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Abstract

The evolution of damage in compression, due to microcracking, is investigated in concrete reinforced by amorphous cast iron
fibers and compared to damage in non reinforced concrete whose workability and strength were similar. As microcracking is an-
isotropic, two damage variables are defined, 4, in the orientation of compression and d> in a perpendicular orientation. Damage
values are calculated as a function of the loss of stiffness measured during loading-unloading cycles. Since the fiber arrangement is
2D (isotropic transverse), it is shown that damage is delayed in a reinforced concrete stressed in an orientation perpendicular to the
fibers. On the other hand, due to fiber/concrete debonding, damage is greater when the compression is applied in an orientation
parallel to the fibers. The damage behavior of the non reinforced concrete is intermediate. © 1999 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Fibers are used to reinforce concrete and to prevent
brittle failure as they delay crack opening through fiber
pull-out and fiber bridging mechanisms [1-4]. However,
at the material scale, prior to the formation of a main
crack, do the fibers limit the loss of stiffness in the in-
elastic strain domain in uniaxial compression?

This paper deals with the damage arising in concrete
reinforced by amorphous cast iron fibers. After a brief
description of these fibers and concrete used, the ex-
perimental set-up for measurement of strains under cy-
clic compression is then described.

Based on a previous quantification of the micro-
cracking in compression, given by automatic image
analysis techniques, [5,6], a damage operator is defined.
The damage mechanics equations are developed in order
to establish the evolution of the damage variable de-
pending on the isotropic transverse fiber orientation
(5,7-91.
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Finally, the behavior of the concrete reinforced with
amorphous cast iron fibers (FRC) is analyzed in order to
make suggestions on use of that material in a given
structure.

2, Experimental details
2.1. FRC and concrete matrix compositions

The amorphous cast iron fibers used in this study are
ribbon shaped: they are 30 mm long, 1.6 mm wide, 0.03
mm thick and belong to the family of metallic glass
materials. They are produced by melt spinning which
ensures a tempering rate about one million of degrees
Celsius per second. They are composed of (Fe, Cr) 80%
and (P, C, Si) 20% in mass. Immersed in HCI (0.1 N)
and in FeCl; (0.4 N) for 24 h, no corrosion was observed
in such fibers. Their specific surface area is about 10 m%/
kg. Their tensile strength range is between 1400 and
2300 MPa and their density is 7.2. [10,11].

The testing was intended to compare the loss of
stiffness of the FRC to the evolution of damage in a pure
concrete matrix, having a similar workability, and thus a
similar compactness once hardened.

0958-9465/99/8 — see front matter © 1999 Elsevier Science Ltd. All rights reserved.
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The FRC and the pure concrete matrix are based on
the same constituents: 425 kg/m® of CPJ CEM Il/A
32.5R ordinary Portland cement and 944 kg/m? of 0/4
mm round washed sand.

The FRC incorporates 930 kg/m? of 6/10 mm crushed
gravel and is mixed with a low amorphous cast iron fiber
content: volume fraction = 0.5% (i.e. 36 kg/m?). Indeed,
mixing higher quantities of fibers with gravel is un-
achievable. The w/c (water to cement ratio) is equal to
0.4. A polymelamine superplasticizer amount was ad-
justed close to 0.4% (weight of solid content of super-
plasticizer related to the cement weight), in order to
achieve an optimal compactness [12].

The formulation of the corresponding pure concrete
matrix is slightly different as the fiber volume fraction is
now replaced by gravel. Thus, 944 kg/m® of 6/10 mm
crushed gravel is used. Moreover, the pure concrete
matrix was mixed without superplasticizer and with a w/
¢ ratio equal to 0.38 in order to achieve a workability
close to that measured for the FRC in an LCL appa-
ratus: 6-8 s.

2.2. Specimens

An FRC block and a pure concrete matrix block,
both 450 x 450 x 450 mm® in size, were cast and then
submitted to vibration parallel to the casting axis, dur-
ing 50 s. 160 ¢ x 320 mm® cylindrical specimens for
compression were cored in these blocks (Fig. 1). The
specimen ends were straightened with high rotating
speed (1500 rpm) oscillating diamond cutting tools un-
der water.

casting axis

i

horizontal projection
(“plane” fiber arrangement)

' dir. 1
___( 'H dir, 2 (or 3)
i Vo
: ' : cored specimen
32cm fa
a Lo R
: i S T [ -
45 cm| Py
. o - 1

vertical projection (isotropic fiber arrangement)

Fig. 1. Scheme of an FRC cube, of the cored specimens, and of the
isotropic transverse fiber arrangement illustrated by two projected
views.

If such cylinders had been cast instead of drilled, the
fiber orientation would have been influenced by the wall
effects of the molds. Then one would not have measured
intrinsic material properties. [13,14]. Uniaxial compres-
sion tests have been conducted on 8 month old FRC and
pure matrix to evaluate the damage evolution.

At this age, the compression strength of the FRC was
50 MPa in orientation 1 and 42 MPa in orientation 2.
Whatever the orientation, the compression strength of
the pure concrete matrix was 44 MPa.

2.3. Testing

The compression was applied between steel plates, in
direct contact with the concrete, with a 3000 kN
Schenck hydraulic actuator (Fig. 2).

In order to investigate the loss of stiffness of the pure
concrete matrix and of the FRC during a monotonous
loading in compression, a series of loading-unloading
cycles was performed. The cycles were monitored by a
strain control software, at a 60 um/min displacement
rate. For each loading cycle, the maximum strain level
was chosen manually in order to reveal the most signi-
ficant steps of the loss of stiffness. After each full un-
loading (cf. points ¢’ on Fig. 8), a 15 min delay was
maintained to allow strain recovery, in order to measure
the evolution of the actual permanent strains (cf. points
¢ on Fig. 8). Such loading—unloading cycles do not in-
duce any fatigue effects as evidenced by the superposi-
tion of a monotonous load-displacement curve (Fig. 3).

Axial displacements, parallel to compression, were
recorded as the average of the signals of three linear

Fig. 2. View of the compression set-up and of the extensometer made
of two aluminium rings used as the measure basis for the LVDTs.
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Fig. 3. Superposition of the load versus axial compression displace-
ment curves for a 5 month old FRC: loading-unloading (thin line) and
monotonous loading (thick line).

variable differential transducers (LVDT), having a £10
mm range of measurement, and located at 120° around
the specimen. Radial displacements were also measured
as the average of the signals of three LVDTs perpen-
dicular to the circumference of the specimen, having a
range of measurement of 1 mm, and also located at
120° around the specimen (Fig. 4). The LVDTs were
placed on a measure basis constituted of two aluminium
rings (Fig. 2), each positioned on the specimen with
three spring contacts in order to eliminate the influence
of radial strains on the measurement of the longitudinal
displacements. Indeed, during loading, rigid contact
would have indented the concrete surface and thus the
rings, released during unloading, would have slipped
down. One ring is independent of the other and the
mnitial reference length between them is 185 mm. The
initial reference length in the radial direction corre-
sponds to the radius of the virgin specimen, 80 mm.

(top view) LVDTs at 120 ©

measure basis

I- loading actuator

spring contact

(LVDT) radial strain

STRAIN MONITORING

(LVDT) axial strain

N7

COMPUTER INTERFACE

Fig. 4. Experimental set-up for the measurement of axial and radial
displacements in loading—unloading conditions.

3. Results

3.1. Monotonic compression and comments on microcrack
and fiber orientation

Automatic image analysis and Fourier transform,
have been used to establish the rose of directions [15-17]
of the fibers and of the microcracks at given strain levels.

On the one hand, it has been demonstrated that, due
to the casting procedure, the amorphous cast iron rib-
bons arrangement is isotropic transverse (2D) in the
hardened FRC [7]. Thus, the fibers can be considered as
stratified in “‘planes’ perpendicular to the casting axis
{orientation 1), whereas their orientation is isotropic in
these “planes’™ (orientation 2 and 3), (see Fig. 1).

On the other hand, similar to what can be observed in
a pure concrete matrix, when the compression is applied
either in orientation 1 or in orientation 2 (or 3), the
microcrack network in the specimen is getting more and
more anisotropic. It tends to be mainly oriented in the
orientation of compression in both cases (Fig. 5)
[5,7,18,19].

Thus, it seems that the fiber orientation has no sig-
nificant effect on the microcrack orientation. The final
microcrack orientation is rather dependent on the ori-
entation of compression. So a damage variable d, has
been related to damage in the axial orientation of
compression, whereas d> characterizes damage in the
radial orientations of the cored specimens [20].

3.2. Anisotropy of the compression behavior of the FRC

Compression tests have revealed that the FRC was
mechanically isotropic in the elastic strain domain. The
undamaged material is characterized by its A4, stiffness
matrix with two Young moduli, E|, in orientation 1, £,
in orientation 2 (or 3) and the corresponding striction
coefficients y, and 7.

But as damage due to microcracking appears (Fig. 5),
the mechanical behavior of the FRC is inelastic and
anisotropic. The example of a monotonous compression
applied to a 9 month old FRC, shows that for a given
axial deformation (Fig. 6), the corresponding radial
displacement (Fig. 7) was larger if the FRC was stressed
in orientation 2, which 1is parallel to the “planes” of fi-
bers. Thus, even if microcrack orientation is roughly
independent of the fiber orientation, this does not imply
that fiber orientation has no effect on the loss of stiffness.

3.3. Damage mechanics

Based on Katchanov’s theory [21], one uses a damage
variable D [22], written here in a tensorial form (Eq. (1))
[20]. D relates the apparent stiffness matrix 4 — with
apparent stiffness coefficients E,; in orientation 1 and



200

C. Redon, J.-L. Chermant | Cement & Concrete Composites 21 (1999) 197-204

Compression stress (MPa) f~— <.~ _ a)and b) microcrfack propagation from the
<IN - T gravel/mortar interface to the mortar
50 T N :\ = ,»\~r~ /—‘—— {
Nt 3 \{;,"_N’c— js \&
A DDl s :
AN T\
AR AN
40 DEG b) g ~23.10" h & ~19107
YN L2 (13107 St (6 =4,0.107)
N~ T o 1 a VAo
Ak el
N on o, SR g
A D I aIN R N ﬁ 5
30 1 ALK o LS Ly Xt
{ ‘ ‘E":?*a%’{ B Qf?w%' < ;% e 91510
- N o vy ~ -3
a)s‘zl;.IO"\l Sy 3. betalaIAy e =32109 8
P RSN D& =9610" . . . .
(6n~1,1.107) Q A2 (60 ~3.7.10°) g) and h) microcracking strongly oriented in
N ks m the direction of compression,
20 + e) g ~7110 N onset of macracracking
Yy \%;;« N (6n =2,3.107)
STy : e ~4410" e) and f) coalescence of the microcracks
o p =94
")Q\’ AN (60 = 1,9.10°) : -
ey, :(- RS m = ¢) and d) microcrack propagation in
OO oy — the mortar
10 + >~
2 Y\\}— ’Dt "\;—“ N.B. - Maxi.mum st.rains & applied to the FRC, are indicated by the arows on the curve. The
f\*f‘ associated microcracks networks do not correspond to these strains, but they present the
c) g =3410 strain states, defined by the strain values &, at the end of the unloadings (points c, cf. Fig 8).
(6n ~1,6.107) i
0 [ [ I N i [ 1 1 i 1
T 1 T LI T t — ¥ T
1.10° 2.107 3.10° 4.10° 5.10°

Axia) compression strain

Fig. 5. Hlustration of the successive steps of the microcracking process during the compression: case of a monotonous loading on a 9 month old FRC,
stressed perpendicular to the “planes™ of fibers. The microcrack patterns presented in the small images have been detected by a fluorescent resin
under UV light at the surface of 10 x 10 cm? FRC slices.

E,; in orientation 2 (or 3), and the corresponding ap-
parent striction coefficients y,; and y,,, (Fig. 8) — of the
damaged inelastic material, to the initial stifiness A,

(Eq.

D

@

d 0 0
0 & 0
0 0 4

(1)

with: d), the damage variable in the orientation of
compression (orientation 1 or 2 or 3),
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Fig. 6. Anisotropic compression behavior evidenced on monotonous
toad versus axial displacement curves for a 9 month old FRC.

dy, the corresponding damage variable in the radial
orientation of a specimen, perpendicular to the com-

pression,
A(Ao, D) = MT(D): Ay: M(D) (2)

D is equal to 0 as concrete is crack free and tends to 1 as
the concrete specimen is split. It is supposed that the

Load (kN)
1200 T
1000 1 —— —
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/ ! direction 1
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o .

20 30 40 50
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Fig. 7. Anisotropic compression behavior evidenced on monotonous
load versus radial displacement curves, (corresponding to the same
specimen as tested in Fig. 6) for a 9 month old FRC. The two arrows
indicate that for the same given axial displacement, pointed out in
Fig. 6, the corresponding radial displacement is larger in the case of
the FRC stressed in orientation 2.
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Fig. 8. Scheme for the measurement of stiffness slopes on a loading-
unloading curve.

elastic strain energy, W, under an actual stress, o, on a
damaged cross section of the material is equivalent to
the elastic strain energy due to the application of a so-
called effective stress, o,, on the corresponding resistant
crack-free cross section (Eq. (3)) [23,24]. One has:

1 =

LMQDp:mwQ=§@AQE} (3)

Thus
G.=(U-D)"*:F7u-D)"?

and
L.=(U-D)* &% (U -D)"? (4)
with: —, the tensorial notation, M, the tensorial linear

operator which conserves the symmetry of second order
tensors, MT, M transposed, I, the identity matrix, &,
the effective elastic strain, g the actual elastic strain.

Using Eq. (2) and sets of (Eq. (4)), one writes either

(Eq. (5))
Eox = A()'O'——* or E—:e = A4v. (5)

The loading-unloading curves corresponding either
to axial or to radial displacements, and also revealing
the anisotropic compression behavior of the 8 month
old FRC, give then access to d; and d,. These damage
variables depend first on the initial stiffness £ and y, that
we have calculated from the slope of the first loading
cycle, (Fig. 8), and also on the orientation of compres-
sion (Fig. 9).

The evolution of the damage variables is also linked
to apparent stiffness £, and y,, determined on the linear
part of the following loading cycles, once closure of the
horizontal cracks, perpendicular to compression 1s fin-
ished. In Fig. 10, values of d; and d, are given for axial

Load (kN)
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1000
800
600
400

200

o] 200 400 600 800
Axial compression displacement (pm)
Fig. 9. Anisotropic diagram of load versus axial compression dis-

placement for the 8 month old FRC in cyclic compression, tested in
orientation 1 (thin line) and 2 (thick line).
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Fig. 10. Evolution of the damage variables, d| and d,, as a function of
the axial compression strain applied at the onset of the linear part of
the loading cycles, for the 8 month old pure concrete matrix and for
the 8 month old FRC tested in orientation 1 and in orientation 2 (or 3).

compression strains corresponding to the onset of the
apparent linear elastic behavior of the damaged material
(point A, see Fig. 8). Thus, the last strain value at the
end of each damage curve does not correspond to a
strain to rupture but rather to a critical strain indicating
the onset of uncontrollable fracture. Practically indeed,
it is not possible to obtain experimentally a value of D
equal to 1.

(a) In the case of the matrix, from Eqs. (4) and (5), one
has [20]

2

172 1/2
@:1-(%) md@:l—(g)(%> . (6)

(b) Similarly, in the case of the FRC stressed in orien-
tation 1, one has [5]

Ey 1/2 ) E 1/2
=1-[-=-= dd=1~-(=)[=—1] .
d <E1 ) and d, (y* £ (7

(c) Likewise, in the case of the FRC stressed in orien-
tation 2, one has [5]
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3.4. Damage increase in the pure concrete matrix and in
the FRC

The evolution of damage variables presented in
Fig. 10, indicates that only > constitutes a rupture cri-
terion as it tends to 1. Thus the FRC as well as the pure
concrete matrix, both 8 month old, failed due to radial
microcrack openings, in an orientation perpendicular to
the compression.

As compared to the pure concrete matrix, as shown
on the d, curves, the onset of damage is delayed in the
case of FRC stressed in orientation 1 — perpendicular to
the “planes” of fibers (see Fig. 1). However, the onset of
damage occurs sooner if the FRC is stressed in orien-
tation 2 (or 3) — parallel to the “planes” of fibers.

As the strain level increases, the most progressive d,
damage increase is recorded in the FRC stressed in
orientation 1. Moreover, in that case, critical damage
values, higher than 0.85 are reached for critical axial
strains (2.8 x 107%) far larger than those of the pure
concrete matrix and of the FRC stressed in orientation 2
(1.8 x 107%).

This means that fibers oriented in a parallel way to
the compression do not enhance damage resistance. On
the contrary, damage is even increasing faster in that
case than in the corresponding pure concrete matrix.

Consequent to radial cracks opening, the loss of
stiffness, given by d, increase, is also the largest in the
FRC stressed in orientation 2.

The evolution of the permanent strains after un-
loading and recovery (points ¢ on Fig. 8) as a function
of the maximum applied load (points m on Fig. 8)
confirms that the radial distortion is increasing faster in
the FRC stressed in orientation 2 (or 3) than in orien-
tation 1. The pure concrete matrix has an intermediate
behavior (Fig. 11} [5].

4. Damage micromechanisms

In order to understand the difference in damage
evolution when compression is parallel or perpendicular
to the “planes” of fibers, it is necessary to have a look at
the micromechanisms occurring in ITZ (Interface
Transition Zones) along the fiber surface. The ITZ mi-
crostructure has been investigated at the surface of
amorphous cast iron fibers pulled out from a mortar
mixed with the same cement, sand and with a w/c=0.5
[25].

It revealed large sheet-like portlandite, finger-like et-
tringite (Fig. 12) and very porous fibrillated CSH (Hy-

Radial permanent strain

3.10° T
2.10° r
1.10° wele— Matrix
—o— FRC (dir 1)
| —+— FRC (dir 2)
0 —— —

1.10° 2.10° 3.10° 4.10° 5.10°
Axial maximum strain

Fig. 11. Evolution of the permanent radial strains as a function of the
maximum axial strain corresponding to the 3 tests related to Fig. 10, in
the case of 8§ month old FRC and pure concrete matrix.

Fig. 12. SEM observation of portlandite and ettringite at the Fibraflex/
cement interface.

drated Calcium Silicate) crystals (Fig. 13). Under UV
light, the impregnation of the microcracked FRC with a
fluorescent resin, reveals that a fiber/matrix debonding
mechanism is occurring in these I'TZs which, as they are
porous, are the weakest zones of the concrete (Fig. 14)
[1,2,26].

Whatever the fiber orientation, the crack orientation
is parallel to the axis of compression. As the amorphous
cast iron fibers are ribbon-shaped, the ITZ are large.

Thus microcrack growth is promoted when the fiber,
thus the ITZ, is aligned in the orientation of compres-
sion. This explains the faster d» damage increase ob-
served in the FRC stressed in orientation 2 (or 3).

For the FRC compressed perpendicular to the
“planes of fibers”, the ITZ are no longer the most
dangerous damage nucleation sites. Instead, a
fiber microcrack bridging mechanism is counteracting
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Fig. 13. SEM observation of porous fibrillated CSH at the Fibraflex/
cement interface.

Fig. 14. Optical UV micrograph revealing fiber/concrete debonding in
the FRC reinforced by Fibrafiex fibers.

damage increase, involving fiber pull-out out of the
crack faces [25].

5. Conclusion

The results obtained by automatic image analysis
techniques, about the fiber and the microcrack orienta-
tions have constituted a basis for the study of the
damage evolution in a concrete reinforced by amor-
phous cast iron fibers. It evidences, once more, the im-
portance of morphological investigations to understand
the mechanical response of materials, which is always
related to their microstructure.

Either in a perpendicular or a parallel orientation to
the “planes’ of fibers, microcrack orientation does not
depend on the 2D isotropic transverse fiber arrangement
in the amorphous cast iron fiber-reinforced concrete. On
the contrary, the microcracking orientation depends on

Casting axis +—

Casting axis

|- Fibraflex

—| ¥

compression
. ‘
crack 4

Fig. 15. Advice for use of Fibraflex FRC in a structure subjected to
compression as a function of the fresh FRC mix casting direction: in
the case on the left, damage will be delayed, whereas it will be favored
in the case on the right.

the orientation of compression. As a result, microcracks
are mainly oriented in the direction of compression.

But this does not imply that the fibers cannot coun-
teract or delay microcrack opening. Delay has to be
understood in terms of the amount of axial strain which
has to be reached to achieve a given damage level. Then,
as revealed by the loading-unloading tests, we have
shown that, damage is delayed by a microcrack bridging
process when fibers are perpendicular to the compres-
sion. This is essentially evidenced through the damage
variable ,, linked with radial microcrack openings
perpendicular to the compression axis. Indeed, the in-
crease of the d, value is the most progressive in this case.
On the contrary, fiber/concrete debonding takes place in
the interface transition zone when compression is par-
allel to the planes of fibers. The corresponding &> in-
crease is then the fastest, the behavior of the pure
concrete matrix being intermediate.

In fact, fiber orientation depends on the casting di-
rection [7,8,14]. Thus, as it has already been indicated by
Rossi and his colleagues [14], the casting procedure
should be carefully chosen, depending on the orientation
of solicitation for a given Fibraflex fiber-reinforced
concrete structure, as shown in Fig. 15.
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