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Antoine E. Naaman

(Naaman 2018)

The following notation 1s used:

Of =
Ofy =

Omu =
‘r f—

cross-sectional area of composite

cross-sectional area of one fiber
cross-sectional area of matrix
elastic modulus of fiber: if the elastic modulus in the

longitudinal direction 1s different from that in the
transverse direction, the terms E¢; and E. | are used.

elastic modulus of the matrix

diameter of fiber
length of fiber
average number of fibers per unit volume of composite

average number of fibers crossing a unit area of

composite, or number of fiber intersections per unit area
volume fraction of fibers

volume fraction of matrix
tensile strain at failure of the fiber
tensile strain at yield of the fiber

tensile strain at failure of the matrix

yield strength of the fiber
tensile strength of the fiber

tensile strength of the matrix
bond strength at the fiber matrix interface

Note that V¢ +7,, =1.




High Performance Fiber Reinforced Cement Composites (HPFRCC)

Advanced in recent vears:

(1) the commercial introduction of a new generation of additives (superplasticizers
and viscous agents) which allow for high matrix strengths to be readily achieved with
little loss in workability,

(2) the increasing use of active or inactive micro-fillers such as silica fume and fly ash
and a better understanding of their effect on matrix porosity, strength, and durability,

(3) the increasing availability for use in concrete of fibers of different types and
properties which can add significantly to the strength, ductility, and toughness of the
resulting composite,

(4) the use of polymer addition or impregnation of concrete which adds to its
strength and durability but also enhances the bond between fibers and matrix thus
increasing the efficiency of fiber reinforcement,

(5) some innovations in production processes (such as self-consolidation or self-
compacting) to improve uniform mixing of high volumes of fiber with reduced
effects on the porosity of the matrix.




High Performance Fiber Reinforced Cement Composites (HPFRCC)

Definition:

High performance is limited to the particular class of FRC composites that shows
strain-hardening behavior in tension after first cracking, accompanied by multiple
cracking up to relatively high strain levels.

Such an attribute applies to low and high strength, normal weight or lightweight
cement composites.

HPFRCC
N Strain-
Hardening
FRC ||
Composites
N Strain-
Softening

Simple classification of FRC composites based on their tensile response.




Stress-strain or stress-elongation curve in tension
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Stress-strain or stress-elongation curve in tension

Strain-hardening FRC (HPFRCC)

Part I:
« Steep initial ascending portion up to first structural cracking

Part Il:
 Strain-hardening branch where multiple cracking develops.
« At the peak point, one crack becomes critical defining the onset of crack
localization.
« The point where first structural cracking occurs at (Cce-Ecc)

« Maximum post-cracking peak point at (D'pr~5pc)

« Resistance drops thereafter. No more cracks can develop, and only the
critical crack will open under increased deformation. Other cracks will
gradually unload or become smaller (narrower in width).

« Descending branch corresponding to the load vs. opening of the critical
crack. Along that branch fibers can pull-out, fail, or a combination of
these phenomena may occur.

« After this localization, the elongation is controlled by the opening of the
critical cracks.




Stress-strain or stress-elongation curve in tension

Strain-hardening FRC (HPFRCC)

A Strain-Softening Response A Strain-Hardening Response
(up to complete separation) (up to maximum post-cracking stress)
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Strain-softening behavior Strain-hardeninéblgehavior (HPFRCC)
Opc < O¢c Opc = O¢c

The strain at maximum post-cracking stress is g,.. Note that after the
maximum post-cracking point, localization occurs at the critical crack and
the term “strain” becomes inappropriate; instead crack opening, crack width,
or member elongation become more appropriate to describe the behavior.




Strain-hardening and deflection-hardening

Classification of FRCC based on their tensile response and implication
for bending response of structural elements.

' '

HPFRCC typical
(Strain-hardening and
multiple cracking)

STRESS

FRC typical
(Strain-softening)

-~

5 >
HPFRCC £ STRAIN & pe
({or elongation)
Tensile Strain Hardening: ?
Vf = (Vf ) eri—tension
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FRC Deflection Hardening:
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(Deflection-hardening
and multiple cracking)
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Deflection Softening:
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Matrix
N

Defleclion-softening
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Stress-strain or stress-elongation curve in tension I

(@) Schematic bending response of all
FRC composites

(b) Classification of all FRC composites based
on their tensile response and implication for
bending response of structural elements.

(Naaman and Reinhardt, Proposed classification of FRC
composites based on their tensile response, 2006)
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Strain-hardening and deflection-hardening

(Vf )cn‘ -fension

eeeeeee——— | ——)

Tensile strain softening Tensile strain hardening

(Vf deri -bending

Deflection softening  Deflection hardening

(1) all strain-hardening composites lead to deflection-hardening structural
elements,

(2) a tension strain-softening composite can lead to structural elements with
either deflection-hardening or deflection softening behavior

(3) a strain-hardening composite provides a better mechanical performance than
a strain-softening one.

Note that, as with other materials, scale and size effects can be significant; thus

the tensile response of very small specimens may not be indicative of the
response of real scale structural elements in either tension or bending.

(Stang and Li, Scale effects in FRC and HPFRCC Structural Elements 2003)




Typical mix design and fibers

Table 3.1 Typical examples of mix proportions (by weight of cement)
of steel fiber reinforced mortar and concrete.

Mix ID Cement Sand Coarse Water Target f,
Agg. MPa
Mortar 1 1 R 0.5 49
Mortar 2 1 P 0.5 60
Mortar 3 1 | 0.35 70
Concrete 1 | 2.5 21 0.6 25
Concrete 2 1 2 23 0.5 42
Concrete 3 | 1 1.6 0.35 67

Note: These nuxtures were used for different matrix compressive strengths. and steel
fiber contents ranging from 1% to 3% by volume of mortar in the mix or about 3% to 8%
by weight of mortar; cement 1s ASTM Type I: aggregate is crushed limestone of 12 mm
maximum size; fiber aspect ratio is less than 100: fiber length is less than 30 mm;
superplasticizer was added as needed especially for the high fiber content.




Typical mix design and fibers

Table 3.2 Examples of mixtures by weight of cement of high
performance fiber reinforced cement composites with up to 2% fibers
by volume (mostly steel and Spectra fibers were used).

D C FA SF W S A SP fe
MPa
M1 0.3 0.7 - 0.9 5¢ -- - 7
M2 0.3 0.7 - 0.575 3.5¢ - - 13 . .
_ . - ) Micro-fibers:
M3 0.7 03 - 0.63 35 - — 20 equivalent diameter of
M4 0.8 0.2 -- 0.45 17 -- -- 44 100 pum or less
M5 0.8 0.2 - 0.45 1° - 0.03 55
M6 0.8 0.2 - 0.27 1.1¢ - 0.02 63 .
+0.38" Common steel fibers:
diameter ranging
M7 0.8 0.2 0.07 | 0.26 14 -- 0.04 76
N . - from 0.4 to 0.8 mm
MS 0.8 0.2 0.07 0.26 1 : - 0.04 84 and a length ranging
M9 0.8 0.2 0.26 0.5 -- 0.02 86 from 25 to 80 mm
+0.5¢
M10 1 -- 0.24 0.27 1.1¢ -- 0.10 90
+0.38°
M11 1 - 0.12 | 0.28 0.67% 1 0.05 101

Note: C = Cement; FA = Fly Ash:; SF = micro-silica from Silica Fume: W = Water:
S = Sand: A = coarse Aggregate. here crushed limestone with maximum size 10 mm;
SP = Superplasticizer: f(,' = compressive strength from cylinders. The sand used is a
silica sand with the following characteristics: (a) ASTM -50-70: (b) ASTM -270:
(c) ASTM 30-70: silica sand passing ASTM sieve No. 16. These nuxtures were selected
from various mnvestigations carried out by the author and his students at the Umiversity of
Michigan.
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Typical mix

design and properties of fibers in FRC

Material

Specific
Gravity
(1 for water)

Tensile
Strength
MPa

Tensile
Modulus
GPa

Remark

Steel

7.8

Up to 3500

200

The elastic modulus of steel is
almost mndependent of its
tensile strength. Yield strength
of steel fibers varies widely
depending on the fabrication
process and alloying. The
higher the strength the lower
the strain eapacity to failure.

E-Glass

2.6

Up to 3500

76

Modulus of glass can vary
from 33 GPa for A-Glass to 98
GPa for S-Glass. While
filament strength remains high
from 3300 to 4800 MPa. the
strength of a yarn or fiber
bundle, which is made from a
large number of filaments. will
have much lower equivalent
tensile strength.

Carbon

1.8

Up to 4500

100 to 300

Depending on grade and
fabrication. such as pitch
carbon or PAN carbon.
significantly different
properties can be achieved.

Fig. 3.8 Photograph illustrating typical fibers and micro-fibers used in
cement composites.

Smooth surface (round, flat or of any shape)

Kevlar
(Aramid)

1.44

2800

124

Kevlar is a trade name of
Dupont. The fiber material
source is aramid. Aramid
fibers have properties similar
to Kevlar.

Indented, etched, roughened surface

Round with end paddles

Spectra
(HPPE)

0.97

2585

117

Spectra is a trade-name. The
material is an ultra-high
molecular weight

polyethylene. also termed high
performance polyethylene
(HPPE). Other smmilar trade-
named fiber include: Dyneema.

Round with end buttons

Round with hooked ends

\ Jy—

PVA
(PolyVinyl
Aleohol)

880-1600

2510 40

A large variety of fibers exists
with a wide range of tensile
strengths and moduli. The
higher the diameter. the lower
the properties.

Crimped (round, flat or of any section)

Pelygeonal twisted

PP
(Poly-
Propylene)

0.91

Up to 800

Up to 10

Strength and modulus depend
on the manufacturing process.
and heat stretching leading to
highly oriented long-chain
molecules.

(a (b)

Fig. 3.7 (a) Typical profiles of steel fibers commonly used in concrete (twisted fiber is
new). (b) Closed loop fibers tried in some research studies.




Key Difference Between Fiber Reinforced Cement and
Fiber Reinforced Polymeric Composites for Mechanical Modeling

Fiber reinforced polymeric composite Typical FRP
Fiber reinforced polymeric and metallic composites 0 composite
use fibers with tensile strain at failure smaller than @
that of the matrix. o
. o . . » Polymeric
Hence, failure of the composite implies either matrix .
failure of the fibers, or their complete debonding
while the matrix may be in a yielding state.
STRAIN
Fiber reinforced cement or concrete composite o >(0 4.2 1)
Main characteristic of this is that the ultimate tensile . Elasto-plastic ‘
strain of the fiber is significantly larger than that of the o . steel fiber
matrix. b 4 Typical FRC
RN : : =P composite
This implies that at some level of tensile loading, the w P
matrix will crack and the resistance to full separation is o
entirely born by the fibers bridging the cracked surfaces. T |- *+i— Cementitious
' matrix
This also generally implies that the contribution of the Epy EF STRAIN

fibers can be fully utilized only after matrix cracking.

| -
Cracked composite




Mechanical Modelling: Contents

1. Assumptions for simplified model

2. Number of fibers per unit volume and per unit area

3. Stress and strain at first cracking of matrix in tension
1) Stress;, Occ
2) Strain; €¢c
3) Upper bound stress N =LA
4) Non-circular case

4. Elastic modulus I N
5. Maximum post-cracking stress in tension; O pc¢ ﬁ @ap
1) All fibers fail simultaneously g @ e e /f/‘-
2) All fibers pull-out simultaneously 5/ /’ P
3) Non-circular case [ ey e ®
Maximum post-cracking strain in tension; € pc STRAIN > CRACKOPENING. 3

ELONGATION

6

7. General pull-out response (Part IlI)

8. Critical volume fraction of fiber for strain-hardening in tension
9. Critical volume fraction of fiber for deflection-hardening in bending
10. Application




1. Assumptions for simplified model

Model of tensile element considered. N — @i%«% LN — |

Idealized stress-elongation response in
tension of a strain-hardening FRC 4 (b)

2 @
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» "
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& Oce f N
b *s, Part I11
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E(‘ “‘!
& / & C ‘.--.‘
cC P “eang
0
> STRAIN i » CRACK OPENING,
ELONGATION
L L Multiple- I Pull-out
Part I, Il, Il : Pre- | cracking | failtire
cracking I phase phase
state | >

Post-cracking state



1. Assumptions for simplified model

4 Cement matrix A Fiber 4 Interface
? ( A o~ | diesszzzoniilil o b
T.hr & T £, iiiessssssns @ 7]
o ’ mu - Emu) g A (G ro6) 5 O r
7 : 7 fu-© fu -
2 ‘L 2 S =
@ Hom i A E
E Yo 2 5
: - - -
Tensile strain . Shear strain or slip
Tensile strain
(a) (b) (c)
Cement matrix Fiber Bond stress

a. The matrix is brittle and best characterized by a linear stress-strain curve in
tension; thus two of three parameters are sufficient to characterize the matrix: £ m,

o_mu, and _mu.

b. The fiber is either brittle (such as glass) or ductile with an initial elastic response
(such as steel or polypropylene). For brittle fibers at least three parameters are
needed: £ f, o_fu, and €_fu . For ductile fibers with well defined yielding behavior,
the yield stress, o_fy and the corresponding strain €_7y are also needed.




1. Assumptions for simplified model

4 Cement matrix A Fiber 4 Interface
g ( ) g ---------- ® g
o » O Emu CRl T sa8Scccccsecen -® it
3 |/ 5 |/ hechi) S5 ?
= | /liE 2 E 5 &
g E m uc-; =f D g
E Yo 2 ; 0
H > ; > >
Tensile strain &f Shear strain or slip
Tensile strain
(a) Cement matrix (b) Fiber (c) Bond stress

c. The tensile strain at failure of the matrix is smaller than that of the fiber, that is, for
brittle fibers: e_mu <&_fu (or for ductile fibers _mu <e_7y); this implies that cracking will
occur in the matrix prior to failure of the fibers and the composite.

d. Although a weak, non-flowing, non-plastic bond generally exists at the fiber matrix
interface, the properties of the interface are assumed characterized by an equivalent elastic
perfectly plastic bond stress versus slip response, at small slips. The value of bond strength
selected is assumed to represent an average value over a reasonable range of slip between
the fiber and the matrix.

e. While it is conceivable that the bond at the interface between fiber and matrix could fail
prior to failure of the matrix in tension (thus nullifying composite action), this case is most
unlikely and is not considered here. In fact, there is evidence that the bond is mobilized
only partly prior to matrix cracking, and develops fully only after cracking.




2. Number of fibers per unit volume and per unit area

Nv = average number of fibers per unit volume of composite assuming fibers of
circular cross section
417
Ny=—7 (Eq. 1)
7d*L

Ns = average number of fiber crossing a unit area or unit surface of composite.
If a plane is cut through the composite, Nsis the average number of fiber

Intersections per unit area.

a> =1  for umdirectional fibers (1 Dimensional)
! 2 o o
4Pf o» =— for fibers randomly oriented in planes (2 Dimensional) (Eq 2)
jVS = 72 an /s
T d oy = % for fibers randomly oriented in space (3 Dimensional)

Note that, while the total number of fibers put in a given composite can be
considered a deterministic value (V _f is an input parameter), the actual number
of fibers per unit volume or number crossing a unit area are random variables
with a probability distribution function of the Poisson’s type. For this chapter, the
average values, N_vand M_s, are considered deterministic variables.

(Naaman PhD thesis MIT, 1972)




3. Stress and strain at first cracking of matrix in tension
1) Stress o,

-

-
-
-
----
-
-
-

TENSILE STRESS

‘\
/ s Part 11T

.

~
-
.,
e
™
-

STRAIN —» CRACK OPI

ELONGATION

Consider a fiber reinforced cement composite tensile prism with randomly oriented
and distributed fibers.

Assume that if a crack develops in the matrix, it will be normal to the direction of
loading; also assume that the fibers are “circular” in cross section. It can be shown
that the tensile stress in the composite at onset of first percolation cracking (that is,
just before first cracking) of the matrix can be expressed as follows:

L Eg. 3
O'cazﬁmn(l—Vf)-l-a’TVfg (Eq. 3)
where o =ajoHray
e =(1-Vp)+a— Vf£ (Eq. 4)
O-I??H O-J?’H{ d




3. Stress and strain at first cracking of matrix in tension

1) Stress o,

L
Cpp = J??H(l_Vf)-l_aerg (Eqg. 3)
Dcc =(1-Vy)+a d Vf£ (Eq. 4)
Cmu Gy = d
where o =ajaro3
N QII .‘_'” _____ :D N
N

Stress component
normal to fiber axis
reduces bond strength

Bond reduction coefficient a3 in the uncracked state

T = average or equivalent bond
strength at the fiber matrix interface

a,= coefficient describing the average
contribution of bond at onset of
matrix cracking.

a,= efficiency factor of fiber orientation
in the uncracked state of the composite;
it is equal 1 for unidirectional fibers;
2/m = 0.636 for fibers randomly
oriented in planes; and 0.5 for fibers
randomly oriented in space. (Eqg. 2)

as;= coefficient describing the
reduction of bond strength at the
fiber matrix interface due to an
applied external stress radial or
normal to the interface; it is equal 1
for aligned fibers.




3. Stress and strain at first cracking of matrix in tension
2) Strain &,

Assuming linear elastic response up to first cracking, the strain at
first cracking of the composite can be estimated as:

.5
Ec (Eq. 5)

Ecis the modulus of elasticity of the composite in the uncracked
state. It will be described in Section 4.




3. Stress and strain at first cracking of matrix in tension
3) Upper bound stress

The stress in the composite is limited to the value obtaining assuming the
composite is made of continuous fibers with equal strain distributions in
the fiber and matrix. Thus:

Oce = (O Jupper-bound = Cpu L+ (1 =DV 7] (Eq. 6)
E
where pn = —f
Eom
Jec <1+ (-1 ka7

Omu




3. Stress and strain at first cracking of matrix in tension
4) Non-circular case

For non-circular fibers, Egs. 3 and 4 which are derived for circular fibers can
be used as a first approximation provided an equivalent diameter of fiber
based on its cross sectional area is used, thatis ;- /4/1],,/7r

W x L
44y

Cee = OmuI=Vy5)+axoxl s x (Eq. 8)
Where  A¢ is the cross-sectional area of the fiber
Y is the perimeter of one fiber

T is the average bond strength at the fiber-matrix interface




4. Elastic modulus

Similarly to the case of other elastic composites, the modulus of elasticity, £c,
of fiber reinforced cement composites assuming randomly oriented and
distributed fibers can be estimated from a linear combination of its upper and
lower bound values as follows

E.=mE,; +(1-m)E,| (Eq. 9
m = coefficient between zero and 1
E.; = upper bound modulus
E. | = lower bound modulus

m = 3/8 for fibers randomly oriented in planes

m = 0.5 from analytical modeling

either value seems acceptable for practical applications since the fiber content
is generally small

(Halpin and Tsai, Effect of environmental factors on composite materials, 1969)
(Agarwal and Broutman, Analysis and performance of composites, 1981)




4. Elastic modulus

Derivation of upper bound modulus (based on Voigt's model or equal strain
model) assumes that all fibers are aligned in the direction of loading and
equal strain exists in the fiber and the matrix

Eci)=EwVm+Efr)Vy
=E,V,,+ Ef n(1=7,) (Eq. 10)
=FE Y&l Vf +E,,(1- Vf)

where Ef /; = modulus of elasticity of the fiber along its axis




4. Elastic modulus

The derivation of lower mound modulus (based on Reuss's model or equal
stress model) assumes that al fibers have their axis normal to the direction of

loading and the stress in the matrix and the stress normal to the fiber axis are
equal.

1 r V.
=y (Eq. 11)
Loy E}L Lo

_ Eribm
Efiﬂn+EﬁVf

E.|
_ EfLEm
CEp (1-Vp)+Ep(1=Ty)
_ EfLEm
CEf (-Tp)+E,ly

(Eg. 12)

where EfJ_ = modulus of elasticity of the fiber normal to its axis




5. Maximum post-cracking stress in tension; 7,

While the cracking strength of the composite, o <, is primarily influenced by the
strength of the matrix, the post-cracking strength, o pc, is mainly dependent on

the fiber reinforcing parameters and the bond at the fiber-matrix interface. Thus,
improving the post-cracking strength is key to the success of the composite.

N C:— —_— e e — — _\_._._

\

Cracking plane —»]°® «

"

v = lg

Typical fiber

<

%

Shorter embedded ﬁ

segment will pull out.

segment.

onger embedded

"__':DN

a. Upon increased elongation or
straining, all the fibers fail;

b. Upon increased elongation, all
the fibers pull-out such as most
commonly observed in fiber
reinforced cement composites with
high strength steel fibers;

c. Upon increased elongation, a
combined case occurs where some
fibers fail and some fibers pull-out.




5. Maximum post-cracking stress in tension; 7,
1) All fibers fail simultaneously

Gy % (A, =1)=0'ﬁ{NSAf (Eq. 13)
o, = Ultimate strength of composite
G £, = Ultimate tensile strength of fiber
N. = Number of fibers crossing a unit area of composite

S
(or of crack surface) -> (Eq. 2)

For a circular fiber:

AVt rd?
zd* 4

Ocu =0 fu*2 (Eq. 14)

Ocu = l(5'*:21/]”3"]‘1’{ (Eg. 15)




5. Maximum post-cracking stress in tension; 9 pc
2) All fibers pull-out simultaneously

For the derivations below, the following assumptions are made:

(1) a critical planar crack exists across the entire section of the tensile member

(2) the crack is normal to the tensile stress field,

(3) the contribution of the matrix along the crack is negligible,

(4) the fibers crossing the crack are in a general state of pull-out. This is typically
the case when steel fibers are used in concrete.

For a circular fiber:

=/ LV Fqg. 16
JpC—A.rE f (Eq. 16)

A=11A>7375
22 = 4{1'2;%4

(Reinhardt and Naaman, High performance fiber reinforced cement composites, 1992)



5. Maximum post-cracking stress in tension; 9 pc
2) All fibers pull-out simultaneously

L A=MArA345
Cpe =AT— Vf where N (Eq. 16)
d Ay = 46(2/;—4

A1 = average or expected value of the ratio of fiber shorter embedded
distance from a forming crack to the length of the fiber. Its value is
Y4 as derived from probability theory considerations.

Cracking plane

L/2 L/2
-« e —

| L

-
i —

A
Y

Average pull-out length: L /4

A = 44405 = coefficient that takes into consideration orientation effect
on pull-out resistance. It can be considered the efficiency
factor of orientation in the cracked state




5. Maximum post-cracking stress in tension; 9 pc
2) All fibers pull-out simultaneously

L A=A 35
Cpe =AT— Vf where N (Eq. 16)
d Ay =402y

Ay = group reduction coefficient for bond, to simulate the fact that
the bond strength resistance per fiber decreases when the number of
fibers pulling out from the same area increases

Ay = expected value of ratio of maximum pull-out load for a fiber oriented at
angle 6 to maximum pull-out load of same fiber aligned with the direction of
pull-out. The angle O is the angle between the longitudinal axis of the fiber
and the pull-out direction and varies between 0 and 90 degrees;

thus (t / 2 —0 ) represents the angle between the longitudinal axis of the
fiber and the cracking plane. M =1 for fibers with longitudinal axis oriented

in the direction of pull-out loading.




5. Maximum post-cracking stress in tension; 9 pc
2) All fibers pull-out simultaneously

L A=A 35
Cpe =AT— Vf where N (Eq. 16)
d A =4a My

As = reduction coefficient to account for the fact that fibers inclined
at an angle of more that about 60 degrees with the pull-out load
direction contribute very little, due to spalling of the wedge of
matrix at the cracking plane. This is particularly true for stiff fibers
such as steel. For aligned fibers, A5 =1.

Wedge of matrix
likely to fail
under fiber  \-

pull-out -
N c: _________ t SR :D N ‘u'
Angle > 60° |

Crack opening «—>




5. Maximum post-cracking stress in tension; 7,
3) Non-circular case

G pe = ATV § ——— (Eq. 17)

Where Af is the cross-sectional area of the fiber
Y is the perimeter of one fiber

T is the average bond strength at the fiber-matrix interface




6. Maximum post-cracking strain in tension; ¢pc

No simple model exists to predict the strain at maximum post-cracking
stress in strain-hardening FRC composites.

Numerical values of €_pc depend on numerous parameters including
not only the fiber reinforcing parameters, the matrix properties and the
interface bond between fiber and matrix, but also the specimen size, the
testing method, and the technique of measurement.

Experimental values observed range from about 0.1% to 5%, with a large
proportion being below 2%.

For practical modeling purposes, a value of €_pc = 0.5% is recommended
for strain-hardening FRC composites with steel fibers, and 1% for strain-
hardening FRC composites with spectra fibers.

(Naaman and Reinhardt, Proposed classification of FRC composites based on their tensile response, 2006)



7. General pull-out response (Part IlI)

) ®)
3 @
el e 2 e
7 i
% Oy Part 11 / ‘-.‘
- / “\Pan 11
[ depe  Tteeell ©
STRAIN L » CRACK OPENING,
ELONGATION
) 2
oc.(0)=0,.|1-——+—| for S<kxL/2 andk<1 (Eq. 18)
‘ pe kxL/2

o.(0)= Stress in the composite at crack opening (or face displacement) 6
k = Damage coefficient

G'_pc = (Eq. 16)

Note that Eq. 18 applies to the general pull-out curve after crack localization
for both a strain-hardening or a strain-softening composite.




Mechanical Modelling to Design

8. Critical volume fraction of fiber for strain-hardening in tension

By setting that the maximum post-cracking stress must be larger than or equal to
the stress at first cracking, critical volume fraction of fiber can be suggested.

G pc 20¢c (Eg. 19)
Substituting (Eqg. 3) & (Eq. 16)

L | L
/ITEVf =G (l—Vf)-i—afer; (Eqg. 20)

Solving for V_f leads to:
(Eq. 21)

1
Vf = (Vf )eri—tension = | r 7
+ N




Mechanical Modelling to Design

8. Critical volume fraction of fiber for strain-hardening in tension

1
Vi 2V f)eri-tension = LT 7 (—a) (Eq. 21)
+ —(A—

Omu

Assuming the value of V_f is relatively small such as in the case for FRCC, (Eq. 21)
can be written in the following form which illustrates not only the influence of
the fiber volume fraction but also that of the other main casual variables:

r L_1-Vy R

, L N (Eq. 22)
fo'mud (A-a) A-a
For relatively small values of V_f,
| Eq. 23
Ve L Ly i
Oy d - 2

where: Q=A-a=M4hiz/ls—ajor03 (Eq. 24)




Mechanical Modelling to Design

8. Critical volume fraction of fiber for strain-hardening in tension

T £> 1
fO'de_.Q

(Eqii28)

Assuming the right-hand side to be a constant for given conditions, it shows that the aspect
ratio of the fiber and the ratio of bond strength to matrix tensile strength are as influential

as the volume fraction of fibers.

0.12 ¥ T T
. \ 2=030 |
o | N\ a=0.05 |
[ \\ \ tlc =1.0 \
mu
0.08
s | V odo -1s NG
g [ mu i
()]
= 0.06 I \ tlo |=2.0 TN
’2 muy
> L tlc =4.0
0.04 N\ =
Critical volume i
) ] L \ -
fraction pf flbers.to 002 \—-...._
achieve strain- i R —
hardening behavior
in tension 0 ==
0 50 100 150

Aspect Ratio, L/d

200




Mechanical Modelling to Design

9. Critical volume fraction of fiber for deflection-hardening in bending

Deflection-hardening implies that the maximum equivalent elastic bending stress
(or modulus of rupture) after first cracking is larger than the stress at first cracking
in bending, and that multiple cracking would generally occur after first cracking.

k
ke L(i-ka) (Eq. 24)

Cmu
0.05 7 = T 7 —— ——
k is a coefficient less than 1. A value of [ \\\ \ to_ =033 1= 0.30
k=0.4 is recommended for practical Z ' a=0.05
applications of steel fiber reinforced 004 T A (7o
concrete. For k=1, (Eq. 24) reverts to [ \ \\\ to =1.0 \
(Eq. 21). 003 I ,
i tfcrmu=1.5 :
tlcmu=2.0 \

Vf 2 (Vf )cri—bendmg =

(Vf)cri-bending

0.02

Critical volume
fraction of fibers to
achieve deflection-
hardening behavior e e

in bending (k=0.4) 0 50 100 150 200

0.01

Aspect Ratio, L/d



10. Application

Desirable fiber versus matrix properties for a successful cementitious composite

FIBERS versus MATRIX
(key mechanical properties for a
successful cementitious composite)

- : : : Bond 7 : Ductility:
Tensile Strength: Elastic Modulus: hlgh, ductile preferably ductile
9 fu>> Omu Eg>Em (adhesive, frictional, | | fiber for a brittle
mechanical) cement matrix)
JE S
2 to 4 orders At least 7 at least of the High fracture
of magnitude 3 times samgorder as toughness
S m y,

i

Slip hardening bond stress versus slip
response highly desirable

(Hannant, “Fiber cements and fiber concretes, 1978)



10. Application

Classes of applications of fiber reinforced cement composites

APPLICATIONS OF
FIBER REINFORCED CEMENT COMPOSITES

A 4  J A 4 4
STAND-ALONE HYBRID HYBRID REPAIR AND
in Light Structural in Combination with in Selected Zones of REHABILITATION
Elements RC, PC, or Steel Structures where
Structures Enhanced Properties (e.g., tunnel lining,
(e.g.. Cement boards, are Needed jacketing around
sheets, pipes, slabs on (e.g., seismic and columns, fire
grade, pavements, blast resistant (e.g., beam-column protection, ...)
shells, piles, poles, structures, super high- joints in seismic
light beams, prefab rise structures, frames, coupling
elements, ...) offshore structures, beams, anchorage
space-craft launching zones in PC beams,
platforms, very long punching shear zone in
bridges, encased steel RC slabs, ...)
trusses, fire
protection ...)




10. Application

lllustration of the applications of FRC composites in various concrete structures

T

Stand Alone
Applications of /(7(/ ’\?
HPFRCC e ‘;{\

4
A

—o——o—
Applications in
Repair,
Rehabilitation, o o |
Confinement

Beams, Slabs

Advantages of using
HPFRC composites
in structural
applications

Qverlay
(===
| /= ]
Plain \;_x—\.,% HPFRCCin
Concrete e Combination with
Reinforced and
Prestressed
] ﬂ: ]
= | Concrete
NN
S
B .
-
O
x
[T
—e O] Beams
ko)
Bridge Decks é D
=
X
[T
Columns
Hybrid Application:
o with reinforced
concrete and/or
prestressed concrete

=

Energy/Toughness:
Impact, Ductility, Seismic, etc.

High Performance Fiber
Reinforced Cementitious
Composites (HPFRCC)

Mechanical Properties:
Tension, Shear, Bending, etc.

Cracking Control:
Serviceability, Corrosion
Resistance, Durability, etc.

Hybrid Application:

Encased trussses and

with steel members

beams; fire
resistance; ...

Stand-alone
Applications

Thin sheets, pipes, boards, shells |

Repair, Retrofit, Rehabilitaion |




10. Application

The use of FRC composites, when considered as an alternative in design, is generally not
necessary throughout the structure. Commonly, only a small part (selected zone) of the
structure may be in need of strengthening or toughening. In such a case their use is often
competitive and economically justifiable.

Applications in selected zones of structures include:

» punching shear zone around columns in two-ways slab systems [1];

« end blocks and anchorage zones in prestressed concrete beams;

« beam-to-column connections in seismic resistant frames;

« beam to shear wall connections; coupling beams for seismic cyclic resistance [2];

« out-rigger beams; in-fill damping structural elements [3];

« lower end of shear walls;

« tension zone of RC and PC beams to reduce crack widths and improve durability;

« compression zone of beams and columns to improve ductility;

« compression zone of RC and PC beams using fiber reinforced polymeric (FRP)
reinforcements to improve ductility and take advantage of the strength of FRP
reinforcements [4, 5].

ACl code to replace part or all the shear reinforcement in concrete members [2]




