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Abstract. Electrically conducting concrete, as provided by the addition of short 
carbon fibers (0.2-0.4 vol. %) to concrete, can function as a smart structure 
material that allows non-destructive electrical probing for the monitoring of flaws. 
The electrical signal is related to an increase in the concrete’s volume resistivity 
during crack generation or propagation and a decrease in the resistivity during 
crack closure. The linearity between the volume resistivity change and the 
compressive stress was good for mortar containing carbon fibers together with 
either methylcellulose or latex as dispersants. However, the linearity was poor for 
mortar containing carbon fibers together with both methylcellulose and silica 
fume, as this mortar required a minimum compressive stress for crack closure, 
whereas the other two mortars did not. When the compressive stress was 
increased in the first cycle up to the fracture stress, the volume resistivity 
Increased by 1040% for the mortar containing carbon fibers and methylcellulose, 
but only 385% for that containing fibers and latex. In contrast, mortars without 
carbon fibers showed no variation of the resistivity upon compression up  to 
fracture. 

1. Introduction 

Smart concrete structures that provide the capability of 
non-destructive flaw detection allow concrete structures 
to be repaired before it is too late. This capability is 
critically needed for highways, bridges and nuclear 
power plants. This paper describes electrically conduct- 
ing concrete (made conducting by the addition of carbon 
fibers) for use as an intrinsically smart structure material 
that is capable of non-destructive flaw detection. This 
capability is based on the notion that the volume eleqrical 
resistivity of electrically conducting concrete increases 
upon flaw generation or propagation. 

No works on intrinsically smart concrete have been 
previously published except for a 1992 news article (ENG 
June 22 pp 14-15) on ‘self-test concrete’ involving glass 
and carbon fibers and developed by H Yanagida of the 
University of Tokyo. Most prior work relates to concrete 
rendered smart extrinsically by the use of embedded 
sensors or an embedded chemical. The embedded chemi- 
cal (calcium nitrite contained in polypropylene fibers) is 
for anticorrosion of steel reinforcement bars; the technol- 
ogy was developed by C Dry of University of Illinois, 
Urbana, and disclosed in another 1992 news article 
(Stuat T 1992 R & D magazine pp 74-8). An intrinsically 
smart concrete is more versatile and more convenient to 
use than an extrinsically smart concrete. In  particular, 
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the carbon fibers in carbon fiber reinforced concrete serve 
to provide the smart action as well as improved structural 
performance. Furthermore, the addition of carbon fibers 
to concrete can be achieved by simply using the conven- 
tional stone concrete mixer. 

The addition of carbon fibers to concrete had been 
previously found to increase the flexural strength, 
flexural toughness [l-1 I] and freeze-thaw durability [I], 
and to decrease the drying shrinkage [I] and the electrical 
resistivity [1,2]. Effective use of the,fibers requires fiber 
dispersion, which is enhanced by the addition of methyl- 
cellulose [I], latex [2] or silica fume [I-111. 

2. Experimental details 

2.1. Raw materials 

The short carbon fibers were isotropic pitch based and 
unsized. The nominal fiber length was 5.1 mm. The fiber 
properties are shown in table 1. Fibers in the amount of 
0.5 % by weight of cement were used. The aggregate used 
was natural sand, the particle size analysis of which is 
shown in figure 1. Table 2 describes the various raw 
materials used. Table 3 describes the four types of mortar 
studied. They are (i) plain mortar, (ii) plain mortar with 
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Table 1. Properties of carbon fibers. 

Filament diameter 10pm 

Tensile modulus 48GPa 
Elongation at break 1.4% 
Electrical resistivity 
Specific gravity 1.6gcmb3 
Carbon content 98 wt.% 

Tensile strength 690 MPa 

3.0 x I O v 3  Rcm 

latex, (iii) plain mortar with methylcellulose and (iv) 
plain mortar with methylcellulose and silica fume. The 
latex, methylcellulose and silica fume were added to 
disperse the fibers. but in each category such additives 
were used whether fibers were present or not in order to 
obtain the effect of the fiber addition alone. In addition. 
latex and silica fume served to enhance the fiber-matrix 
bonding. 

The water reducing agent powder used was TAMOL 
SN (Rohm and Haas) which contained 93-96 % sodium 
salt of a condensed naphthalenesulfonic acid. In general, 
the slump of carbon fiber reinforced cement tends to 
decrease with increasing carbon fiber content. Therefore, 
we used various amounts of this water reducing agent in 
order to maintain the mortar at a reasonable flow value 
in the range of 150 f 50". 

The latex was a styrene butadiene polymer emulsion; 
it was used in the amount of 20 % of the weight of the 
cement. The antifoam (Dow Corning 2410, an emulsion) 
used was in the amount of 0.5 % of the weight of the 
latex; it was used whenever latex was used. 

Methylcellulose in the amount of 0.4 YO of the cement 
weight was used. The defoamer (Colloids 1010) used 

Pan #2w #1w #50 #30 #16 #a 
U.S. sieve number 

Figure 1. Particle size distribution of the sand used. 

along with it was in the amount of 0.13 vol.%; it was 
used whenever methylcellulose was used. 

2.2. Mixing procedure 

A Hobart mixer with a flat beater was used for mixing. 
For the case of mortar containing latex, the latex, 

antifoam and carbon fibers first were mixed by hand for 
about I min. Then this mixture, cement, sand, water and 
the water reducing agent were mixed in the Hobart mixer 
for 5 min. 

For the case of mortar containing methylcellulose, 
methylcellulose was dissolved in water and then fibers 
and the defoamer were added and stirred by hand for 
about 2min. Then this mixture, cement, sand, water and 
water reducing agent (and silica fume, if applicable) were 
mixed in the Hobart mixer for 5min. 

After pouring the mix into oiled molds, a vibrator 
was used to decrease the amount of air bubbles. 

2.3. Curing procedure 

The specimens were demolded after I d and then allowed 
to cure at room temperature in air for 7d. 

2.4. Testing procedure 

According to ASTM C109-80, specimens were prepared 
by using a 2 x 2 x 2in (5.1 x 5.1 x 5.1 cm) mold for 
compressive testing. Compression testing was performed 
using a hydraulic Material Testing System (MTS). 
During cyclic compressive loading and unloading, the 
volume electrical resistivity was measured along the 
stress axis, using the four-probe method. Electrical con- 
tacts were made by silver paint applied along the whole 
perimeter in four parallel planes perpendicular to the 
stress axis. The inner two contacts were for voltage 
measurement, while the outer two contacts were for pass- 
ing a current. Although the spacing between the contacts 
decreased upon compressive deformation, the decrease 
was so small that the measured resistance remained pro- 
portional to the volume resistivity. Testing was per- 
formed either in one cycle up to the breaking stress or in 
multiple cycles upon loading up to a compressive stress 
equal to a fraction (+, +, + or +) of the breaking stress. 
Unless stated otherwise. this fraction was +. 
2.5. Results 

Figtires 2-8 show the compressive stress and volume 
electrical resistivity during loading in one cycle up to the 
fracture stress for the seven mortars listed in table 3. All 
mortars without fibers (figures 2, 3, 5 and 7) showed no 
or negligible change in the resistivity upon compression 
up to fracture. However, all mortars with fibers (figures 
4,6 and 8) showed increasing resistivity upon compres- 
sion up to fracture. For the case of figure 8 (mortar with 
fibers, methylcellulose and silica fume), the resistivity 
increase was gradual at compressive stresses below about 
0.75 of the fracture stress and was abrupt and quite linear 
versus stress at stresses above this value. In the case of 
figure 4 (mortar with fibers and latex), the resistivity did 
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Table 2. List of raw materials. 

Material Source 
~- 

Portland cement  

TAMOL SN 
Type I 

Sodium salt of a condensed 
naphthalenesulfonic acid (93-96%) 
Water (5164%) 

Methocel, A15-LV 
Methylcellulose 

Colloids 1010 
Defoamer 

Latex 460NA 
Styrene butadiene (4040%) 
Water (4040%) 
Stabilizer ( 1 4 % )  

Polydimethylsiloxane (10%) 
Water, preservatives and emulsifiers (90%) 

Antifoam 2410 

Silica fume 

c 
Carboflex 

Carbon fibers 

Lafarge Corporation 
(Southfield, MI) 

Rohm and Haas Company 
(Philadelphia, PA) 

Dow Chemical Corporation 
(Midland, MI) 
Colloids Inc. 
(Marietta, GA) 

Dow Chemical corporation 
(Midland, MI) 

Dow Corning Corporation 
(Midland, MI) 

Elkem Materials Inc. 
(Pittsburgh, PA) 

Ashland Petroleum Company 
(Ashland. KYI 

not start to increase until the compressive stress had 
reached about 0.68 of the fracture stress. In the case of 
figure 6 (mortar with fibers and methylcellulose), the 
resistivity increase was gradual at compressive stresses 
below about 0.13 of the fracture stress and was abrupt 
and quite linear versus stress at stresses above this value. 
The fractional increase in resistivity from zero stress to 
the fracture stress was 385 %, 1040 % and 1660 '& for 
figures 4, 6 and 8 respectively. Thus, among the three 
fiber-containing mortars, the one with methylcellulose 
(figure 6) was most attractive, as it exhibited a combi- 
nation of linearity (between resistivity and stress) and 
large fractional resistivity increase. The exceptionally low 
value of the fractional resistivity increase for the mortar 
with fibers and latex (figure 4) is attributed to the large 
amount of latex (20 % of the cement weight) compared 

to the small amount of methylcellulose (0.4% of the 
cement weight) and also to the electrically insulating 
property of latex, which is a polymer. Note that the 
resistivity itself was higher for the mortar containing 
fibers and latex than the other two fiber-containing 
mortars. 

For all mortars with fibers (figures 4, 6 and 8), the 
apparent resistivity decreased when the mortar fractured; 
this is because of the collapse of the mortar, thus bringing 
together the originally dispersed fibers. For all mortars 
without fibers (figures 2, 3, 5 and 7), the resistivity 
increased abruptly when the mortar fractured; this is 
because of the widespread cracking which accompanied 
fracture and the fact that the mortar was more conductive 
than air. 

Figure 9 shows the variation of the compressive stress 

Table 3. Mix proportions of four types of mortar 

Sample Fiber Waterlcement Sandlcement Latexlcement Methlcement SFlcement WRIcement 

Plain mortar 0 0.45 1.5 
Piain mortar 0 0.3 1 .o 0.2 
with latex 0.37 0.3 1 .o 0.2 - - - 
Plain mortar 0 0.45 1.5 - 0.4 - - 

2 with Meth 0.24 0.45 1.5 - 0.4 - 
Plain mortar 0 0.45 1.5 - 0.4 0.15 2 
with Meth and 0.24 0.45 1.5 - 0.4 0.15 2 
silica fume 

vol.% ratio ratio ratio (%.) ratio 
, ,  , ., ,,,. ,,, ,,. , , .,,, , ., ,,,, , , , , , , I , ,  , , I ,  , , ,  , , , ,, , , ,...... 

- - - - 
- - - 

Meth = methylcellulose 
SF = silica fume 
WR =water reducing agent. 
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Figure 4. Compressive stress and electrical resistivity 
versus strain curves for plain mortar containing latex and 
0.37 vol. % carbon fibers. 

The irreversibly increasing resistivity during the first 
loading,is attributed to flaw generation. The reversibly 
increasing resistivity during unloading in any cycle is 
attributed to crack opening, which was hindered under 
compressive loading. The reversibly decreasing resistivity 
during the second and subsequent loadings is attributed 
to the crack closure under compressive loading. The 
onset of the resistivity decrease during loading in the 
second and subsequent cycles occurred at a compressive 
stress of 0, 0 and 0.57 of the maximum stress for the 
mortar with fibers and latex (figure 12), the mortar with 
fibers and methylcellulose (figure 14) and the mortar with 
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Figure 2. Compressive stress and electrical resistivity 
versus strain curves for plain mortar. 

and strain during the first three loading cycles carried out 
to a compressive stress equal to about + of the fracture 
stress. The same maximum stress was used for all seven 
mortars of table 3. The variation of the resistivity during 
these three cycles is shown in figures 10-16 for these 
seven mortars. All mortars without fibers (figures 10, 11, 
13 and 15) showed no change in the resistivity during the 
stress cycling. All mortars with fibers (figures 12, 14, and 
16) showed (i) irreversibly increasing resistivity during 
the first loading, (ii) reversibly increasing resistivity during 
unloading in any cycle, and (iii) reversibly decreasing 
resistivity during the second and subsequent loadings. 
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Figure 3. Compressive stressand electrical resistivity 
versus strain curves for plain mortar containing latex. 

Figure 5. Compressive stress and electrical resistivity 
versus strain curves for mortar containing methylcellulose. 
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Figure 8. Compressive stress and electrical resistivity 
versus strain curves for mortar containing methylcellulose 
and 0.24 vol. % carbon fibers. 

fibers, methylcellulose and silica fume (figure 16), respec- 
tively. The fractional decrease in the resistivity upon 
loading in the second and subsequent cycles was 33 %, 
27 % and 32 % for the mortar with fibers and latex 
(figure 12), the mortar with fibers and methylcellulose 
(figure 14) and the mortar with fibers, methylcellulose 
and silica fume (figure IQ, respectively. The roughly 
linear behavior of the resistivity decrease (versus stress) 
for the mortar with fibers and latex (figure 12) and the 
mortar with fibers and methylcellulose (figure 14) indi- 
cates that these two mortars can be used as smart struc- 
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Figure 8. Compressive stress and electrical resistivity 
versus strain curves for mortar containing methylcellulose. 
silica fume and 0.24 vol. % carbon fibers. 

ture materials that are capable of non-destructive monitor- 
ing of cracking. 

The mortar containing fibers and Iatex was the most 
expensive among the seven mortars studied because of 
the cost of the large amount of latex used. Thus. with 
economy in mind, it can be concluded that the mortar 
containing fibers and methylcellulose is the most attrac- 
tive among the seven mortars for use as a smart structure 
material. 

I I I I I I 
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Figure 7. Compressive stress and electrical resistivity 
versus strain curves for mortar containing methylcellulose 
and silica fume. 
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Figure 9. Compressive stress versus strain curves for 
cyclic loading and simultaneous electrical resistivity 
testing. 
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200 300 400 
Time (s) 

Figure 10. Cyclic compressive stress and electrical 
resistivity versus time curves for plain mortar. 

Figure 17 shows results similar to those in figure 12 
and for the same mortar (with latex and fibers) as figure 
12, but for a maximum compressive stress equal to + 
(rather than 4) of the breaking stress. The change in the 
resistivity during stress cycling was only 0.01 x IO5 Qcm 
for a maximum stress of + of the breaking stress (figure 
17), compared to a value of 0.7 x lo5 Qcm for a maxi- 
mum stress of 4 of the breaking stress (figure 12). It is 
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Figure 11. Cyclic compressive stress and electrical 
resistivity versus time curves for mortar containing latex. 
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Figure 12. Cyclic compressive stress and electrical 
resistivity versus time curves for mortar containing latex 
and 0.37 vol. % carbon fibers. 

significant that the electrical signal was detectable even at 
a low maximum stress of 4 of the breaking stress. 

Figure 18 shows the correlation of the maximum 
stress with the flaw structure, as observed by scanning 
election micros copy'(^^^) after stress cycling for a cut 
(Sic wheel) section parallel to the stress direction. All the 
samples in figure 18 were mortar containing latex and 
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Figure 13. Cyclic compressive stress and electrical 
resistivity versus time curves for mortar containing 
methylcellulose. 

27 



Pu-Woei Chen and D D L Chung 

14 

12 

10 

8 

6 

4 

2 

0 

m ' ' 0 100 200 300 400 500 
lime (s) 

Figure 14. Cyclic compressive stress and electrical 
resistivity versus time curves for mortar containing 
methylcellulose and 0.24 voi. % carbon fibers. 

fibers. The greater was the maximum stress, the larger 
and more numerous were the cracks. 

Preliminary results obtained on concrete (not mortar) 

100 200 300 400 
Time (s) 

Figure 15. Cyclic compressive stress and electrical 
resistivity versus time curves for mortar containing 
methylcellulose and silica fume. 
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Figure 16. Cyclic compressive stress and electrical 
resistivity versus time curves for mortar containing 
methlcelluiose, silica fume and 0.24 vol. % carbon fibers. 

containing fibers (0.19 vol. %) and methylcellulose after 
7 and 28days of curing were similar to those of the 
mortars. Thus, the smart behavior applies to  concretes as 

Time (s) 
Figure 17. Cyclic compressive stress and electrical 
resistivity versus time curves for mortar containing latex 
and 0.37 voi. % carbon fibers. The maximum stress was 5 
of the breaking stress. 
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Figure 18. SEM photographs of cut surfaces (along the  stress direction) of mortar containing latex and 0.37 vol. % carbon 
fibers and having been compressed to ( a )  ;of fracture stress, (b )  g of fracture stress, (c) +of fracture stress. and ( d )  ;of 
fracture stress. 

well as mortars. The details of the concrete tested can he 
found in [l]. 

work was that of a strip going all the way around the 
mortar. This shape helps maintain an equipotential plane 
in the plane of the strip. An equipotential plane is needed 
for quantitative volume resistivity measurement. However, 
in the field, quantitative volume resistivity measurement 
is not necessary. For a qualitative measurement of the 
relative changes in the resistivity, an equipotential plane 
is not necessary and the shape of the contact does not 
matter. For example, it can he a point contact. 

The four-prohe method was used in this work for 
the resistivity measurement. This method enables the 
measurement of the volume resistance even in the presence 
of a non-zero contact resistance, so it is necessary for 
accurate volume resistivity measurement. However, in 
the field, quantitative volume resistivity measurement is 
not necessary, so the four-probe method may he replaced 
by the two-probe method, if utmost simplicity is desired. 

As the electrical probing can he performed at any part 
of a concrete structure, it can provide information on the 
flaw distribution in a concrete structure. 

Although this work used mortars rather than con- 
cretes, similar results can be obtained with carbon fiber 
reinforced concretes. Carbon fibers are known to decrease 
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3. Discussion 

This paper provides a new method for achieving smart- 
ness in concrete structures. This method involves the use 
of electrically conducting concrete as the smart material. 
By non-destructive electrical probing, flaws in the struc- 
ture can he detected. 

Although this paper used silver paint for the electrical 
contacts, pressure contacts may he used instead. As shown 
in a separate paper [3], the pressure needed to achieve a 
minimum contact resistivity between mortar and steel 
was 0.00 MPa for carbon fiber reinforced mortar and 
0.05 MPa for plain mortar, Furthermore, the contact 
resistivity between mortar and steel was 10’-105 Rcm2 
for carbon fiber reinforced mortar and IO9 Rcm’ for 
plain mortar [3]. Thus, simple and inexpensive pressure 
contacts with a negligible pressure requirement can he 
used in place of the silver paint contacts. 

The shape of the silver paint contacts used in this 
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the volume electrical resistivity of both mortars and con- 
cretes [I]. 

The amount of carbon fibers used in this work was 
only 0.2-0.4 vol. %. This low fiber content is desirable for 
the sake of materials and processing economy. Although 
a Hobart mixer was used in the concrete mixing in this 
work, it can be replaced by a stone concrete mixer [4]. 

4. Conclusions 

The volume electrical resistivity of carbon fiber rein- 
forced concrete was found to increase irreversibly upon 
increasing compressive loading up to about + of the 
breaking load in the first loading cycle, and subsequently 
in every cycle reversibly increased upon unloading and 
reversibly decreased upon loading. This effect is attributed 
to irreversible flaw generation in the first loading, rever- 
sible crack opening in subsequent unloading and reversible 
crack closure in subsequent loading. In contrast, the 
resistivity was constant during loading and unloading in 
any cycle for the case of concrete without fibers. Thus, 
carbon fiber reinforced concrete can serve as a smart 
structure material, the volume resistivity of which can be 
non-destructively monitored to detect flaws. Roughly 
linear relationships were observed among the volume 
resistivity change, the compressive stress and the com- 
pressive strain in any cycle for mortar containing 0.4 
vol. % fibers and latex in the amount of 0.2 of the cement 
weight, and for mortar containing 0.2 vol. % fibers and 
methylcellulose in the amount of 0.4 YO of the cement 
weight. Non-linear behavior was observed for mortar 
containing 0.2 vol. % fibers, methylcellulose in the 

amount of 0.4 % of the cement weight and silica fume in 
the amount of 0.15 of the cement weight. The non-linear 
behavior of the last case was such that a minimum non- 
zero stress was necessary for crack closure and the result- 
ing resistivity decrease. No such minimum stress was 
necessary for the first two cases. When the compressive 
stress was increased in the first cycle up to the fracture 
stress, the resistivity increased by 1040 % for the mortar 
containing fibers and methylcellulose, but only 385 % for 
that containing fibers and latex. 
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