
1230
1319
1540
1890
1640
1545
1920
1865
2260
2370

705

895

890

940
1115
1892
1635
1850
1575
2775
1420
27175
2380
3550
2725
2800

670
unk .
1066
1055
1444
2256
2010
2225
2600
3070
2650
2860
3325
3850
3850
2700

The

(285)
(305)

(1259)
(644)

(1259)
(1080)
(1610)
(1236)
(1270)

(304)

(484)

(479)

(655)

(1023)
(912)

(1009)
(1179)
(1393)
(1202)
(1297)
(1508)
(1746)
(1746)
(1225)

Crack did not propagate

Neither crack initiation

angle of crack incidence was so severe that a valid a/w ratio could

not be obtained.
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Figure 13. Compliance curve fit for 1.0 percent fiber content.

SI conversion factor: 1 sq in./1b = 0.14 m?/kN.
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Figure 14, Compliance curve for for 1.5 percent fiber content.

SI conversion factor: 1 sq in./1b = 0.14 m?/kN.
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c=C éssa.au (0/w)?-1480.31 (a/w)> +391.75 (a/w)2 +0.03 1x 10 ©
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Figure 15. Compliance curve fit for 2.0 percent fiber gontent.
SI conversion factor: 1 sq in./1b = 0.14 m“/kN.
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Table 5

Critical Strain Energy

Release Rate of Control Specimens

1.0 Percent Fiber

a/w

.680
.672
.664
.640
.563
.555
.547
.523
.422
.410
.398
.398
390
.387
.360
.330

[eNelolelole oo oo No Nl o o lo]

p—

.688
.656
.656
.531
.523
.521
<521
.450
.438
.435
.398
.380
.380
.281

(=R No oo oo o ool lo o o)

~N

.680
672
.656
+551
<33
.516
.516
512
.422
.406
.406
.391
.387
.313

[=X=lolelololo e el oo o]

Pq
1b
(kg)

570 (259)
616 (279)
557 (253)
600 (272)
990 (449)
890 (404)
980 (445)
1042 (473)
1460 (726)
1670 (757)
1580 (717)
1500 (680)
1850 (839)
1780 (807)
2230 (1016)
1770 (803)

.5 Percent Fiber

690 (313)

800 (363)

780 (354)

1170 (531)

1222 (554)

1310 (594)

1320 (599)

1600 (726)

1700 (771)

1850 (839)

1560 (708)

2400 (1089)
2300 (1043)
2550 (1157)

-0 Percent Fiber

822 (373)
870 (395)
890 (404)
1200 (544)
1400 (635)
1500 (680)
1560 (708)
1750 (1794)
2650 (1202)
3000 (1361)
3050 (1383)
3360 (1524)
3550 (1610)
3660 (1632)

GIc

(in.-1b)/sq in.

OO0 OOCOOO0OOOO

OO0~ —— O ——t —

(m-N/m?)

.443 (77.6)
.495 (86.7)
.386 (67.6)
.389 (68.1)
.645 (113.0)
.525 (91.9)
.566 (99.1)
.539 (94.4)
.490 (85.8)
.584 (102.3)
.477 (83.5)
.430 (75.3)
.616 (107.9)
.557 (97.5)
.597 (104.6)
.376 (65.8)

.826 (144.7)
.914 (160.1)
.869 (152.2)
.839 (146.9)
.812 (142.2)
.918 (160.8)
.932 (163.2)
.720 (126.1)
.723 (126.6)
.831 (145.5)
.406 (71.1)

.801 (140.4)
.736 (128.9)
.425 (74.4)

.415 (247.8)
.496 (262.0)
.390 (243.4)
.996 (174.4)
.092 (191.2)
.055 (184.8)
.141 (199.8)
.369 (239.8)
.857 (150.1)
.838 (146.8)
.866 (151.7)
.817 (143.1)
.855 (149.7)
.577 (101.1)

Pp
b
(kg)

628 (285)
672 (305)
637 (289)
721 (327)
103C (467)
955 (433)
1230 (509)
1319 (598)
1540 (699)
1890 (857)
1640 (744)
1545 (701)
1920 (871)
1865 (846)
2260 (1025)
2370 (1075)

795 (361)

890 (404)

940 (426)

1315 (596)

1892 (858)

1535 (696)

1850 (839)

1975 (896)
2775 (1259)
2775 (1259)
2380 (1080)
3550 (1610)
2725 (1236)
2800 (1270)

unk.
1066 (484)
1055 (479)
1444 (655)
2256 (1023)
2010 (912)
2225 (1009)
2600 (1179)
3070 (1393)
3450 (1565)
3420 (1551)
3680 (1669)
3850 (1746)
3850 (1746)

oo SO ey e ey (e s SR = )

OO =t WN) — N — — N

G

(in.-1b
m-N/m

0.538
0.589
0.505
0.562
0.698
0.604
0.891
0.863
0%
0
0
0
0
0
0
0

545

.748
.514
.456
.633
.612
.741
.675

.097
131
.262
.200
.947
.260
.830
.097
2925
.869
.946
+753
.033
<512

unk.
.247
.954
.442
.836
.894
321
.021
L1561
.108
.089
.980
.005
.659

Ic
/sq in.
2)

(94.2)
(103.2)
(88.4)
(98.4)
(122.2)
(105.8)
(156.0)
(151.1)
(95.4)
(131.0)
(90.0)
(78.8)
(110.9)
(107.2)
(129.8)
(118.2)

(192.
(198.
(22).
(210.
(341.
(220.
(320.
(192.
(337
(327.
(165
(306.
(180.
(89.7

— O NW——=NNONOW—
e e e e e e et

(393.
(342.
(252
(496.
(381
(387.
(529.
(201.
(194.
(190.
Arale
(176.
(115.
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1.0 Percent Fiber

Cylinder

1-10
2-10
3-10
4-10
5-10
6-10
7-10

Table 6

Compressive Strength Cylinders

Stress at

Failure, psi (kN/m?)

6047
6132
5913
6115
6330
5635
6415

Average maximum compressive stress: 6070 psi (41
Coefficient of variation: 4.78 percent

1.5 Percent Fiber

Cylinder

1-15
2-15
3-15
4-15
5-15
6-15
7-15

Stress at

(41 724)
(42 311)
(40 800)
(42 194)
(43 677)
(38 192)
(44 264)

883 kN/m?)

Failure, psi (kN/m?)

6062
5305
5955
5747
5199
5269
5588

Average maximum compressive stress: 5589 psi (38
Coefficient of variation: 6.19 percent

2.0 Percent Fiber

Cylinder

1-20
2-20
3-20
4-20
5-20
6-20
7-20

Stress at

(41 828)
(36 605

564 kN/m?)

Failure, psi (kN/m?)

6030
5711
6030
6260
5404
6161
5641

Average maximum compressive stress: 5932 psi (40
Coefficient of variation: 5.36 percent
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Figure 16. Theoretical compliance curve [Eq 6] and compliance
curve fit for 1.0 [Eq 7], 1.5 [Eq 8], and 2.0
[Eq 9] percent fiber content. SI conversion factor:
1 sq in./1b = 0.14 m?/kN.
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Table 7

Properties of Artificial
Saltwater Environment

Conductivity
umhos/cm?

350
990
990
450
560
970
100
780
060
140
220
560
840
640
330
880
930
530
800

Salt

Content

%

4.00
unk .

APPpwuPPprppPArbbEaPrPEPD
o
nN

Temperature
OF (oc)

e e e et o e e e e e e e e e N e e et

*Occurrence of an accidental drainage required the replenishment of the

entire environmental system.

subsequent pH and temperature values.
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4 DISCUSSION OF TEST RESULTS

The GIc values for both the control and environmental specimens
increased with increasing fiber contents. Thus, for any given exposure
interval, it is expected that the concrete with the greater percentage
of steel fibers will require a larger strain energy release rate for
crack propagation.

A comparison of the 1.5 and 2.0 percent fiber content specimens
showed that the 2.0 percent specimens required a 20 percent increase in
the strain energy release rate for crack propagation. Figure 12 shows
that increasing the percentage of steel fibers in the specimens in-
creases the relative strength of the concrete for any given interval of
exposure to the adverse environment. Thus, the higher the fiber concen-
tration in the concrete, the less it is affected by exposure to the
adverse environment.

The trend of all three curves in Figure 12 is toward a decreasing
slope with increasing time of exposure. It would be both interesting
and beneficial to carry out the experiment for a longer duration, 1 year
for example, to determine whether the decreasing slope trend continues
or whether the relative Gyc values asymptotically approach some minimum
value. Significant benefits of an even longer test duration would be to
determine whether the change in pH of the concrete had any effect on its
resistance to the saltwater environment.

The control specimen testing program indicated that the change in
fiber content had 1ittle effect on the compliance curves or their first
derivatives. This was also true for the range of a/w ratios used
throughout the environmental testing process. Thus, only one fiber
content need be tested to determine a compliance curve. Also, the
excellent agreement with the theoretical compliance relationship would
probably eliminate the need for an experimentally determined curve. A
reduction in the number of samples and hence the quantity of materials
required, and the facilitation of the testing process itself would more
than compensate for the slight reduction in accuracy.

It was found that no more than one compliance data point could be
generated from each control specimen. The attempts to generate multiple
data points from a single specimen produced extremely erratic and in-
conclusive results. The exact cause of this behavior in the control
specimens is unknown. Other investigations using a centrally notched
beam of plain mortar have been able to load and unload the specimens
several times.?®*2% A partial explanation may be that the first

?°J. H. Brown, "The Failure of Glass-Fiber-Reinforced Notched Beams in
Flexure," Magazine of Concrete Research, Vol 25, No. 82 (March 1973),
p 3.

“%J. H. Brown, "Measuring the Fracture Toughness of Cement Paste and
Mortar," Magazine of Concrete Research, Vol 24, No. 81 (December 1972),
p 185.
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maximum loading causes significant amounts of debonding between fibers
and mortar ahead of the crack, analogous to the plastic enclave devel-
oped at the tip of a crack in metal. If this were the case, then the
methyl red dye probably would not penetrate and define the true length
of the new crack. The shape of the load-deflection curve on the auto-
graphic recorder appeared normal; therefore, the difficulty was probably
with determination of the crack length.

The increase in pH of the solution indicated that a reaction was
taking place between the saltwater and the fibrous concrete. The pH
increase was to be expected, since fresh concrete has a pH of approxi-
mately 10 to 12.%27 Additional indicaticn of a reaction between the
saltwater and the fibrous concrete was the corrosion of the steel fibers
in the environmental specimens. With the exception of the specimens ex-
posed for 74 days, all the environmental specimens showed visible evi-
dence of corrosive action. The fibers exposed to the flowing saltwater
by the mechanical cracking had rust and corrosion visible through a
hand-held magnifying glass.

The lower fiber content control specimens did not have a signifi-
cant region of stable crack growth for the lower a/w ratios. The values
of PQ for the 1.0 percent fiber and shallow notch depth for the control
specimens exceeded 90 percent of the corresponding Pp values. By
comparison, similar ratios with 1.5 and 2.0 percent fiber yielded values
of 80 and 82 percent, respectively. The specimens with 1.0 percent
fiber also appeared to encounter an upper limit for a/w, whereas the
higher fiber content demonstrated no such limit throughout the range of
notch ratios tested. The consistently Tow Gj. values obtained for the
1.0 percent fiber specimens with high notch éepths (a/w > 0.60) were
not observed for the specimens containing a greater percentage of steel
fibers.

After 150 days of exposure, an accidental drainage depleted the
entire environmental system. The system was replenished within 24
hours. It can be assumed that this drainage had a minimal effect on
the outcome of the experiment because the Gi. values of the remaining
specimens followed the trends established by the previously tested
environmental specimens (Figure 12).

“71. Biczok, Concrete Corrosion and Concrete Protection (Chemical

Publishing Co., 1967), p 243.
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5 POTENTIAL STRUCTURAL APPLICATIONS

Fracture mechanics allows the determination of a crack size, such
as the length or depth of a crack, in a structural element that will
grow or propagate for a given stress field. Alternatively, for a given
size of crack, the stress to cause growth or propagation can be evalu-
ated.

The experimentally determined values of Gy, in this study are

related to the stress intensity factor KI by Eq 10.
TR e [Eq 10]

The K; equations for a wide variety of crack and stress field configura-
tions are available in the technical literature and handbooks.?®

As an example, consider a crack of depth a in a beam or slab of
total depth b subjected to a pure bending moment as shown in Figure 17.

Assume

a=11in. (25.4 mm)

b =4 1in. (101.6 mm)

E = 3x10% psi (20.7 x 10°% kN/m?)
GIC = 0.85 (in.-1b)/sq in. (148.9 m-N/m?) ambient (Tab) conditions
GIC = 0.79 (in.-1b)/sq in. (138.4 m-N/m?) 176 days exposure to

flowing saltwater

Tada, Paris, and Irwin give KI in the opening mode as

K; = o/ ma F(a/b) (Eq 11]

where o = maximum flexure stress

a = depth of crack
b = total depth of beam or slab
F(a/b) = correction for finite boundary.

From Tada, Paris, and Irwin,

F(a/b) = 1.05

901 psi (6217 kN/m?) ambient (lab) conditions
827 psi (5706 kN/m?) saltwater exposure.

Therefore o
g

“®H. Tada, P. Paris, and G. Irwin, The Stress Analysis of Cracks Handbook
(De1 Research Corporation, 1973).
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Figure 17. Strength analysis of crack member in bending.

Using the Gjc values 0.85 for ambient laboratory conditions and
0.79 for the saltwater exposure as determined from the data in this
report, an estimate of the maximum flexure stress can be made for given
crack size a, slab depth b, and Young's Modulus of the concrete. An a
of 1 in. (25.4 mm), b of 4 in. (101.6 mm), and E of 3x10° psi (20.7 «x
10°% kd/m?) give flexural stress of 901 psi (6217 kN/m?) for ambient
conditions and 827 psi (5706 kN/m?) for saltwater exposure. The flex-
ural stress will probably be somewhat lower since the test data indi-
cate that the Gj. was continuing to decrease relative to time. However,
the values for the flexural stress are reasonable when compared to
flexural stresses of 1000 to 1200 psi (6900 to 8280 kN/m?) for beams
tested in flexure.

The load-carrying capacity of a cracked steel-fiber-reinforced
concrete structural element (such as a slab or beam) subject to salt-
water is reduced, but the calculations show that there is still signifi-
cant flexural strength remaining at reduced loads. Thus, the strength
can be estimated; this estimate can be used to decide whether to con-
tinue to use the structure at a reduced load, repair it, or replace it.
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6 CONCLUSIONS AND RECOMMENDATIONS

For the three fiber contents of 1.0, 1.5, and 2.0 percent by
volume of concrete, the critical strain energy release rate decreased
at a decreasing rate in exposure to flowing saltwater. However, an
asymptotic value, if it exists, would require longer exposure.

The 2.0 percent fiber content specimens were least affected by the
adverse environment. After 176 days of exposure, the Gyc value for
these specimens was 89 percent of the average ambient value, while
values for 1.5 and 1.0 percent fiber content specimens were 81 and 66
percent, respectively.

The increase in pH of saltwater solution indicated a reaction
between the saltwater and the concrete matrix, while evidence of rust on
the fibers indicated a reaction between the flowing saltwater and the
steel fibers.

Increasing the steel fiber concentration did not significantly
alter the compliance values of the modified WOL specimens for the three
fiber contents investigated. Furthermore, the first derivatives of the
experimental compliance curves for the fiber contents involved demon-
strated excellent correlation with the theoretical values obtained from
collocation of a stress function.

The Gpc values determined in this report can be used to estimate
the f]exuraﬁ strength of steel-fiber-reinforced concrete structural
elements.

The results of this study indicate the need for the following addi-
tional research:

1. Increase the total duration of exposure to 3 years to determine
whether the strength of the fibrous concrete asymptotically approaches
some lower Timit. The longer test would also help determine the effects
of the adverse environment on the natural pH change of the concrete.

2. Alter the corrosive environment by adding a buffer to the
saltwater solution; doing so would tend to maintain the pH of the
solution at a lower level.

3. Perform the entire experiment with only one fiber content, but
with a sufficient number of environmental specimens to develop a com-
pliance relationship among those specimens exposed to the saltwater.

4. Use smaller size specimens to further reduce the size of the
environmental tank and facilitate the handling of specimens.

5. Test the effect of the adverse environment on concrete of
different strengths to determine if the deleterious effect of the flowing
saltwater is a function of the strength of the concrete.
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APPENDIX A:
FRACTURE MECHANICS THEORY

Fracture mechanics concepts for explaining the failure of brittle
materials were pioneered in 1921 by A. A. Griffith,?® who showed that a
material failure could be described by relating the existence of minute
flaws in a material to an energy condition necessary for crack propaga-
tion. Considering W as the reduction in stored elastic energy due to
the presence of a crack in a fixed grip system, and U as the energy of
the crack surface, a crack of radius a will propagate if

3 (W-U) _ [Eq AT]

da

Simply stated, a crack will propagate in a material if the elastic
energy release rate is equal to the irrecoverable work required to
create an area of crack surface.

Applying Eq Al to a homogeneous plate of unit thickness subjected
to a tensile stress field o and containing a central through the thick-

ness crack of length 2a perpendicular to the stress field®’ gives
W= nozaz [Eq A2]
E
‘ and U = 4Ta [Eq A3]
E where T = the specific surface energy of the crack
E = the modulus of elasticity.

For a crack to propagate, the following condition must apply:

2.2

(™2 ) -4ma) =0 (Eq Ada]
or
Zwoza
i Eq A4b can be solved for the applied tensile stress necessary for crack
; propagation:
1/2
o = (ELE) [Eq AS]

ma

“9K. A. Griffith, "Phenomena of Rupture and Flow in Solids," Philosophical
Transactions, Vol 221, No. A587 (Royal Society of London, 1921), p 163.
303, P. Romualdi and G. B. Batson, "Mechanics of Crack Arrest in Con-
crete," Journal of the Engineering Mechanics Division, Proceedings of
the American Soctiety of Civil Engineers, Vol 89, No. EM3 (June 1963),
p 147.
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It has been an accepted procedure in fracture mechanics to denote the
left side of Eq A4b by G, the elastic energy release rate, and the
right side by G., the work rate to extend the crack. G is a function
of the geometry of the specimen and the loading, while G. is a material
constant.®! A crack will propagate in a material provided that

Gz G, =4T [Eq A6]

If, however, G is less than the critical value, Gc’ crack propagation
will not occur.

In 1960, G. R. Irwin®2? related the G value to another parameter,
which he termed the stress intensity factor, K, in the following manner:

(for plane stress) [Eq A7a]

fop)
0
NIN

G = (1-v2) (for plane strain) [Eq A7b]

m]x m|=

where v = Poisson’s ratio.

The stress intensity factor, K, relates the stress in the vicinity
of the crack tip to the geometry of a crack or flaw, usually the length
or radius of the flaw.

The stress intensity factor has great value in fracture mechanics
analysis because the total stress intensity factor can be determined by
the superposition of the K values for each individual stress field.

In summary, the minute flaws of many brittle materials, when sub-
jected to a stress field of sufficient magnitude, become the locus of a
crack propagating through the material. This situation can be remedied
by reducing the dimensions of the inherent material flaws or by inhibit-
ing their growth by physical means. The physical inhibitors used in
this study were discrete steel fibers added directly to the concrete mix.

*TRomualdi and Batson, p 147.
32G. R. Irwin and J. A. Kies, "Critical Energy Rate Analysis of Fracture
Strength," Welding Journal, Vol 33 (April 1954), p 193s.
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APPENDIX B:
CURVE FIT DERIVATION AND COMPUTER PROGRAM

Curve Fit Derivation

Fitting a curve through a set of data subject to the condition that
the first derivative of the equation of the curve is zero at the point
(0,0) involves elimination of the Tinear term from the equation of the
curve.

Consider Cy through C, to be m values of a dependent variable cor-
responding to m values of an independent variable x. A curve of the
nth order in x is to be fit through these points by a polynomial Tleast
square curve fit. Letting a, through a, be the coefficients of the nt
order curve gives

2 3 n
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