Pull-Out Behavior of Corrugated

Steel Fibers

Qualitative and Statistical Analysis
Gilles Chanvillard* and Pierre-Claude Aitcint

*ENTPE Département Génie Civil et Batiment, URA CNRS 1652, Vaulx en Velin, France and
tUniversité de Sherbrooke, Département Génie Civil, Sherbrooke, Canada

The choice of a steel fiber to reinforce a cementitious matrix is often
made with a misunderstanding of the real capabilities of the steel
fiber. In spite of the sophisticated approaches in the case of straight
steel fibers, the behavior of nonstraight fibers is much less under-
stood. A very simple test, the pull-out test, allows us to evaluate
these capabilities. An experimental program is presented that has
investigated the effect of the length and orientation of a corrugated
circular cross-section steel fiber anchored in different water to ce-
ment (wfc) ratio matrices with a new apparatus allowing one to
pull-out any variety of steel fiber from concrete matrices. The analy-
sis of the experimental results is at first qualitative and then statis-
tical to objectively identify the significant parameters on the fiber
pull-out behavior. Because w/c ratio appears to govern the failure
mode, that is fracture or debonding of the fiber, it has only a slight
effect on the fiber slipping behavior. In case of debonding, the fiber
slips into the print of its initial geometry with minor matrix internal
degradations and is straightened after complete extraction, dissipat-
ing a significant amount of cold work energy. Finally, length and
orientation of the fiber interact and considerably affect the debond-
ing behavior. In particular, a local matrix crushing in the crack
plane delays the fiber mobilization by local unfolding. ADVANCED
CEMENT BASED MATERIALS 1996, 4, 28-41
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teel fibers are used in a concrete matrix to re-
duce cracking problems and concrete brittle-
ness, energy being dissipated within the fis-
sured surfaces. The addition of fibers a few centimeters
long does not result in a significant increase of concrete
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mechanical properties before failure, however the ben-
efits of adding steel fiber to concrete become evident
when looking at the postfailure behavior. Depending
on the amount of steel fibers that has been used, con-
crete becomes a more or less pseudoductile material
[1,2].

The first steel fibers used in concrete were straight
ones. Analytical models were developed to explain
their beneficial action on concrete matrices [3,4]. The
behavior of a steel fiber across a crack was found to be
somewhat complex. A straight fiber acting in the direc-
tion of the load essentially develops bound stresses at
its interface with the hydrated cement paste. During its
pull-out, stress evolves from an elastic behavior to a
frictional one [5-9]. If the fiber is not in the direction of
the stress, the fiber is bent in the crack plane, develop-
ing plastic deformation so that the necessary energy is
increased [6,10,11].

Over the years, so-called improved shaped fibers
have been brought onto the market by different fiber
producers. Such fibers are supposed to out-perform
straight fibers in improving fiber-reinforced concrete
properties. It must be admitted that sometimes it is dif-
ficult to find any scientific or technological support for
this statement. It is evident that this type of fiber must
behave quite differently than a straight fiber. In some
cases, such fiber has a nonuniform cross-section area
and acts like a microdeformed reinforcing bar that
presents stress concentrations at each indentation.
When the fiber is made of a deformed hot or cold
drawn wire, it can be straightened during its pull-out so
that it is necessary to take into account the correspond-
ing plastification energy to understand its behavior [12-
15].

As for straight fibers, the orientation of a nonstraight
fiber influences the behavior of a steel fiber-reinforced
concrete in which the fibers are statistically dispersed,
therefore the experimental study of nonstraight fiber
becomes quite complex.
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To develop a better understanding of the behavior of
nonstraight fibers in cementitious matrices, we present
an extensive experimental program on the influence of
the fiber length, its orientation with respect to the
cracked plane, and the water to cement (w/c) ratio of
the matrix in the case of a corrugated fiber. Because the
possible interaction of the mechanical anchorage of the
fiber with the aggregate phase of the matrix has to be
taken into consideration, this study has been carried out
directly on a microconcrete rather than on a paste or a
mortar.

In the first part of this presentation, the analysis of
experimental results will be qualitative in order to
better explain the failure mechanismm when an indi-
vidual steel fiber is pulled out of a concrete matrix. In
the second part, experimental results will be analyzed
statistically in order to find the significance of the
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FIGURE 1. Casting of the specimen and experi-
mental apparatus.
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three selected parameters on the behavior of corrugated
steel fibers in concrete matrices. This approach of an
individual fiber behavior may be used for any type of
steel fiber to identify the significant parameters.

TABLE 1. Concrete composition for each water to cement
(w/c) ratio

wic
Composition 0.30 0.50 0.70
Water (L/m®) 170 222 230
Cement (type I) (kg/m?) 585 444 328
Sand (kg/m®) 790 795 875
Aggregate 5 mm (kg/m>) 930 935 935
Superplasticizer (L/m?) 139 0 0
Compressive strength (MPa) 78 49 29
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TABLE 2. Frequency of pull-out mode by debonding
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45° angle 90° angle
w/c One wave Two waves Three waves One wave Two waves Three waves
0.30 100% 100% 50% 100% 83% 8%
0.50 100% 100% 75% 100% 100% 8%
0.70 100% 100% 83% 100% 100% 25%

Experimental Program

Selection of the Fiber

To simplify this experimental study, we decided to se-
lect a nonstraight fiber having at the same time a regu-
lar shape that could be easily modeled mathematically
for further theoretical developments. This consideration
led to the choice of a fiber made of corrugated cold
drawn wire having a circular cross-section area.

The corrugated shape results in mechanical anchor-
age distributed all alone the fiber. Depending on the
number of waves that are embedded in the matrix on
each side of the crack, it is possible to study the effect of
the fiber anchor length.

Experimental Apparatus

To conduct this experimental study, we decided to de-
velop an experimental model based on an idealized
pull-out test. Following a critical review of the previous
apparatus found in the literature, we decided to con-
ceive a model having the following characteristics [16—
18]:

e the fabrication of the specimens should be simple
to limit their variability;

e the fibers should be precisely located, oriented,
and held with respect to the crack during the cast-
ing of the specimens;

o the anchored length of the fibers could be varied as
well as the orientation of the fibers;

Load (N)
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FIGURE 2. Load-displacement curves for a failed fiber (ori-
entation = 90°, three-waves-long fiber).

® external stress concentrations should be mini-
mized during the pull-out test;

e the use of a concrete matrix rather than a mortar or
a paste matrix should be favored as previously
mentioned; and

o the selected apparatus should allow the casting of
a 100 x 200-mm samples.

A particular apparatus complying to all these re-
quirements was developed [19,20]. The specimens are
cast into two main stages (Figure 1). In the first stage,
the fibers (one or more) are placed into a PVC cylinder.
This cylinder has holes that allow an accurate position-
ing of the fibers as far as embedded length and angle
are concerned. With the use of this cylinder, the fibers
are well secured during the casting of the specimen. To
avoid any slurry infiltration inside the cylinder holes, a
neoprene sheet is pierced by the fibers, which ensure
the sealing. Then, the outer mold of the first half speci-
men is fixed. On the upper part of this mold, a steel ring
is screwed on, which will allow us to fix the specimen
on the set-up for the test. Note that a few millimeters
deep groove allows us to develop a good anchorage
between the matrix and the steel ring. The first half
specimen is finished after casting the cementitious ma-
trix. In the second stage, after 24 h, the mold is re-
moved. The conception of this mold with half cylinders
makes this step very easy and safe for the specimen.
The fibers protrude over the expected embedded length
from the half specimen. Then a plastic sheet is placed on
the crack plane to prevent any bond between the two
half-specimens. Another outer mold is fixed with a steel
ring on the upper part. Note that the molds must be
very well machined to ensure coaxiality between the
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FIGURE 3. Crushing matrix cones and local fiber unfolding in
case of perpendicular fiber.
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FIGURE 4. Load-displacement curves for a failed fiber {(ori-
entation = 45°, three-waves-long fiber).

two steel rings. The matrix is poured and the mold is
removed after 24 h. The finished specimen can then be
cured in different conditions until testing.

Studied Parameter

With this particular apparatus, it has been possible to
study the effect of the fiber length corresponding to one,
two, and three anchored waves.

The second parameter that has been under study is
the w/c ratio of the concrete. Three values were se-
lected: 0.30 that corresponds to a high performance con-
crete, 0.50 that corresponds to normal strength concrete,
and 0.70 that corresponds to weak concrete. These con-
cretes were made with a small coarse aggregate (D, =
5 mm). Their composition is given in Table 1 as well as
their 28d compressive strength measured on 100 x 200-
mm specimens.

Finally, two fiber orientations were considered: one
perpendicular to the cracked plane and the other mak-
ing a 45° angle with this plane.

Experimental Conditions

Three specimens were cast for each of these 18 configu-
rations. Moreover each specimen contained three fibers

initial fiber position

/ unfolding fiber

crushing matrix cones
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———t—

bending section

FIGURE 5. Crushing matrix cones and local fiber unfolding in
case of 45° inclined fiber.
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FIGURE 6. Load-displacement curves in case of fiber debond-
ing (w/c = 0.7, orientation = 90°).

having the same length and orientation. A data acqui-
sition system automatically recorded the load and dis-
placement values that corresponded to the average for
the three fibers.

The reproducibility of the experimental apparatus
was checked by testing a particular configuration, at the
beginning and at the end of the experimental series [20].

Experimental Results

As previously explained, the experimental results will
be discussed at two levels. On a qualitative basis, the
behavior of the fibers will be discussed based on the
shape and the relative position of the load-displacement
curves obtained for different configuration. On a quan-
titative basis, the pull-out behavior will be studied as a
function of different parameter using a factorial statis-
tical analysis according to a method presented in the
Appendix.

Two types of failure were observed during the ex-

FIGURE 7. Two-waves fiber after extraction.
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FIGURE 8. Mark left by the fiber of Figure 7.

periments: either fibers were debonded then slipped
until there were completely pulled out, or they were
broken before being pulled out from the matrix. Table 2
presents the proportion of debonded fibers for each
configuration.

When the fibers had only one or two waves embed-
ded on each side of the crack, they were pulled out
almost all the time whatever their orientation or w/c
ratio. On the contrary, when the fibers were three
waves long, most of them were broken before being
debonded when perpendicular to the cracked plane. A
similar conclusion was drawn by Banthia [12]. When
the fibers were at a 45° angle, most of them were pulled
out from the weaker concrete (w/c = 0.70), whereas
only half of them were pulled out from the strongest
matrix (w/c = 0.30).

Qualitative Analysis

FAILURE MODE. Figure 2 presents the load-displacement
curves for the three values of the w/c ratio in case of a
three-waves-long fiber perpendicular to the failure
line. It is seen that the shape of the three curves is about

FIGURE 9. Matrix crushing in the crack plane.
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FIGURE 10. Influence of the w/c ratio on the load-dis-
placement curves (orientation = 90°, three-waves-long fibers).

the same. These are composed of a first step ascending
part that curves until a maximum load is recorded.
Throughout this process, the fiber works exclusively in
traction with plastic deformations and necking. The re-
corded load at failure was equal to about 660 N in all
cases. This load corresponds to a stress of 1160 MPa
when the fiber breaks. This maximum stress value
agrees closely with the one given for the steel in the
manufacturer’s data sheet (1200 MPa).

The displacement measured at failure increases with
the w/c ratio. This phenomenon can be explained by
the size of the matrix cone that is crushed on each side
of the crack when failure occurs as shown in Figure 3
[11,21]. The existence of these cones concurs with ob-
servations made by other scientists. When the w/c ratio
is high, the size of the cone is bigger so that the local
straightening of the fiber is greater. The displacements
measured at failure varied between 1.5 and 2 mm, cor-
responding to the sum of three components—an elastic
and a plastic deformation of the steel to which the local
straightening of the fiber must be added.

FIGURE 11. Mark and crushing for a one-wave fiber.
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FIGURE 12. Influence of the fiber length on the load-
displacement curves (orientation = 45°, w/c = 0.7).

When the fibers are at a 45° orientation, fewer fibers
fail by direct tensile stress as shown in Table 2. Figure 4
presents the results obtained for the three lengths and
the three w/c ratios in case of a fiber that is three waves
long. As in the preceding case, the load-displacement
curves can be decomposed in three main parts. How-
ever, failure occurs at a lower load 500 N, which corre-
sponds to a 880 MPa stress in the steel.

This lower stress at the point of failure is a conse-
quence of the mode of failure of the fiber that occurs in
this case as a combination of traction and flexion. Trac-
tion occurs during the pull-out, whereas the flexion
mode occurs during the opening of the crack. This last
mode results from the orientation of the fiber with re-
spect to the crack and from the fiber shape.

The crushing of two cones on each side of the crack
plane produces a more pronounced straightening of the
fiber when the fiber is oriented at 45°. Because the test-
ing machine ensures the parallelism between the two
planes of the crack, the fibers were solicited in flexion
(Figure 5). It was also noticed that the failure of the fiber
occurred always at the top of a wave where steel had
been weakened during the manufacturing process in
this area of maximum curvature.

matrix crushing

straightening

unfolding

b)

Pull-Out Behavior of Corrugated Steel Fibers 33

Load (N)

: .
0 5 10 15 20 25 30
Displacement (mm)

FIGURE 14. Influence of the w/c ratio on the load-
displacement curves (orientation = 45°, three-wave-long fi-
bers).

FAILURE BY DEBONDING. Debonding was the most fre-
quent mode of failure for the one- and two- waves-long
fibers. This mode of failure corresponds to the debond-
ing of the fiber followed by its slipping along its initial
print until it is finally pulled out. The load displace-
ment curves have always been about the same shape.
First of all, they present a very steep part before a maxi-
mum load is recorded for a displacement of some
millimeters. This peak is followed by a progressive de-
crease of the sustained load until it reaches a zero value
corresponding to the complete pull-out of the three fi-
bers.

Figure 6 presents the results obtained for a long fiber
(three waves) cast in the weakest concrete (w/c = 0.70).
It has been selected because it best illustrates this case.
The pull-out of the fiber could have occurred according
to two extreme modes. First mode, fibers could have
kept their corrugated shape during the process so that
the matrix would have been completely destroyed in
the fiber area during the pull-out process. Second mode,
if the matrix was not altered, the fiber was continuously
deformed during its slipping until its final pull-out
within its initial print. Figure 7 shows the shape of a

FIGURE 13. (a) Two-waves in-
clined fiber after extraction. (b)
Mark left by the fiber of Figure
13a.
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FIGURE 15. Influence of the fiber orientation (w/c = 0.5, two-
waves-long fibers).
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FIGURE 16. Length-orientation interaction on the fiber load-
displacement curves (w/c = 0.5).
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FIGURE 17. Defined parameter to characterize the fiber pull-
out behavior.

TABLE 3. Displacement (mm) at the peak load values
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two-waves-long fiber after its pull-out. It has lost its
corrugated shape; it is almost straight. To figure out
how damaged the matrix along the fiber print could be,
we carefully cut a specimen along a print and polished
until the print could be observed as shown in Figure 8.
It is seen that the matrix was not damaged at all during
the slipping process, even in the case of the weakest
concrete. The observation of the print surface under
optical microscopy did not reveal any more serious
damages. Only some polishing action by the fiber dur-
ing its pull-out could be observed. The same results
were obtained by Banthia [21].

Following these observations, it is possible to propose
the following failure mechanism. First, the pull-out be-
havior is elastic and is perfectly reversible. The defor-
mations of the fiber and of the matrix are compatible.
Second, the increase of the load results in the early fail-
ure of a small cone on both sides of the crack. The shape
and size of these cones vary according to the strength of
the concrete and the level of the load applied, which is
in turn related to the length of the embedded fiber. It is
possible that the fiber is not totally debonded when the
failure of the small cones occurs (Figure 9).

The fiber becomes totally free over the few millime-
ters depth of the cones. Following an increase of the
sustained load, it can be unfolded and straightened.
Simultaneously, the fiber becomes progressively
debonded from the matrix all along its print. During
this phase, displacements of several tenths of millime-
ters occur at the level of the cracked plane while the
anchored end has not yet started to move.

Finally, the fiber reaches a state where it is totally
debonded and each of its sections moves during the
pull-out process. The fiber slips into its print, each of
its parts having a curvature that varies continuously
within the fiber, dissipating a significant amount of cold
work energy. It is the only mechanism that can explain
the straightening of the fiber after its final pull-out. The
curvature observed on the straightened fiber (Figure 7)
results from the release of elastic stresses that develops
a residual strain. This type of mechanism can be quali-
fied as bearing or mechanical anchorage.

Consequently, taking into account the major role
played by the plastic deformation of the steel during all
the slipping process, the maximum load that can be
supported by the fiber can be reached after the fiber

45° angle 90° angle
w/c One wave Two waves Three waves One wave Two waves Three waves
0.3 0.27 1.95 3.35 0.62 1.32 1.87
0.5 0.44 1.56 427 0.74 1.56 1.97
0.7 0.17 1.87 437 0.78 1.95 2.05
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TABLE 4. Analysis of variance on displacement at the peak
load values

Sum of Mean
Source df squares square Fvalue p value
w/c 2 280 .140 1.412 3436
Length 2 18.408 9.204 92.754 0004
Angle 1 1.614 1.614 16.265 0157
w/c x length 4 .298 074 .750 .6062
w/c x angle 2 012 .006 059 9433
Length x angle 2 4.903 2.451 24.703 .0056
Residual 4 .397 099

Dependent variable is peak displacement. df = degrees of freedom.

starts to slip within its print and not necessarily at the
time when it is totally debonded.

Moreover, during the pull-out process, some friction
develops along the initial print at the fiber/matrix in-
terface. Figure 10 illustrates the effect of the w/c ratio.
The matrix seems to play a secondary role during the
slipping process when compared to the mechanical an-
chorage, while it plays a more significant role on the
maximum value reached at the peak load, which gov-
erns the failure mode.

Finally, in the case of a one-wave-long fiber, the cone
crush annihilates the effect of the geometry of the fiber
that can be pulled out with a minimum of plastic de-
formation (Figure 11).

To conclude, it is important to clearly differentiate
between the friction and the bearing action. Friction is
developed along the initial print of the fiber. Bearing
action results from the fiber geometry, which must be
continuously deformed to be pulled out.

Figure 12 presents the results obtained for different
fiber lengths for a 0.70 w/c ratio concrete and 45° ori-
entation. Here, too, it is seen that the length of the fiber
is a very important parameter. Figure 13a illustrates the
shape of a two-waves-long fiber after its pull-out, and
Figure 13b illustrates the shape of the print left by this

s

fiber
artificial crack plane
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FIGURE 18. Influence of the fiber length on the peak load
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fiber within the matrix. The behavior of inclined fibers
closely resembles that of perpendicular ones. However,
due to its orientation, the fiber is unfolded on a greater
length. As in the preceding case, the fiber starts to be
debonded and slips within its print.

The straightening process occurs in two modes: the
straightening by unfolding along the length freed by
the cones, and the straightening by wire-drawing or
unshaping during the slipping within the print, which
results in the plastic deformation of the steel in each
section. The shape of the fiber in Figure 13a clearly
illustrates the difference between these two modes of
straightening and their respective action. In this case,
also, the behavior of the one-wave-long fiber is a limit
case more difficult to explain. As far as the role of the
matrix is concerned, it seems that in this case the w/c¢
ratio does not play a significant role during the slipping
of the fiber (Figure 14).

Figure 15 presents the results obtained for a w/c ratio
of 0.50 for a two-waves-long fiber for a 90° and 45°
orientation. It was observed that the sustained load is
always greater when the fiber is perpendicular to the
crack. These results do not agree with those presented

FIGURE 19. Schematic illustration
of the surface effect in the crack
plane.
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TABLE 5. Peak load values (N)
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45° angle 90° angle
w/c One wave Two waves Three waves One wave Two waves Three waves
0.3 134 372 568 301 574 689
0.5 104 312 485 235 527 650
0.7 105 300 473 213 518 647

by Naaman who obtained similar loads whatever the
orientation of the fiber was [11]. This discrepancy can
be related to the size of the cone, which should have
been smaller in Naaman’s paste matrix, and to the
shape of the fiber (Naaman used straight fibers).

The size of the cone has been observed to be always
greater when the fiber is inclined rather than perpen-
dicular. The recorded graphs curve earlier and the sus-
tained load goes down to zero earlier as seen in Figure
15. It is seen in Figure 16 that an inclined three-waves-
long fiber presents a similar behavior to a two-waves-
long fiber perpendicular in a 0.50 w/c ratio matrix, con-
firming in a certain sense the proposed mechanism of
action. The bigger size of the cones reduces the an-
chored length so that an inclined fiber behaves like a
shorter perpendicular fiber.

Statistical Analysis

A statistical analysis based on the analysis of variance
(ANOVA) was performed to determine the significance
of the effects measured for the following experimental
responses (Figure 17) [20]:

® the load at the peak that corresponds to the maxi-
mum load that was supported by the fiber during
its pull-out process;

e the displacement measured at this value of the
load, called displacement at the peak load;

® the total energy developed during the pull-out
process that corresponds to the area beneath the
load-displacement curve. This last value was ob-
tained by numerical integration.

TABLE 6. Analysis of variance on peak load values

DISPLACEMENT AT THE PEAK LOAD. Table 3 presents the val-
ues obtained for the displacement at the peak value for
each of the 18 configurations.

Table 4 gives the result of the ANOVA of the values
obtained for the displacement at the peak load value
according to the procedure described in the Appendix.

It is clear from the last column of Table 4 that the
length, the length-orientation interaction, and the ori-
entation have been shown to have a statistical signifi-
cant effect. It has been possible to check the validity of
the statistical model by checking the independence of
the residue (range between the predicted value by the
model and actual value of the parameter) and the value
given by the model [20].

Figure 18 illustrates the effect of the fiber length. Each
point corresponds to the average of the values obtained
for a given length. From a physical point of view, this
significant effect can be interpreted by considering that
the more the length of the fiber increases, the more the
load increases. Therefore, the crushed cones will be big-
ger. This explains why the fiber is unfolded on a greater
freed length at the peak load, which directly influences
the displacement at the peak.

The same interpretation justifies the length-ori-
entation interaction. The size of the cone increases when
the length of the fiber increases and when the fiber
departs from a 90° angle. This value could have been
increased by the side effects observed in the cracked
planes on our samples.

In conclusion, the overall mean peak displacement is
1.73 mm. This value is probably overestimated as a re-
sult of surface effect in the artificial cracked plane (Fig-
ure 19). However, this means that the mobilization of
the fibers is not instantaneous and that the optimal ef-

Source df Sum of squares Mean square F value p value
w/c 2 14155.444 7077.722 16.420 0118
Length 2 498100.111 249050.056 577.768 .0001
Angle 1 125166.722 125166.722 290.373 .0001
w/c x length 4 94.222 23.556 055 9922
w/c x angle 2 36.778 18.389 043 .9587
Length x angle 2 4776.778 2388.389 5.541 .0703
Residual 4 1724.222 431.056

Dependent variable is peak load. df = degrees of freedom.
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FIGURE 20. Influence of the fiber length on the peak load.

ficiency of the fibers may be obtained only after a given
crack opening. This may explain the curve’s shape in
tensile or flexural tests on fiber-reinforced concrete de-
pending on the fiber geometry [2,22].

LOAD AT THE PEAK VALUE. Table 5 presents the loads reg-
istered for each peak value for each of the 18 studied
configurations. Table 6 analyzes the variance of the
peak load. The significant effects are the length, the
orientation, and the w/c¢ ratio value.

As seen in Figure 20, the peak load increases with the
fiber length, which is in good agreement with our
knowledge of the fiber behavior. Moreover, the slope of
the peak load decreases with increasing fiber length,
which fits well with Bartos theory [23]. The asymptotic
value is 660 N, which represents the ultimate load sus-
tained by the fiber at failure.

Is is also clear that the peak load is more important
when the fiber makes an angle of 90° rather than 45°, as
seen in Figure 21. The size of the crushed cone being
bigger at 45° reduces the anchored length of the fiber so
that the load at the peak decreases.

ENERGY DISSIPATED DURING THE PULL-OUT PROCESS. Table 7
presents the energy dissipated during the pull-out pro-
cess for each of the configurations studied, and Table 8
presents the ANOVA for this energy. The length, the
orientation, the w/c ratio, and the length—orientation
interaction have a significant effect on the energy dis-
sipated.

The effect of the length of the fiber on the dissipated
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FIGURE 21. Influence of the fiber orientation on the peak
load.

energy is presented in Figure 22. It is clearly seen in
Figure 22 that when the length of the fiber increases, the
dissipated energy increases. It seems that this energy
does not vary linearly with the fiber length. It is inter-
esting to note that this energy has been found to be a
quadratic function of the fiber length in the case of
straight fibers. The same type of relation has been ob-
tained in the case of our corrugated fibers.

The other significant effects on the energy are already
significant for the two previous parameters of the sta-
tistical analysis.

SYNTHESIS OF THE STATISTICAL ANALYSIS. Table 9 summarizes
the significant effects for each parameter under study. It
is seen that fiber length always plays a key role when
studying the behavior of the fiber with respect to all
parameters. It is the same for the orientation, which also
interacts with the length.

The w/c ratio is not as important as other factors in
this case. This is perhaps due to the way the samples
were fabricated. In fact, the static position of the fibers
during the fabrication of the specimens could have
modified the actual nature of the fiber/matrix interface
as compared with the nature of the interface when the
fibers are energetically mixed within the concrete dur-
ing the mixing process.

Finally, it has been seen that the nonlinear fiber under
study developed a mechanical anchorage on top of the
bonding mechanism. This last mode of anchorage in-
duces a quite complex system of stress at the fiber/

TABLE 7. Energy dissipated (N.mm) during the pull-out process values

45° angle 90° angle
w/c One wave Two waves Three waves One wave Two waves Three waves
0.3 372 3056 7428 1094 4760 10382
0.5 269 1855 6478 550 4335 8709
0.7 236 1846 5101 463 3767 7457




38 G. Chanvillard and P.-C. Aitcin

Advn Cem Bas Mat

1996;4:28-41
TABLE 8. Analysis of variance on dissipated energy values

Source df Sum of squares Mean square F value p value
w/c 2 5701909.778 2850954.889 35.734 .0028
Length 2 153427186.778 76713593.389 961.538 0001
Angle 1 12294187.556 12294187.556 154.097 .0002

w/c x length 4 2669187.889 667296.972 8.364 0318

w/c x angle 2 64225.778 32112.889 403 6930
Length x angle 2 3647580.111 1823790.056 22.860 .0065
Residual 4 319128.556 79782.139

Dependent variable is fracture energy. df = degrees of freedom.

matrix interface that can modify our understanding of
the role played by the w/c ratio on the global behavior
of the fiber.

It is, therefore, important to limit to some extent the
scope of this work due to the idealized conditions un-
der which this experimental study was done. For ex-
ample, the “perfection” of the precracked plane could
favor the initial unfolding of the fiber following the
observed crushing of small concrete cones. This phe-
nomena could have altered slightly the shape of the
peak on the load-displacement graphs. These points
should be carefully analyzed when extending this
model to describe the global behavior of the fiber-
reinforced concrete.

Conclusion

During the experimental program presented here, two
modes of failure of the fibers were observed. In one
case, the fiber is broken; in the second case, the fiber
debonds first, then slips in its print until it is finally
pulled out. The lower the w/c ratio, the higher the fail-
ure load. However, in case of fiber debonding, the w/c
ratio plays a minor role in the pull-out behavior of the
fiber. This result has been confirmed by a statistical
analysis that has shown that the length of the fiber and
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FIGURE 22, Influence of the fiber length on the dissipated
energy.

its orientation are major parameters, whereas the w/c
ratio is a less significant parameter influencing the fiber
matrix behavior.

Experimental observations pointed out that the fail-
ure process starts by the crushing of a small concrete
cone on each side of the crack plane. The size of this
cone varies with the configuration of the fiber matrix
and greatly influences the behavior of fiber. In fact, it
shortens the anchored length and allows the fiber to
unfold on this freed length. This cone is more harmful
on the properties of the composite when the fibers are
inclined at a 45° angle.

Moreover, after their pull-out, the fibers are straight-
ened so that they lose their initial shape. However,
when observing in detail the aspect of the print after the
total pull-out of the fiber, it is seen that only very minor
degradations were developed along the print. This ob-
servation clearly indicates that the fiber slips within its
initial print through continuous plastic deformation of
each of its sections during the whole pull-out process. It
is, therefore, the energy to create that cold working pro-
cess that has to be developed during the pull-out of the
fiber.

In conclusion, in spite of the two previously men-
tioned points (artificial crack, static fibers), it is the
opinion of the authors that the experimental model un-
der study led to a better understanding of the interac-
tion between the particular fiber under study and the
matrix that finally governed the global behavior of the
composite. Such an approach, in addition to anisotropy
of the fiber distribution and fiber group effects, may
lead to an optimization of the properties of fiber-
reinforced concrete.

TABLE 9. Synthesis of the statistical analysis

Highly Less
Parameter significant significant
Peak load displacement L;LxA A
Peak load LA w/c
Dissipated energy L;A w/gLxA

L = length; A = angle.
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Appendix

This appendix presents the statistical method used to
analyze the variance of a factorial design. The statistical
analysis of a set of data can be done in different ways.
In the following, a simple but powerful method will be
presented. It can be applied to what is called factorial
design.

This method consists of choosing a certain number of
parameters that could influence a particular behavior
and, for each of these parameters, selecting a certain
range of variation. As an example, in the present ex-
perimental study, the w/c ratio is one particular param-
eter for which we selected three values, 0.30, 0.50, and
0.70. Experimental results provide data for each pos-
sible configuration (combination of different levels for
each parameter) with, in some cases, duplicates (more
than one value for a particular configuration).

In the method used, only discrete values of the pa-
rameters were considered when studying their effect
instead of continuous parameter. Moreover, the vari-
ance analysis was limited to the factorial design we
selected. This factorial design had the three following
parameters:

® w/c, the w/c ratio with three values, 0.30, 0.50,
and 0.30;

e L, the length of the fibers with three values, 1, 2,
and 3 waves; and

e A, the orientation of the fibers with two levels, 90°
and 45°.

For each configuration, n duplicate values were ob-
tained. In our case, n = 1 because we tested three speci-
mens for each configuration. Only the mean response of
these three specimens may be considered as indepen-
dant duplicate.

Experimental data can be expressed by the following
statistical linear model:

Yi =p + 7+ B+ v + (3B)y; + (7Y
+ BV + (B + giju
where Y, is the response (data) corresponding to the

i™ level of w/c, the j* level of L, the k" level of A, and
the I duplicate; p. is the responses overall mean; 7, is
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the ' level of L, j = 1.3; y, is the effect of the k™ level of
A k=12 (TB)i]- is the effect of the interaction between
w/c and L [the same for (Ty);, (BY)j and (7Bv);]; and
&% is the error component.

With such a model, the effects of each parameter and
of their interaction are defined according to the devia-
tion they are bringing to the global average. To begin
with, the direct effects of w/c, L, and A will be studied.
More specifically, the equal influence of each configu-
ration will be tested from a statistical point of view with
our linear model. For example, for the factor w/c, this
implies to test the following hypothesis:

HO:71=12=713=0

factor wic: H1 : at least one 7i # 0

Rejecting HO means that the effect of the factor w/c is
not zero, and so the factor w/c is a significant param-
eter. In addition, the different possible interactions be-
tween the parameters will also be studied.

To discuss this hypothesis, we will perform a statis-
tical analysis of the variance. This means that the over-
all data variability will be split into different compo-
nents. A measure of the overall variability is given by
the following sum of square value:

n

3
2 2 (Y — 1)

k=1 I=1

SSr =,

r

3
=1 j

3
=1

This sum of square values can also be rewritten as
following where each term represents the sum of the
square values due to a simple factor or due to the in-
teraction of different factor. The term SSg, represents the
sum of the square values related to the error. It is not

our intention to provide the detailed calculations for
each sum; they can be found in Montgomery [24]:

SSp =58g/c + S8 + 854 + SSg/c x L+ SSk/c x A
+ 55 A +55/c xLxat S5

For each sum of square values, the following degrees of
freedom (df) can be associated for a total n (3 x 3 x 2) ~
1 =18, n - 1 degrees of freedom (Table Al).

In the following, the mean square value for each ef-
fect is defined as the sum of the square values divided
by the degree of freedom:

the effect of the i" level of w/c, i = 1.3; B; is the effect of MS = §S/df

TABLE A1. Degrees of freedom (df) associated with all the effects

Source w/c L A wic x L wle x A LxA WiexLx A error
df 2 2 1 4 2 2 4 18(n-1)

L = length; A= angle; df = degrees of freedom.
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TABLE A2, Analysis of variance (ANOVA) table
Source of variation Sums of squares Degrees of freedom Means squares Ratio FO
W/C SSW/C 2 Msw/c MSW/C/MSE
L SS. 2 MS, MS, /MSg
A S5, 1 MS, MS, /MSg
w/cxL SSw/cxL 4 MS, /L MS,, /e 1./ MSg
w/cx A Lx A 2 MS, . A MS; , 4/ MSg
LxA L x A 2 L x A MSLXA/MSE
W/CXLXA w/cx L x A 4 w/cx L x A Msw/CxLxA/MSE
Error SSe 18 (n-1) MSg
Total SSt 18n-1

L = length; A = angle.

It is clear that if one parameter (or one interaction)
has a significant effect, the mean square sum for this
parameter will be greater than the mean square of the
error. So, when comparing the value of the average
square sum of a particular parameter to that of the er-
ror, it is possible to figure out if this parameter is sig-
nificant. The table to study the analysis of the variance
(ANOVA) can be figured as follows in Table A2.

It can be proved that if the linear model is adequate
(if it includes the parameters and their interactions that
can be significant) and if appropriate hypothesis on the
error e;; are made (normality hypothesis), each value
for FO is distributed according a Fisher law with the
degree of freedom respectively associated to the source
of variation (d) and to the error (de).

So, to test the hypothesis related to the significance of
the various parameters, the ratio FO of the ANOVA has
to be compared to the Fisher coefficient Fo,d,de where o
is the level of significance (probability to reject the hy-
pothesis HO when it is true). The hypothesis HO can be
rejected if: FO > Fa,d de. It can be then immediately con-
cluded that the studied parameter plays a significant
role on the result with a degree of significance a.

In our experiment, only a single replicate is available
per configuration, the average value obtained from the
three specimens tested. In such a case, the error sum of
square may not be estimable. Consequently, a plausible
model to be assumed is that the higher level interaction
mean square is not significant and may be confounded
with the error mean square:

TABLE A3. Analysis of variance (ANOVA) table

MSg = MSW/C x L x A

Table A3 shows the ANOVA, and the significance of the
various effects can be made again on the basis of the
Fisher test as previously described.
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