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This is areview of cement-matrix composites containing short carbon fibers, These. ‘WW .
tensile and flexural propcmes, low drying shrinkage, high specific heat, low the%cgy ductiyi e
conductivity and high corrosion tesistance. Moreover, they facilitate the cathddic'p 35 |
concrete, and have the ability to sense:their own strain, damage and temperature. Fibemmmpmve

numMerops ptopemes of the composues.
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1. Introductlon

Carbon ﬁber (;ement-matnx composites are structural ‘materials
that are gaining in importance quite rapidly due to the decrease
in carbon fiber cost!) and the increasing demand, .of superior
structural and functional:propesties, These comppsues contain
short carbon fibers, typically S mm in length, as the short fibers
can be used as an admixture in concrete (whereas continuous
fibers cannot be simply added to the concrete mix) and short
fibers are less expensive than continuous fibers. However, due
to the weak bond between carbon fiber and the cement matrix,
continuous fibers?-¥ are much more effective than short fibers
in reinforcing concrete. Surface treatment of carbon fiber (e.g.,
by heating® or by using ozone®”, silane®, SiO, particles® or hot
NaOH solution'®) is useful for improving the bond between
fiber and matrix, thereby improving the properties of the
composite. In the case of surface treatment by ozone or silane,
the improved bond is due to the enhanced wettability by water.
Admixtures such as latex- !9, methylcellulose® and silica
fume'? also help the bond.

The effect of carbon fiber addition on the properties of concrete
increases with fiber volume fraction', unless the fiber volume
fraction is so high that the air void content becomes excessively
high'. (The air void content increases with fiber content and
air voids tend to have a negative effect on many properties, such
as the compressive strength.) In addition, the workability of
the mix decreases with fiber content'>. Moreover, the cost
increases with fiber content. Therefore, a rather low volume
fraction of fibers is desirable. A fiber content as low as 0.2 vol.
9 is effective!®, although fiber contents exceeding 1 vol. % are
more common'®- 2. The required fiber content increases with
the particle size of the aggregate, as the flexural strength decreases
with increasing particle size?".

Effective use of the carbon fibers in concreie requires dispersion
of the fibers in the mix. The dispersion is enhanced by using
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silica fume (a f'i:iie"p;aﬁl'cudﬁié?j ‘ﬁ%%ﬁﬁﬁi’é“’ 2)-24) A
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The improved structural properties rendered by carbon fiber
addition pertain to the increased tensile and ﬂexlble strengths,
the increased tensile ductility and flexural toughness, the
enhanced impact resistance, the reduced drying shrinkage and
the improved freeze-thaw durability'®)-1%).17-3),31-3%)_The tensile
and flexural strengths decrease with increasing specimen size,
such that the size effect becomes larger as the fiber length
increases®. The low drying shrinkage is valuable for large
structures and for use in repair®-* and in joining bricks in a
brick structure®?-4, The functional properties rendered by
carbon fiber addition pertain to the strain sensing ability”-4-3"

(for smart structures) , the temperature sensing ability*> ¢,
the damage sensing ability®). #).6)-64, the thermal insulation
ability®-¢" (to save energy for buildings) , the electrical conduction
ability®-™ (o facilitate cathodic protection of embedded steel and
to provide electrical grounding or consiection) , and the radio
wave reflection/absorption ability’ (for electromagnetic
interference or EMI shielding, for lateral guidance in automatic
highways, and for television image transmission).

In relation to the structural properties, carbon fibers compete
with glass, polymer and steel fibers!®)-27)-29).321.36)-38).83)_ Carbon
fibers (isotropic pitch based) V- are advantageous in their
superior ability to increase the tensile strength of concrete, even
though the tensile strength, modulus and ductility of the isotropic
pitch based carbon fibers are low compared to most other fibers.
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Carbon fibers are also advantageous in the relative chemical
inertness®). PAN-based carbon fibers are-also used!?)-19).22).33)
although they are more commonly used as continuous: fibers
than short fibers. Carbon-coated glass fibers®-# and submicron
diameter carbon filaments™"7® are even less commonly used,
although the former is attractive for the low cost of glass fibers
and the latter is attractive for its high radio wave reflectivity
(which results from the skin effect) .. C-shaped carbon fibers
are more effective for strengthening than round carbon fibersf?,
but their relatively large diameter makes them less attractive. :

Carbon fibers can be used in concrete together with-steel
fibers, as the addition of short carben. fibers: to-steel fiber
reinforced mortar increases the fracture toughness of. the
interfacial zone between steel fiber and the demient matrit®).
Carbon fibers can also be used in concrete:togéther-with stoel
bars®): %), or together with-carbon. fiber reinforced polymer
rods®. S tad'i

In relation to the functional properties; carbon fibers dre
exceptionally compared to the other fibertypes. Carbon fibess
are electrically conducting, in-conteast 4o glass and polymer
fibers, which are not conducting: Steel fibersiawe conducting, but
their typical diameter (260 m) is much:largerthan the diameser
of atypical carbon fiber (15 mm) i The combinationof electrical
conductivity and small diameter makeés cdrbon’ fibbers-superior
to the other fiber types: in the: area:of straih sensings Carbon
fibers are likely superior for:temperutdit 'sensing, slectrical
conduction and radio wave reflection.as well; but:comparative
studies of various fiber types mnlanonwﬂmapmpemeﬁhave
not been done. ERERFRNEUE S gL

‘Although carbon fibers &retthdmrdiy whdam“g, ’addmon
of carbon fibers to concrete:lowers the therthal conductivitys),
thus allowing applications related o thérmal insulation. This
effect of carbon fiber additién isidve toithe increase in‘air void
content. The electrical conductivity-of carbon: fibers is higher
than that of the cement matrix-by abont'8 orders of magnitude,
whereas the thermal conductivity of carbon fibers is higher than
that of the cement matrix by only.one ortwo orders of magnitude.
As-aresult, the electrical conductivity is inereased upon carbon
fiber addition in spite of the increase in air veid content, but the
thermal conductivity is decreased upon fiber addition. -

The use of pressure after casting®, and extrusion®-% can
result in composites with superior microstructure and properties.
Moreover, extrusion improves the shapability® . :

This paper is a review of short carbon fiber reinforced cement-
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matrix composites, including concrete {with fine and coarse "
aggregates), mortar (with fine aggregate and no coarsé aggregate) °

and cement paste. Previous reviews are noted?)-19,
Table 1 shows the properties of the isotropic-pitch-based

Table1 Properties of cafbon fibers '

by Filament diameter 15+3 um

g Tensile strength 690 MPa
Tensile modulus 48 GPa
Elongation at break 14%
Electrical resistivity [3.0X 1073 Q.cm
Specific gravity l6gem™
Carbon content 98 wt. %
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carbon fibers {nominally 5 mm long) used by the author in
the cement-matrix composites described below for the purpose
of illustration.

2. Structural behavior

.- The properties relevant to the structural behavior of cement-
matrix composites containing short carbon fibers are given in
this section.

--Table 2 and Table 3 show the tensile strength and modulus
tespectively of twelve types of cement pastes. The strength is
slightly-increased by the addition of methylcellulose and
defoamer, but the modulus is slightly decreased by the addition
of methylcelulose and defoamer. However, both strength and
modulus are increased by the addition of fibers. The effectiveness
of the fibers in increasing strength and modulus increases in the
foliewing order : as-received fibers, Os-treated fibers, dichromate-
treated fibers, and silane-treated fibers. This trend applies whether
the siliéa fume is as-received or silane-treated. For any of the
formulations, sitane-treated silica fume gives substantially higher
strcngt{ﬁnd modulus than as-received silica fume. The highest
tensile’ strength and modulus are exhibited by cement paste with
silane-treated silica furhie and silane-treated fibers. The strength
is 56% higher and the modulus is 39% higher than those of the
cement paste with as-received silica fume and as-received fibers.
The strength is 26 % higher and the modutus is 14 % higher than
those of the cement paste with as-received silica fume and silane-
treated fibers. Hence, silane treatments of silica fume and of

Table2 Tensilestrength (MPa) of cement pastes with and

without fibers.

Formulation | As-received silica fume | Silane-treated silica fume
A ' 1.53£0.06 2.04£0.06
A* 1.661:0.07 2.25+0.09
A*F 2.00+0.09 2.50+0.11
A*O 2.25+0.07 2.6710.09
A*K 2.32+£0.08 2.85+0.11
A'S 2.4740.11 3.1210.12

A [ cement+water + water reducing agent+silica fume

A* ! A+methylcellulose -+ defoarner

A”F . A% +as-received fibers

A*O : A* +Os-treated fibers

A*K : A" +dichromate-treated fibers

A*S . A* +silane-treated fibers

Table 3 Tensile modulus (GPa) of cement pastes with and

without fibers.

Formulation | As-received silica fume | Silane-treated silica fume
A 10.2+0.7 11.5+0.6
AY 93105 10.7+04
A*F 10.9+0.3 12.94+0.7
A0 11.9+03 13.1£0.6
A*K 12.7+04 143404
A*S 13.3+0.5 15.240.8

A . cement+water+water reducing agent+silica fume

A% ! A4 methylceltulose +defoamer

A*F | A* #as-received fibers

A*O ; A* +Oy-treated fibers

AYK ; A" +dichromate-treated fibers

A*S ! A" +silane-treated fibers
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fibers are about equally valuable in providing strengthening.
Table 4 shows the tensile ductility. It is slightly increased by
the addition of methylcellulose and defoamer, and is further
increased by the further addition of fibers. The effectiveness of
the fibers in increasing the ductility also increases in the above
order. This trend applies whether the silica fume is as-received
or sifane-treated. For any of the formulations involving surface
treated fibers, silane-treated silica fume gives higher ductility
than as-received silica fume. The highest ductility is exhibited
by cement paste with silane-treated silica fume and silane-treated
fibers. The ducnlny is 39% higher than that of the cement paste

Table 4 Tensile ducuhty (%) of cement pastes with-and

without fibers.
Formulation | As-received silica fume | Silane-treated silica fume
. A 0.0201+0.0004 0.02010,0004
CAY 0.02310.0004 0.021'£0.0004
A'F 0.0251-0.0003 0.024£0.0004
A'O 0.026:0.0003 0.027:0.0004
A*K 0.028+0.0003 . 0.030£0.0004
A*S 0.0310.0004 . .0.034+0.0004
A [ cement-+water +water reducmg agent + sxlxca fume

At A+ methylcellulose +defoamer
A*F ! A*+as-received fibers

-A*0 I At +Os-treated fibers -
AYK ;A +dichromae-treated fibers - .. .. Cotann
AtS A*%;ilane-gmatedﬁbers ’

[EER

Table$ Air void content (%, +0. 12) of cement pastes w1th

and without fibers. - SIS et

Formulation | As-received snlu:a fume Sllane-treated sxhca fume

A 3.1 B I g326'

A* 342 301

A'F 532 4:89

A*O 5.07 . 4.65

A*K . 5.01 449

A*S 485 4.16
A | cement+water+ water reducmg agent+silica fume

A* I A+méthylcellulose +defoamer
A*F . A* +as-received fibers .

A*O | A" +0s-treated fibers

A*K : A" +dichromate-treated fibers
A*S [ A* +silane-treated fibers

Table 6 Loss tangent (tan 3, +:0.002) of cement pastes

with as-received silica fume and as-received fibers. It is 14%.
higher than that of the cement paste with as-received silica fume
and:silane-treated fibers.. :

Table §:shows the-air void content. It is decreased by the
addition of methylcellulose.and defoamer, but is increased by
the further addition of fibers, whether the fibers have been
surface treated or not. Arhong the.formulations with fibers, the
air void content decreases in the following order: as-received
fibers, Oy-treated fibers; dichsomate-treated fibers and silane-
treated fibers. This trend applies-whether the silica fume is as-
received or silane-treated: Forany pfthe formulations (including
those without fibers) , silane-treatpdsilica fumne gives lower air
void content than as-received:silica fume. -

Table: 6-Table 8 give the: dymihxural :properties of
twelve types of cement pastes. Six.of thiedypes have as-received
silica fume; the other six have silarié4reated silica fume.

The loss tangent (Table 6) is increased slightly by the
addition of methylcellulose: Furthor-additian of carbon fibers
decreases the loss tangent. The loss:tengent.decreases in the
following order . as-received: fibewszstrone-treated fibers,
dichromate-treated fibers and silasestreated fibers, at least for
the case of as-received silica fume: @3 Mz . ..

The storage modulus. {Table7) 44 decsileedby the addition
of methylcellulose. Furthtr-addition.of tarhesMbess increases
the storage modulus, such; that-the:smadpjossigiiresses in the
order: as-received fiburs; pzonesirested:fibadapif§ ahromste -
treated fibers-and silane-treatod:fibessoTantn:isends apply
whether the silica fume nsmmm‘m
whether the frequency is 0.2, 1.0 or 2.0-Hz. aft o

The loss modulus (Table:8; produtt of loss tangent and
storage modulus)..is increased by theaddition of mothylcellulose,
except for the. case:of the paste, with-sitans-tpeated silica fume
at 0.2 Hz. Further addition of carkbou. Sibessinegeases the loss
modulus very slightly, if at allis . 5o tooinsaty 00

Tabled gives the drying shrinkege strsin of ten types of
cement paste as:a function of earingsige. Thaudeying shrinkage
is decreased by the addition of carbonftbers suoh shat it dcreasss
in the following order.: as-recoived. fibersi-paoReotheated fibers,
dichromate-treated fibers and silanciiented, fibers.: This teend
applies for any curing age, whethes thetsilica fume isas>received

With as-received silica fume With sﬂane-lreeted szh«fume: Foo

Formulation| 0.2 Hz 10Hz | 20Hz | 02Hz | LOHz:{ 20Hs |

A : 0.082 I 0.030 <107* 0.087 <1974 4

At 0,102 0.045 <1074 0.093 . <2074 |

A*F 17008 | 0033 | <107 | 0.084 <10™*

A*O '0.085 0.043 <1074 0.084 <107*

A*K ) 0.079 ; 0,039 <10™* 0.086 <107*

A*S 0.076 0036 <1074 0.083 <107*

A lcementt+ wawr+ water reducing agent +silica fume : ,

A' . A+methylcellulose +defoamer
A*F . A*+as-received fibers

A*O ! A" +Os-treated fibers

AYK . A*+dichromate-treated fibers
ATS : A" +silane-treated fibers

or sila
of sila
whethy
at 284
treated
Whea
when's
silica £
receive
25%.F
treated,
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Table7 Storage modulus (GPa, £0.03) of cement pastes

: With as-received silica fume With silane-treated silica fume
Formulation| 0.2 Hz 1.0Hz 2.0Hz 0.2 Hz 1.0Hz 2.0Hz
A 1271 12,14 11.93 16.75 16.21 15.95
At 11.52 10.61 10.27 15.11 14.73 14.24
A*F 13.26 13.75 13.83 17.44 17.92 18.23
A*TO 14.14 14.46 14.72 18.92 19.36 19.57
A*K 1542 16.15 16.53 19.33 19.85 20.23

A*S 17.24 12.67 | 1595 21.34 21.65 21,97

A [ cement+water+ water red

CAY A+ methylcellulose +defoamer

A*F :
ATO:
A*K
A*S

- Table8 Loss moduplus . (GPa, £0.03) of cement pastes

A* +as-received fibers

A* +Oytreated fibers <

: A% +dichromate-treated: fibers
! A* +silane-treated fibess ¢

pcing agent +silica fume

) With-as-received silica fume .| - With silane-treated silica fume
Formulation 0.2 Hz 1.0Hz 2.0Hz. . 982Hz 1.0Hz 2.0H:z
A 104 1039 F <1072 [. 146 | 052 <107}
At 1.18 0.48 <1073 { . 141 0.59 <1073
A*F 1.18 0.45 <107 | 147 0.61 <107?
A*O 120 .| o062 <10*3 1.59 0.62 <io-?
A'K 122 | 063 | <10°% | 146 070 | <10*
A*S 1.31 063 | <107 177 | om <1073

At Atmethylceliulose 3 defoamer
A*F :
A*O:
A*K
A*S

A lcement+ water + Wiler reducing ager‘l”i"-iz:‘s'i]‘iéa fume

At as-received fibers ¢
A* +Oy-treated fibers - -
A* +dichromate-treatedfibers
T A* +silane-treated fibers

Table9 Drying shrinkage strajn (10~ £0.015) different curing ages

Formulation With as-received silica fume _:With silane-treated silica fume
lday | 4days | 8 days | 19days. | 1 day | 4days | 8days | 19 days
B 1.128 3021 1-3.722: | 4365 1.013 | 2.879 3.623 | 4.146
BF 0.832 2417 3.045 3412 0.775 2.246 2.810 3.113
BO 0.825 2.355 3.022 3373 | 0.764 2.235 2.793 3.014
BK 0.819 2.321 3.019 3372 0763 | 2232 2.790 3.010
BS 0.812 2316 | 2976 322001 0752 2.118 2.724 2.954

B ! cement+ water+ water reducing agent +silica fume+ methylcellulose + defoamer

BF : B+as-received fibers

BO ! B+ O;-treated fibers .
BK : B-+dichromate-treated fibers
BS ! B-tsilane-treated fibers

or silane-treated. The drying shri’nkage is decreased by the use
of silane-treated silica fume in place of as-received silica fume,
whether fibers are present or not. The drying shrinkage strain
at 28 days is decreased by 5% when fibers are absent and silane-
treated silica fume is used in place of as-received silica fume.
When silane-treated fibers are present, it is decreased by 10%
when silane-treated silica fume is used in place of as-received
silica fume, By adding silane-treated fibers to the paste with as-
received silica fume, the shrinkage at 28 days is decreased by
25%. By adding silane-treated fibers to the paste with silane-
treated silica fume, the shrinkage at 28 days is decreased by

28%. By adding silane-treated fibers and replacing as-received
silica fume by silane-treated silica fume, the shrinkage at 28
days is decreased by 329%,.

3. Non-structural behavior

3.1 Thermal behavior :
Table 10 shows the specific heat of cement pastes. The specific
heat is significantly increased by the addition of silica fume. It
is further increased by the further addition of methylcellulose

and defoamer. It is still further increased by the still further
addition of carbon fibers. The effectiveness of the fibers in
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Table 10 Specific heat (J/g.K, £0.001) of cement pastes.
The value for plain cement paste (with cement and
water only) is 0.736 J/g.K

®E
Table 11 ' Thermal diffusivitiy (mm%s, £0.03) of cement

pastes. The value for plain cement paste (with
cement and water only) is 0.36 mm?s.

Formulation | As-received silica fume Silane-treated silica fume, Formulation | As-received silica fume Silane-treated silica fume
A 0.782 0.788 A 0.26 0.24
A* 0.793 0.803 ATt 025 . 0.22
A*F 0.804 0.807 A*F. 0.27 .. 0.26
A*O 0.809 0.813 A*O, 0.29 0.27
A*K 0.812 0.816 A*K 0.29 0.27
A*S 0.819 0.823 A*S 0.25 0.23
A [ cement+water+water reducing agent +silica fume A [ cement+water+ water reducing agent + silica fume

A* ! A+methylcellulose + defoamer
A*F | A* +as-received fibers

A*O ! A* +Ojy-treated fibers

A*K ! A* +dichromate-treated fibers
A*S ! A* +silane-treated fibers

increasing the specific heat increases in the following order:
as-received fibers, O;-treated fibers, dichromate-treated fibers

and silane-treated fibers. This trend applies whether the silica:

fume is as-received or silane-treated. For any of the fortmulations,

i

silane-treated silica fume gives higher specific heat than as-
received silica fume. The highest specific heat is exhibited by

the cement paste with silane-treated silica fume and silane-treated

fibers. The specific heat is 12% higher than that of plain cement

paste, 5% higher than that of the cement paste with as-received
silica fume and as-received fibers, and 0.5% higher than that of
the cement paste with as-received silica fume and silane-treated
fibers. Hence, silane treatment of fibers is more valuable than that
of silica fume for increasing the specific heat.

Table 11 shows the thermal diffusivity of cement pastes. The
thermal diffusivity is significantly decreased by the addition of
silica fume. The further addition of methylcellulose and defoamer
or the still further addition of fibers has relatively little effect
on the thermal diffusivity. Surface treatment of the fibers by
ozone or dichromate slightly increases the thermal diffusivity,
whereas surface treatment of the fibers by silane slightly decreases
the thermal diffusivity. These trends apply whether the silica fume
is as-received or silane-treated, For any of the formulations,
silane-treated silica fume gives slightly lower (or essentially the
same) thermal diffusivity than as-received silica fume. Silane
treatments of silica fume and of fibers are about equaﬂy effective
for lowering the thermal diffusivity.

Table 12 shows the density of cement pastes. The density is
significantly decreased by the addition of silica fume. It is further
decreased slightly by the further addition of methylcellulose
and defoamer. It is still further decreased by the still further
addition of fibers. The effectiveness of the fibers in decreasing
the density decreases in the following order: as-received fibers,
Os-treated fibers, dichromate-treated fibers and silane-treated
fibers. This trend applies whether the silica fume is as-received
or silane-treated. For any of the formulations, silane-treated
silica fume gives slightly higher (or essentially the same)
density than as-received silica fume: Silane treatment of fibers
is more valuable than that of silica fume for inicreasing the
density.

Table 13 shows the thermal conductivity. It is significantly
decreased by the addition of silica fume. The further addition

304

~ A* I A+methylcellulose +defoamer
A*F I A*+as-received fibets ;
A*O ! A*+Os-treated fibers -

A™ +dichromate-treated fibeps
: A* +silane-treated fibers

A'K:
A'*S

Table 12 Density (g/cm?, £0.02) of cement pastes. The
value for plain cement paste (with cement and water
only) is 2.01 g/em?.

As-received silica fume

Fornmulation

Silane-treated silica fume

A 1.72 1.73

At 1.69 1.70
A'F 1.62 1.64
ATO 1.64 1.65
A*K 1.65 1.66
A*s ] 1.66 : 1.68

A Ucement+water + water reducing agent + silica fume

1 A+gistiglestlulose + defoamer
I AN Hus-received fibers '
L AT Osaronted fibers - -
- 'A* +dichromate-treated fibers
; A% +silane-treated fibers -

Table13 Thermalconductivity (W/m.K, £0.03) of cement
pastes. The value for plain cement paste (with
" cementand water only) is 0.53 W/m.K.

Formulatio

t As:received silica fume [ Silane-traated silica fume
AL A 035 -, 0.33

AT .- 034 i - 0.30

A'F 035 . . |y 0.34

ATO 038.. . v 1036

ATK" - $.39- - 0.37

A*S" 034" ot 0.32
A ' cement+water-+watef reducing agent+ silica fume

AY ! A+methylcellulose +defoarner -
A'F I A+ as-received fibers *©
A*O AT +O;-treated fibers

A*K ! A* +dichromate-treated fibers
A¥S | A* +silane-treated fibers

of methylcellulose and defoamer or the still further addition of
fibers has little effect on the density. Surface treatment of the
fibers by ozone or dichromate slightly increases the thermal
conductivity, whéreas surface treatment of the fibers by silane
has negligible effect. These trends apply whether the silica fume
is as-received or silane-treated. For any of the formulations,
silane-treated silica fume gives slightly lower (or essentially the
same) thermal conductivity as as-received silica fume. Silane
treatments of silica fume and of fibers contribute comparably
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to reducing the thermal conductivity.
3.2 - Electrical behavior
‘Fig.1 gives the volume electrical resistivity of composites at

7 days of curing. The resistivity decreases much with increasing
fiber volume fraction, whether-a second filler (silica fume or
sand) is presentornot. When sand is absent, the addition of silica
fume decreases the resistivity at all carbon fiber volumie fractions
except the highest volume fraction of 4.24% ; the decrease is most
significant at the lowest fiber volume fraction of 0.53.%. When
sand is present, the addition of silica fume similarly decreases
the resistivity, such that the decrease is most:significant at fiber
volume fractions below 1%. When silica .fome ig-absent, the
addition of sand decreases the resistivity only.when the fiber
volume fraction is below about 0.5%:; at high fiber volyme.
fractions, the addition of sand even.increases the resistivity.due
to the porosity induced by the sand. Thus, the addition of &
second filler (silica fume or sand) that is essentiaily-aon-
conducting decreases the resistivity of the composite only. at
low volume fractions of the carbon fibers and the:maximum
fiber volume fraction for the resistivity to. decrease is larger
when the particle size of the filler is smaller.. The. resistivity
decrease is attributed to the improved fiber dispersion due to the
presence of the second filler. Consistent with the improved fiber
dispersion is the increased flexural toughness: andsmngh:inc
to the presence of the second filler; . o it

Fig.2 shows the fractional increase in- conducuvxty (mcnpnecal

1,000,000

10,000 |-

100

T T

Volume Resistivity (Q.cm), log scale

10

T rrrhT

Vol.% Fibers

Variation of the volume electrical resistivity with carbon
fiber volume fraction.

(a) Without sand, with methylcellulose, without sﬂlca fume,
{b) Without sand, with methylcellulose, with silica fume,
(c) With sand, with methylcellulose, without silica fume,
(@) With sand, with methylcellulose, with silica fume.

Fig.1
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of resistivity) due to the fibers alone. At a given fiber volume
fraction, the fractional increase is higher when silica fume is
present, whether sand is present or not. At fiber volume fractions
above 1%, the use of silica fume but no sand gives the highest
fracitonal increase, while the use of sand but no silica fume
gives the lowest fractional increase. At fiber volume fractions
below 1%, the use of both sand and silica fume gives the highest
fractional increase, while the use of no sand nor silica fume
gives the lowest fractional increase,

Fig.3 shows the measured conductivity. as a fraction of the
calculated value obtained from the Rule of Mixtures by assuming
that the fibers were continuous and parallel along the axis of the
conductivity measurement. This fraction provides an indication
of the degree of fiber dispersion. At a given fiber volume fraction,
itis'higher when silica fume is present, whether sand is present
or not. When sand is absent, the use of sxhca fume does not
afféct the percolation threshold volume fraction (1%), but
increases the fibers' effectiveness. When sand is present, the
use of silica fume greatly diminishes the perd()!ation threshold
volume fraction. On the other hand, the addition of sanid without
silica fume greatly increases the threshold.

The use of both silica fume and sand results in an electrical
resistivity of 3.19 X10° Q.cm at a carbon fiber volume fraction
of just 0.24 vol. %. This is an outstandingly low resistivity value
compared to those of polymer-matrix composites thh
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Fig.2 Variation with the ccarbon fiber volume fraction of the
fractional increase in volume electrical conductivity
due to the carbon fibers alone.

(a) Without sand, with methylcellulose, without silica fume,
{b) Without sand, with methylcellulose, with silica fume,
{c) With sand, with methylcellulose, without silica fume,
(d) With sand, with methylcellulose, with silica fume.
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Fig.3 Variation with the carbon fiber volume fraction of the

ratio of the measured volume electrical conductivity
to the calculated value obtained from the Rule of
Mixtures by assuming that the fibers were continuous
a‘nd‘ unidirectional along the axis of conductivity
measurement. Thé matrix conductivity used in;the
calckhﬂon'wi’sﬂlg'ghqgsurcd conductivity for the case
without fibers but: containing the corresponding
additives, i.e.,*éifliérmethylcellulosc or methylcellujose
+silica fume. o ’
(@) Without sand, with methylcellulose, without silica fusne,
(b) Without sand, with methylcellulose, with.silica fume,
() With sand, with methylcellulose, without silica fume,
(d) With sand, with methyleellulosg, with silica fume.
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discontinuous conducting fillers at similar volume fractiors.
3.3 Cathodic protection of steglA rei'nforcement
in concrete :

Cathodic protection is one of the most common and effective
methods for corrosion control of steel reinforced concrete. This
method involves the application of a voltage so as to force
electrons to go to the steel reinforcing bar “(rebar), thereby
making the steel a cathode. As the steel rebar is embedded in
concrete, the electrons need to go through the concrete in order
to reach the rebar. However, concrete is not very conducting
electrically. The use of carbon fiber reinforced concrete for
embedding the rebar to be cathodically protected facilitates
cathodic protection, as the short carbon fibe¥ enhance: the
conductivity of the concrete. o R

For directing electrons to the steel reinforced concrete to be
cathodically protected, an electrical contact is needed on the
concrete. The electrical contact is electrically connected to the
voltage supply. One of the choices of an electrical contact
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material is zinc, which is a coating deposited on the concrete by

thermal spraying. It has a very low volume resistivity (thus.

requiring no metat mesh embedment) , but it suffers from poor
wear and corrosion resistance, the tendency to-oxidize, high
thermalexpansion coefficient, and high material and processing
costs. Another choice:is a:conductor filled polymer'®", which
can be-applied as a-coating without heating, but it suffers from
poor wear resistance, high thermal expansion coefficient and
high material cost. Yet another choice is a metal (e, g., titanium)
strip or wire embedded:at one ehd in cement mortar, which is
in the form of a coatingonth# steel reinforced concrete. The use
of carbon fiber reinforéed: mﬁ?{érffm' this coating facilitates
cathedic proteciton,; #s:iiis advantageous to enhance the
conductivity of this boating) tucdn vri

Due to the deerease involung elsotrical resistivity associated
with carbon fiber .addition: (+D.38 eolu%::) . to concrete
(embeddiap steel rebar);, convretscomtaining carbon fibers and
silica fume redeces:byi18% Ahe:drividg-voltage roquired for
cathodic-protéction compared: o plaikconciets; and by, 28%

compared o eoncrete with silica fome. Doeste thedecrease in:

resistivity: assbcintyd with carbon fiber additing:-1; 1 voh96),
to! mortak, overiay {(embédding titantumwiges for electrical
coritabts to steckreinforced concrets)siin the form: of mortar
containing uakbon fibeey.and/istax saduces by 10% the driving
voltage required for cathodid iprbtectienscompared to plain
mmbwrl@%ﬁdtmtﬁisﬁmy of mortar overlay
with carbon fibers, cathodic protection requires multiple metal
electricat contacts embedded-in the-mortar at a spacing of 11 cm
or less. s
3.4 Strain and damage sensing

Fig.4 (a) shows the fractional change in resigtivity along the
stress axis as well as the strain during repeiifed compressive
loading at an increasing stress amplitude foricdrbon-fiber latex
cement paste at 28 days of curing. Figi4{a) shows the
corresponding variation of stress.and strai Juti mckrepe'q;ed
loading. The strain varies linearly with the ‘itr‘css up to the highest
stress amplitude (Fig.4:(b)). The straxn;r?tlﬁ'ns t0 zero atthe
end of each cycle of loading. The reflstibify decreases ugon
loading in every cycle (dueto fibgr "in}f P ‘increages
upon unloading in every cycle (@ue ﬁberfpull-out). The
resistivity has a net increase h’?ter the : {eycle, due to minor
damage. Little further damage occurs ﬂjfsubsetjugnt cycles, as
shown by the resistivity aﬂ;r@unloadijilé not increasing much
after the first cycle. The gpehter the st{;in amplitude, the more
is the resistivity decregse dg,mgioadmg, although the resistivity
and strain are'nog'lineéf;lg Telated The effects of Fig.4 were
similarly ob§epyéd infc’arbon-fiber silica-fume cement paste at
28 days of curing. i

Fig.5 gives the corresponding plots for carbon-fiber latex
cement paste at 7 days of cuﬁdg. Conipirison of Fig.4 and Fig.5
shows that: -G ithe residivity increases upon loading at 7 days
(Fig.5), but decreases upon loading at 28 days (Figd), (ii)
the resistivity increase upon loading at 7 days is not totally
reversible, whereas the resistivity décredse upon loading at 28
days is totally reversible, and (fii} ‘the fractional increase in
resiét.iyity,pponloadihg isppto 10%'at7 days. but the fractional
decrease ip resistivity upon lgading is only up to 2% at 28 days,

.
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for ca:bon fiber latex cement paste at28 days of curmg

though Rois s1m11ar at7 and 28 days The effects in Flg 5 were
similarly observed in carbon-fiber silica-fume cement paste at
7 days. The changeover from the 7-day behavior to the 28- day
behavior occurs between 7 and 14 days.

Although the fractional change in mstwuy upon loadmg is
larger at 7 days (Fig.5) than at 28 days (Fig.4) for carbon-
fiber latex cement paste, the greater reversibility upon unloqdmg
and the less noise in the resistivity variation at 28 days mgkes
the behavior at 28 days more attractive than that at 7 days for
use in resistance-based strain sensing, In practice, concrete is
used in a fully cured state (excéeding 28 days of curing) .
Therefore, the behavior at 28 days is practically more important
than that at 7 days. Nevertheless, the behavnor at 7 days is of
fundamental interest.

Comparison of Fig.6 and Fig.5 (both at7 days) shows that
the effects are qualitatively similar with fibers (Fig.5) and
without fibers (Fig.6), though (i) the fractional change in
resistivity is larger in the presence of fibers, and (ii) the
resistivity increase upon loading is more reversible in the presence
of fibers. Thus, the origins of the effects in Fig.6 and Fig.5 are
basically similar, though the presence of fibers, which are
electrically conductive, in Fig.5 adds to the types of defects that
are generated upon loading and the fiber-related defects make
the resistivity changes more pronounced and more reversible.

Comparison of Fig.7 and Fig.4 (both at 28 days) shows that
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Fig.5 Variation of the fractional change in volume electrical
. resistivity with time (a), of the stress with time (b),
and of the strain (negative for compressive strain)

with time -(a,b) during dynamic compressive loading

at increasing stress amplitudes within the elastic regime

for carbon-fiber latex cement paste at 7 days.of curing.

the effects are qualitatively and quaﬁtitatively different between
latex cement paste (Fig.7) and carbon-fiber latex cement paste
(Fig.4) . In the presence of carbon fibers, the resistivity decreases
reversibly upon loading; in the absence of fibers, the resistivity
mainly increases upon unloading.

Fig. 4-Fig.7 show that the effect of carbon fibers on the
variation of the resistivity with strain is more drastic at 28 days
than'at 7 days.

3.5 Temperature sensing through the thermistor effect

A thermistor is a thermometric device consisting of a material
(typically a simiconductor, but in this case a cement paste)
whose electrical resistivity decreases with rise in temperature.

Fig.8 shows the current-voltage characteristic of carbon-fiber
{0.5% by weight of cement) silica-fume (15% by weight of
cement) cement paste at 38°C during stepped heating. The
characteristic is linear below 5 V and deviates positively from
linearity beyond 5 V. The resistivity is obtained from the slope
of the linear portion. The voltage at which the characteristic
starts to deviate from linearity is referred to as the critical voltage.

Fig.9 shows a plot of the resistivity vs. temperature during
heating and cooling for carben-fiber silica-fume cement paste.
The resistivity decreases upon heating and the effect is quite
reversible upon cooling. That the resistivity is slightly increased
after a-heating-cooling cycle is probably due to thermal
degradation of the material. Fig.10 shows the Arrhenius plot of
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Fig.6 Variation of the fractional change inr volume electrical
resistivity with time (a), of the stress with time ®),
and of the strain (negative for compressive strain)
with time (a,b) during dynamic compressive loading
atincreasing dtressamplitudes within the elastic regime
for latex cement paste at 7 days of curing.

10
Voltags (V)

Fig.8 Current-voltage characteristic of carbon-fiber silica-
fume cement paste at 38°C during stepped heating.

log conductivity (conductivity=1/resistivity) vs. reciprocal
absolute temperature. The slope of the plot gives the activation
energy, which is 0.390+0.014 and 0.412+0.017 eV during
heating and cooling respectively. i
Results similar to those of carbon-fiber silica-fume cement
paste were obtained with carbon-fiber (0.5% by weight of
cement) latex (20% by weightof cement) cementpaste, silica-
fume cement paste, latex cement paste and plain cemient paste.
However, for all these four types of cement paste, - (i) the
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. at increasing stress amplitudes within the elastic regime
. for latex cement paiste at 28 days of curing.

5 10 15 20725 %3 40 45 %0
* Tompurature (°C) -
Fig.9 Plot of volume electrical resistivity vs. temperature
during heating and cooling for carbon-fiber silica-fume
cement paste.

resistivity is higher by about an order of magnitude, and (ii) the
activation energy is lower by about an order of magnitude, as
shown in Table 14. The critical voltage is higher when fibers
are absent (Table 14). . ‘
3.5 Temperature sensing through the Seebeck effect
The Seebeck effect is a thermoelectric effect which is the
basis for thermocouples for temperature measurement. This
effect involves charge carriers moving frem a hot pointtoa cold
point within a material, thereby tesulting in a-voltage difference
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between the two points. The Seebeck coefficient is the voltage
difference per unit temperature difference between the two
points. Ncgative carriers (electrons) make it more positive
and positive carriers - (holes) make it more negative. i

Eight types of cement paste were studied, namely . (i) - plain
cementpaste (consisting of just cement and water), (ii) silica-
fume cement paste (comsisting of cement, water-and silica
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fume), (iii) carbon-fiber silica-fume cement paste (consisting
of cement, water, silica fume, methylcellulose, defoamer and
carbon fibers in the amount of 0.5% by weight of cement),
(iv) carbon-fiber silica-fume cement paste (same as (iii)
except for having carbon fibers in the amount of 1.0% by weight
of cement), (v) carbon-fiber silica-fume cement paste (same
as (iii) except for having carbon fibers in the amount of 1.5%
by weight of cement), (vi) latex cement paste (consisting of
cement; water, latex and antifoam), (vii) carbon-fiber latex
cement paste (consisting of cement, water, latex, antifoam and
cafbon fibers in the amount of 0.5% by weight of cement, and
(Vlll) ‘carbon-fiber latex cement: .paste (same as (vii) except
for having carbon fibers in the amount of 1.0% by weight of
cement).: :

Table 15 shows the Seebeck coefficient (with copper as the
reference) and the absolute thermoelectric power. A negative
value of the absolute thermoelectric power indicates p-type
(hole) behavior; a positive value indicates n-type (electron)
behavior. All types of cement paste studied are n-type except
pastes:.(iv).and (v), which were p-type. The higher the fiber
content, the less n-type - (the.more p-type) isthe paste, whether
silica fume. or latex is present. Without fibers, the absolute
thermoelectric power is 2 WV/C, whether silica fume and latex
are present or not. This is consistent with: the:similar values of

. Crmcal voltage Activation energy (eV)

L\Qem) | at20T (V) Heating | Cooling
(4.87£037) X10° |~ 10.80+045 | 0.040£0.006 | 0.122:£0.006
T 18.12£015) X10° | 11.60£0.37 | 0.035+0.003 | 0.084+0.004
Carbon fibers | (1.73+0.08) X10¢ | 8.15+£034 { 0.390+0.014 | 0.412::0.017
Falieafume | S
Latex 1 £6:99£0.12) X10° | 11.80£0,31 | 0.017£0.001 | 0.025+0.002
Carbon fibers |, (9.64::008) X10* | 8762035 | 0.018:0.001 | 0.02740.002

+latex

Table 15 Seebeck coefficient (mV/°C) and absolute thermoelectric pewer (mV/'C) of eight types of cement paste.

Cement paste Heating: Coolmg
Seebeck Absolute Seebeck Absolute
coefficient* thermoelectric. | coefficient* thermoelectric
Power . power

(i) Plain" —(0.35+0.03) [ 1.99+0.03 |—(0.38+0.05)] 1.96+0.05
(ii) .. Silica fume 1= (031£002) | 2.03+0.02 |- (0.36+0.03)| 1.98+0.03
(iii) 0.5% fibers +silica fume | — (145+0.09) | 0.89+0.09 | — (1.45+0.09)| 0.89+0.09
(iv) 1.0% fibers +silica fume { ~ (2.8220:11) | —0.48+0.11 —(2.8240.11) [ —0.48+0.11
(v)  1.5% fibers+silica fume —(3«.10d:0.14) —0.76+£0.14 | — (3.10+0.14) | —0.76+0.14
(vi) Latex —(0.28+£0.02) | 2.06+£002 |—(030+002)| 2.04+0.02
(vii) 0.5% fibers+latex — (1.20£0.05) | 1.14+005 |- (1.20+005)| 1.14+0.05
{viii) 1.0% fibers+ latex —(2.10+0.08) | 0.24+0.08 |—(2.10+0.08)| 0.24+0.08

* With copper as the reference
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Fig.11 Variation of the Seebeck voltage (with copper as the
reference) . vs. the temperatare difference.guring
heating and cooling for cement paste. (iii} , i.e., carbon-
fiber silica-fume cement paste.

the electrical conductivity for cement pastes with silica fumeiand
with latex, but without fibers. Thus, silica fume or latex addition
does not have much influence on the:thermoelectric power when
fibers are absent, but carbon fiber addition does by enhancmg
the hole conduction. -

As shown in: Table 15, the thermopower results obtained
during heating and cooling are very close. Fig.11 shows the
variation of the Seebeck voltage vs. the temperature difference
during heating and cooling forpaste (iil) | With fibers present;
the variation is linear and essentially identical during heating and
cooling. Without ﬂbers,&he vanauon is non-linear and hysteretic

even though the percolation threshold is also between fiber
contents of 0.59% and 1.09 by weight of cement for the case of
latex. Although a charge it sign of the absolute thermoelectric
power was not observed:for the case of latex, the absolute
thermoelectric power:is a very small positive value at a fiber
content of 1.0% by:weight of cement and the absolute
thermoelectric power decreases monotonically with increasing
fiber content. Based on this trend, it is highly probable that a
change in sign would occur just above 1.0% by weight of cement
for the case of latex. That a change in sign of the absolute
thermoelectric power does not occur at the percolation threshold
(but probably just above the thr'eshb}d) is attributed to the low
conductivity of carbon-fiber lay cement paste compared to
carbon-fiber snlxca—flﬂhé‘&é‘hént paste at the same fibercontent
and the associated weaker hole conduction in the latex case.
This is consistent with &% ‘Stservation that, at the same fiber
content (whether 0.5% or 1.0% by weight of cement), the
absolute thermoelectric power is more positive for [Q? latex
casg thag the silica fume case (Ta.hlg. 15).
3.6 Corrosion resistanc¢e
Carbon fibers decrease the corrosion resistance of steel rebar
in concrete, mamly due to the decréasé in' the volume eledtrieal
resistivity of concrete. HowsVer, e gauve effect can be
compensated by adding either: silich fume'or latex. Silica fume
is more effective than latex for improving the corrosion resistance
of carbon fiber concrete. This is mainly because silica fume

FELELG

- reduces the watef absorptivity. Thesufalk increases in electrical

(i.e., not totally reversible upon  cooling subsequent to heatmg )

Thus, although the fiber addition does not increase the
magnitude of the absolute.thermoelectric power, it enhances
the linearity and revérsibility of the Seebeck effect. This
enhancement is attributed to the increase in the contribution of
holes to the electrical conduction and the association of hole
conduction to conduction through the fibers.

The absolute thermoelettric power monotonically becomes
less positive (more ncgative) as the fiber content increases
through the percolation’ threshold, which is at a fiber content
between 0.5% and 1.0% by weight of cement. The change of
the absolute thermoelectric power from positive to negative
values occurs at a fiber content between 0.5% and 1.0% by
weight of cement when silica fure is presenit. This means that
at this fiber content, which happens to be the percolation
threshold, compensation takes place between the electron
contribution from the cement matrix and the hole contribution

resistivity of carbon fiber concrete after adding either silica
fume or latex’ cOnn-ibuteonly $hightly to the effect on corrosion.
Corrosion of Pebai' in concrete with silica fume and carbon fibers

" is inactive in Ca (OH)’, solution, but active in NaCl solution.

from the fibers. It should be noted that, at’any‘ fiber content, '

electrons and holes contribute additively to-the electrical
conductivity, but subtractively to the thei'mepqwe.i'. The
correlation between the percolation threshold and change’l in
sign of the absolute thermoelectric power is reasonable since the
fibers dominate the conduction by means of holes above the
percolation threshold and the ¢ement matrix dominates the
conduction by means of electrons below the percolation threshold
In the presence of latex instead of silica fume, the highest ﬁber
content investigated was 1.0% by weight of cement and a change
in sign of the absolute thermoelectric power was not observed,
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However, the corrosion resistance in NaCl is better than rebar
in plain concrete and similar to that of rebar in latex concrete

without fibers!®2. )
4. Conclusion

Shott carbon fiber cement-matrix composites exhibit attractive
tensile and flexural properties, low drying shrinkage, high
specific heat, low thermal condu‘é;tiviijty. high electrical
conductivity and high corrosion estétance. Moreover, they
facilitate the cathodic protection of steel reinforcement in
concrete, and have the ablllty to sense thexr own strain, damage
and temperature. i
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