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Abstract

Two damping mechanisms are suggested to explain the high damping found from preliminary dynamic testing of polyolefin fiber-
reinforced concrete composites (FRC). A significant interfacial relative displacement, which may cause debonding and corresponding
interfacial friction, is suggested as the fundamental energy dissipation mode during vibration. Such a displacement may easily take place over
a great fraction of an interface between low-aspect ratio fiber and cementitious matrix, resulting in high damping in crimped FRC. Debonding
at the intersections of microcracks in matrix and fiber due to the crack opening under tensile strain also consumes vibration energy, producing
extra damping in fine FRC. In order to gain high damping without seriously degrading other mechanical properties of FRC, a combination of

reinforcing fibers with different geometric features is suggested. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Recent research [1—3] on dynamic properties of polyole-
fin fiber-reinforced concrete composites (FRC) has shown
that fibers with a crimped surface or wavy geometry (crimped
fiber), and with a smooth surface but small diameter (fine
fiber of 6 mils in diameter), produced a significant increase in
damping and a discernible decrease in response frequency.
Another dynamic characteristic found in these damping-
improved composites is that the damping ratio in the first
vibration cycle, (;, is much greater than that in the following
cycles (say (jo), as shown in Fig. 1. The reader may refer to
Refs. [1-3] for the experimental details including fibers and
compositions of the FRC used in the study.

These phenomena cannot be explained by the rule of
mixtures, viscoelastic or hysteretic damping in the matrix
due to the stress concentration in the vicinity of fiber—
matrix interface or cracking of the cementitious matrix [1,2].
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Recent works [1,4] on direct observation of the interfaces
between polyolefin fiber and cementitious matrix under a
scanning electron microscope (SEM) show that the bond
between fiber and concrete is mainly mechanical. The
interface bond may be strengthened by interfacial roughness
and anchoring of fiber tendrils in the matrix, which results
as a by-product of mixing of fibers in cementitious mix. If
there is no such interfacial asperity, the bond strength will be
merely static friction, mainly depending on the normal
pressure, which the matrix exerts on the fiber surface. Thus,
the bond strength would not be expected to be very strong.
A debonding (breaking a compact interface), followed by an
interfacial slip, will take place when the shear stress on the
interface is greater than the bond strength or, alternatively,
an interfacial relative displacement is greater than a critical
value that the interfacial bond can bear. This debonding is,
indeed, an interfacial fracture [5], which starts at bond
strength and ends at a frictional shear stress. This is also a
necessary stage preceding the interfacial slip, which is a
relative movement between fiber and matrix along the
interface. The debonding may take place at the ends of an
interface and at the intersections of a crack and fiber, where
the shear strain may be great enough to break bonds. The
relative importance of these mechanisms depends on the
magnitude of the interfacial relative displacement.

0008-8846/00/$ — see front matter © 2000 Elsevier Science Inc. All rights reserved.
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Fig. 1. A comparison of damping ratio between (; and (;o under various maximum response amplitudes in a crimped fiber-reinforced concrete composite,
FRCO07-1, and a fine fiber-reinforced one, FRCO08-1, noting that (; was about a double (;o.

In this paper, we present the damping mechanisms in
FRC, which are directly related to interfacial debonding and
friction resulting from the interfacial relative displacement.
The interfacial relative displacement is analyzed based on
strains along an interface with various fiber aspect ratios.
Energy dissipated due to crack opening is calculated and
compared with experimental results. It is intended to pro-
vide preliminary understanding for further investigation and
design of FRC with good damping properties.

2. Strain distributions in a beam subject to flexural
vibration

A beam in a free transverse, or flexural, vibration is
subjected to flexural deformation according to its funda-

mental modes. The strain in the beam along the beam
neutral axis direction, x, can be calculated once the deflec-
tion or mode shape, v(x), is known [6]. The relation between
the strain, ¢, in a beam fiber and the curvature of the
deflection (which is proportional to second derivative of
deflection for small deflection), is expressed as [7]
2
e= y% (1)

where y is the distance from a beam fiber to the neutral axis
of the beam. For generality, the normalized first mode shape
v(x/l) [8] of a free-free beam with unit length, and the
corresponding curvature along the beam axis are illustrated
in Fig. 2. The normalized distribution of axial strain,
depending on the distance from the neutral axis, should be
similar to the curvature because there exists the proportion-
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Fig. 2. The first normalized mode shape and curvature distributions in a free-free beam.
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ality between strain and the curvature, as indicated by Eq.
(1). Fig. 2 implies that the maximum strain in a free-free
beam always takes place in the outermost beam fiber
(axially) located in the middle (longitudinally) of the beam,
where the displacement is not necessarily the maximum. At
the ends of the beam, however, there is no strain although
maximum displacement occurs there.

A strain distribution for a beam of length / can be
derived from the normalized mode shape v(x/[). Assuming
the maximum vibration amplitude measured at one end of
the beam is 4y (hereafter, the subscript capital M denotes
“maximum”), it can be shown as [1]

Given /=30 cm (12 in.) for the specimens used and Ay
measured at either end of a beam, the maximum (axial)
strains in the middle of the beam, where y=1.25 cm (0.5 in.),
for example, are ep=1.1 x 107 for an 4y;=0.001 c¢m, and
em=8.8 x 107° for 4=0.008 cm. The order of these
strains seems very reasonable compared to the failure strain
of concrete [9], which is around 50 x 107 in tension.

3. Stress and relative displacement distributions along
fiber —matrix interface

A cylindrical matrix with a fiber embedded at its
center is selected as a representative volume element
(RVE) that is located in the surface layer in the middle
of a free-free beam, as shown in Fig. 3. The fiber is
assumed to be parallel to the neutral axis of the beam,
and therefore, the stress or strain in tension or in
compression caused by vibration deflection is parallel to
the fiber—matrix interface. The diameter of the RVE is
determined according to the fiber volume fraction, i.e., the

specimen is assumed to be a compact stack of such
RVEs. In this case, it can be shown that the ratio of
RVE diameter to the fiber diameter is approximately the
reciprocal of the square root of the fiber volume fraction
[10]. It should be noted that the fibers in the beam
specimen were, in fact, randomly oriented. With the
above assumption, however, the analysis of stress and
relative displacement along an interface is simplified.

As the beam is deflected due to a flexural vibration, the
surfaces of the fiber and the matrix along the interface may
be both stretched or compressed before an interfacial
debonding takes place. A relative displacement occurs
between fiber and matrix because of the difference between
the stretches caused by the necessity of force transfer across
the interface through shear. According to Cox’s assumption
[11] and Kelly’s extension [12], the interface shear stress is
proportional to the difference between u and w, where u is
the axial displacement at a point in the fiber and w is the
axial displacement the matrix would have at the same point
in the matrix with no fiber present. The rate of change of the

axial force P in fiber is given by [13]
dpr
e Kint(u — w) (3)

where k;,; is a proportionality constant to be determined
from geometrical and material property data, i.e.,

Kint = 3% A¢Ex (4)
and
2 _ 21TGM (5)
A¢Efln(D/dy)

where Ay is the cross-section area of the fiber, E; is the
elastic modulus in the fiber axial direction, G, is the shear
modulus of the matrix, D is the diameter of the effective
matrix cylinder, Dy is the fiber diameter, and the diameter
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Fig. 3. Schematic of one-fiber-matrix cylinder (RVE) taken from the surface layer located in the middle of a free-free beam, where the strain in matrix

is maximum.
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ratio, D/dy, is [10]
D 0.952
= i 6
dy Vfl /2 (6)
and V is the fiber volume fraction in Eq. (6).

The stress in the fiber and shear stress along the interface
are, therefore, given by [13]

P cosh[3(05/ — x)]

of —A—f—Efam [1 —W] (7)
_ dpEren [sinh[3(0.5/ — x)]

== éfl [ cosh(0.581) } ®)

where ¢,, is the axial strain in the matrix.
The relative displacement can be derived by rearranging
Eq. (3) and is

U—w=_-——. 9)

Substituting P from Eq. (7) into Eq. (9), and noting Eq.
(4), yields

_Em [sinh[B(O.Sl - x)]} '

TR cosh(0.561)

Egs. (8) and (10) show that the variations of interfacial
shear stress and relative displacement have the same trend
along the fiber axis. Letting the fiber be of a circular
cross-section, substituting dr into Eq. (5), yields Eq. (11)

(10)

1 8Gm

'~ &\ B/ .

Assuming V;=0.01, using G,,=11.7 GPa for matrix and
E:=8.0 GPa [9] for a drawn fiber, we have

2.8

B=" (12)

In order to show the effect of fiber aspect ratio, i.e., length
to diameter (//dy), on arelative displacement, we can rearrange
the variable term in Eq. (10) by noting Eq. (12) as Eq. (13)

l X
3051 —x) =228 (0.5 - 7). (13)

Now, Eq. (10) becomes

€m 1 . / X
(14)

Variations of the normalized relative displacement, calcu-
lated from the terms in the curly brackets of Eq. (14), along
the fiber axial direction for different fiber aspect ratios, are
illustrated in Fig. 4.

It is clear from Fig. 4 that the fraction of an interface
which could be subject to a noticeable relative displacement

is dependent on the fiber aspect ratio; the smaller the ratio,
the greater the fraction. For a fiber with an aspect ratio
greater than 85, a minor fraction at the ends of the interface
could have a noticeable relative displacement. For a fiber
with an aspect ratio less than 10, however, a large fraction of
the interface could undergo a certain relative displacement.
Fig. 4 also shows that the largest displacements take place at
the ends of fibers. Significant relative displacements, there-
fore, could happen at fiber ends, even though the fiber
aspect ratio is great. In any case, at the same fiber volume
fraction, the fraction of a total interfacial length that may
undergo a significant relative displacement, possibly caus-
ing debonding, in a low-aspect ratio fiber-reinforced con-
crete, is greater than that in a high-aspect ratio fiber-
reinforced concrete.

The magnitude of relative displacement and shear stress
occurring along an interface is dependent not only on the
fiber aspect ratio just discussed, but also on the terms
diEre,3/4 for stress and on ¢,,/3 for relative displacement
in Egs. (8) and (10), respectively, where strain in the matrix
is a variable. By using Eq. (12), we have

€m  Emdr

-m _ -m7t 15

3 228 (13)
Eren 2.28E¢em

df fe B _ 8 f€ . (16)

4 4

Eq. (15) indicates that the maximum relative displacement
given in Eq. (10) is proportional to the product of the strain
in matrix and the diameter of a fiber, implying that a coarse
fiber may produce a larger relative displacement than a fine
one at the same aspect ratio. Eq. (16) shows that the
maximum shear stress given in Eq. (8) is dependent on the
modulus of fiber and strain in matrix, and is independent of
the diameter of the fiber. When ¢, varies from 1.1 x 10~ % to
8.8 x 107° as in our experiments [1,2], the maximum
relative displacements at the ends of fibers, ,,,/3, are (0.73—
5.87) x 107" m for 6-mil fibers and (3.3-25.5) x 107" m
for 25-mil fibers. If we assume that high damping results
from interfacial debonding, the interface shear strength,
which is the shear stress at debonding, can be calculated by
using Eq. (16) when the strain and the fiber modulus are
known. Using experimental data for fine FRC which started
a high damping at a strain of 1.1 x 107° [1,2] and a
modulus of 8.0 GPa [9], the interfacial shear strength is 0.5
x 1072 MPa. This shear strength seems quite reasonable,
though still small, when compared to 1.6 x 10~' MPa for
nylon and (1.1-2.9) x 10~" MPa for polyester reported by
Wang et al. [14].

It should be noted that a certain relative displacement or
shear stress does not necessarily mean that there is a
debonding or an interfacial slip. Debonding can only take
place when the relative displacement or shear stress reaches
a critical value, which may correspond to a critical vibration
amplitude, and therefore, a critical strain in the matrix.
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Fig. 4. Variation of normalized relative displacement along interfaces of various aspect ratios.

Above this critical vibration amplitude, a relative displace-
ment could break the interfacial bond. The critical strain
corresponding to this critical amplitude can be computed by
using Eq. (2) with an experimental amplitude which was
around 0.001 cm, noting that only the outermost beam fiber
located in the middle of the beam reaches this critical strain
at this time. When the amplitude increases above its critical
amplitude, a greater portion of the beam (by extending from
the middle towards both ends of the beam) reaches and
exceeds the critical strain, and therefore, more of the inter-
face may break the interfacial bond. The shear strength also
increases since the radial compressive stress across the

\ 15 mils

P N 5 cycles /in.

debonding due to p _/"

interface increases with the longitudinal tensile strain in
the matrix, due to the transverse contraction of the matrix
on the fiber. This leads to dissipating more energy on the
interface when interfacial debonding and slip have to
take place.

4. Damping mechanism in crimped FRC
As discussed in the previous section, only those fibers

with low-aspect ratios may have noticeable debonding, and
thus, subsequent interfacial slip in FRCs. Although the

A

p
R T T

o

A

Fig. 5. Schematic of a crimped fiber and its pitch segment acting as a low-aspect ratio fiber, noting that forces from adjacent segments may facilitate debonding

at the ends (““A” signifies a magnified view).
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fibers used in this study were apparently not low-aspect
ratio according to their nominal lengths, the crimped fibers
appear to act as fibers of low-aspect ratio. Two kinds of
crimped fibers were used in this study, 25 x 2 with a wavy
pitch of 4 cycles/in., and 15 x 1 with a pitch of 5 cycles/
in., as schematically shown in Fig. 5. Due to crimping, two
segments of low-aspect ratio may be assumed in each
pitch. The aspect ratios of these segments are of 5 to 10
if fiber diameters and pitches are noticed [1,2]. The
direction of stress in the surrounding matrix is not neces-
sarily parallel to the fiber axis but may be parallel to its
segment axis. The segment therefore can be considered as
an individual low-aspect ratio fiber with extra forces, p,
acting at its ends, at an angle with the segment axis (Fig.
5). The extra forces in such directions may facilitate the
debonding, in addition to the relative displacements at the
fiber ends, thus making the frictional debonding and slip
much easier to occur.

5. Damping mechanism in fine fiber-reinforced concrete

Fine fiber (6 mils in diameter with a smooth surface)
used in this study had an aspect ratio of about 170.
According to Fig. 4, the debonding can only take place
at the ends of an interface. If the debonding could occur
only in a very small fraction of the whole interface, the
damping would not be discernible. The experimental
observations, however, showed the damping in this
FRC was better than in plain concrete. Concrete is a
brittle material in which micro and potential cracks are
pervasive [15]. SEM observations showed that an inter-

cracks in matrix

AN
N
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\

face was always surrounded by microcracks [1,4]. An
assumption can therefore be made that the interaction
between fiber and surrounding cracks would come into
effect as the matrix is strained. A distribution of these
cracks surrounding an interface is schematically illu-
strated as in Fig. 6. As the surrounding matrix is
strained in tension, the cracks open. The opening of
each crack is dependent on the strain and the crack
density along the interface. According to fracture me-
chanics [16], the mode I crack opening is proportional to
the tensile stress perpendicular to the crack. It is
assumed that the crack opening, &, is proportionally
associated with the total elongation of the matrix with
an effective length /g, as indicated in Fig. 6. This may be
a reasonable approximation because the interruption of
stress flow greatly reduces strain in the matrix between
cracks (not including the tips of the crack where stress
concentration occurs). Therefore, Eq. (17)

O = ksemlesr (17)

where kg is a proportional constant (0 < ks < ).
A total relative displacement, §, along the entire interface
can be summed up as Eq. (18)

6 = Z6C :kﬁﬁmzleff (18)
or
o= k@Eml (19)

where [ is the interface length which approximately equals
the fiber length.

Substituting data for a 6-mil (0.152 mm) fiber which is 1
in. (25.4 mm) long into Eq. (19), we have 6=(2.8-22.4) x

matrix

debonding zones
R ~d matrIX

unstramed flber

\/

-
| eff.

e
vv

“strained fiber

\ opened cracks

| eff.

Fig. 6. Illustration of cracks in cementitious matrix surrounding reinforcing fiber and crack openings under tensile strain.
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10~ ks m, as €,,, varies from 1.1 x 107 ° to 8.8 x 10~°. This
relative displacement, if ks=1, is two orders greater than
that calculated from Eq. (10), which yields ¢,/3=(0.73—
5.87) x 107'° m. The total relative displacement along a
fiber without considering cracks is too small to compare
with that considering cracks.

Assuming the interface bond strength is T, and therefore,
the bond strength per unit length of an interface equals
wd(1)7s. The energy dissipated on the entire interface, Wy,
due to debonding and friction caused by crack opening can
be estimated by Eq. (20)

Wq = mds(1)10 = wdp(1)kseml. (20)

By using the data for 6-mil fiber with a shear strength of 0.5
x 1072 MPa, as calculated in the previous section, required
to initiate an interfacial debonding under a maximum matrix
strain of 1.1 x 107°, as observed in our experiments, we
have Wy = 6.7 x 107° k; J. The energy dissipated due to
crack closing which may, though not necessarily, occur in
the compressive part of the beam in the first cycle of
vibration is smaller than that due to the opening, because
only frictional slip may be involved. The damping caused
by such frictional slip may contribute to a part of the
damping ratio (o, as shown in Fig. 1.

The maximum (uniaxial) strain energy, dU, in an infini-
tesimal volume, dV, of a beam is given by Eq. (21)

1
dU = 5Emsﬁdcw. (21)

Substituting Eq. (2) into the above equation yields
Eq. (22)

2
1 Amy dzv(xz)
dU—zEm{ - [ —SE| par (22)

The maximum strain energy of the beam, Uy, Which is
equal to the total vibration energy, is therefore given by
Eq. 23)

n2 b
Umste = 2/ / / du (23)
0 o Jo

where &, I, and b are the thickness, the length, and the
width of the beam, respectively.

Using the data for (d*v(x/[))/dx* given by Young and
Flegar [8], £y =28 GPa, Ayy=10">m, /=0.3 m, 5=0.1 m,
and ymax=h#/2=0.0125 m, we have Upge,=1.69 X 1076 7.

Neglecting the energy dissipation due to the crack clos-
ing, a specific damping capacity (ratio of energy dissipated
to the total energy input) resulting from crack opening along
one such interface is 0.04, which can be converted to an
equivalent damping ratio of 0.325% [6]. It can been seen
from Fig. 1 that the difference in damping ratio between (,
and (o at the maximum response amplitude of 0.001 cm is
about 1.0%. This indicates that three or four such interfaces
in the surface layer of the beam were involved in the

energy dissipation. This estimation seems quite reason-
able when compared to the observation of fiber distribu-
tion in specimens (low-volume fraction fibers which were
randomly distributed).

When a fiber has a coarse diameter, and thus a large
circumference, the resistance to crack opening is greater at
the same level of matrix strain. The 25-mil smooth surface
fiber did not produce an improvement in damping, probably
because of its large circumference and surface defibrillation
by mixing [1,4], resulting in large resistance to crack open-
ing. The 15-mil smooth surface fiber reinforcement exhib-
ited some improvement in damping at a specimen age of 8
weeks, but no improvement at age of 24 weeks until the
maximum response amplitude exceeded 0.008 cm [1,2].
This may be due to an increase in bond strength with the
curing time.

It is inferred that the debonding in these FRCs might
still take place if the vibration amplitude becomes large
enough. On the other hand, if the amplitude is small,
damping for all FRCs and plain concrete would not be of
much difference until the input energy is sufficient to
change the bonding conditions. It is therefore concluded
that an increased damping must be triggered by certain
threshold energy. The magnitude of this energy would
depend on the bonding conditions. As soon as this
debonding has taken place, it is possible that a relative
movement, or slip, between fiber and matrix takes place
along the interface. The matrix would be rubbing on the
fiber under an alternating strain; the vibration energy thus
being further dissipated through interfacial friction. There-
fore, the interfacial friction is the mechanism for vibration
cycles after the first cycle. Obviously, the energy dissi-
pated through this slip is not as great as through debond-
ing. The damping of this mechanism may be strain
dependent (since the maximum response amplitude varies
within a certain range), and repeatable as the same
amplitude within this range is reproduced. When the
maximum response amplitude exceeds this range due to
a heavy impact, an increase in microcrack length and
number may result. Additional energy is thus consumed.
The damping ratio will not be the same before and after
this heavy impact even though the amplitude is within the
small range.

6. Conclusions

On the basis of preliminary experiments and theoretical
analysis, two damping mechanisms in polyolefin FRC have
been suggested. These explain how vibration energy is
dissipated through interfacial debonding and friction in the
crimped fiber and the fine-FRC, respectively. In the crimped
FRC, a great fraction of the low-aspect ratio segmental
interface may be subject to a significant relative displace-
ment that causes debonding. In the fine fiber-reinforced
composites, debonding, and interfacial friction may take
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place at the intersections of fiber and microcracks in the
surrounding matrix through crack opening under tensile
strain. It is inferred that, in order to gain good damping,
fibers with a diameter less than 6 mils should be used. On
the other hand, low-aspect ratio fiber, with a diameter
greater than 6 mils, is also a prospective candidate for good
damping. It is noted that an interface roughness due to the
defibrillation of fibers produced during mixing may have a
significant impact on damping in FRC.
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