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Abstract: The use of carbon filaments polymer matrix composites for strengthening of
buildings might allow self-sensing of the structural health monitoring of the building
structure, sensing low strains by measuring the electrical resistance of the composite. This
paper analyses the change of the electrical resistivity of carbon filaments embedded in
epoxy during tensile tests, concluding that their electrical resistance increases with the
strain. Therefore, normal carbon tows used for strengthening the structures, as the tested
ones, may behave as sensor to detect small deformations (below 1%) of the structure. Both
volume electrical resistivity and contact electrical resistivity of the composite materials
were analyzed, by introducing some specific and simple designs on the geometry of the
filaments integrating the composite. The results may drive the development of
strengthening textile fabrics with the ability of self-sensing low strains.

Keywords: Health Monitoring Structures; Carbon Filaments Polymer-Matrix Composites;
Strain Sensors; Electrical Resistance.

1. Introduction

Carbon materials are becoming important structural materials in aircraft, transport, construction,
communication and lighting [1]. High-performance properties and cost-effective characteristics of



carbon fibres enhance these and other emergent applications. In construction, some traditional methods
for strengthening of buildings are based on polymer matrix composites made of high performance
fibers, such as carbon filaments. These strengthening systems, such as FRP (Fiber Reinforced
Polymer) and TMR (Textile Masonry Reinforcement), might integrate sensors for the structural health
monitoring of the integrity of the structure of the building. Several techniques have been proposed for
this monitoring [2;3] is based on diverse type of sensors such as piezoelectric sensors and optical
fibers. This paper focusses on the self-sensing capability of carbon filaments to sense strain and
damage. Indeed, as carbon filaments and their polymer-matrix are electrically conductive materials,
they may function themselves as sensor of strain by considering the relationships between their
electrical and mechanical behavior [1,4,5,6,7,8,9,10,11]. The self-sensing technique is based on
changes in electrical resistance caused by strain and also by disruptions of the conductive pathway
within the structure of the sensing material [10-13,12]. The self-sensing technique has been mainly
studied for carbon fibre reinforced polymer-matrix (CFRP) strips. However, this paper focusses on
carbon fabrics and their ability for strengthening and self-sensing functions. Indeed, textile weaving
technology allows an easy control of the conductive pathways within the fabric by controlling the
positioning of the sensing filaments. Therefore, textile technology might produce efficient and cheap
monitoring systems. So, it is important to test the electromechanical behavior of carbon filaments
polymer-matrix composites. Moreover, this paper presents a study of the electrical resistance under
low strain. In fact, in structural monitoring low strain represents damage in the structure that is not
visually observed and is therefore a structural health parameter that is important to monitor. The strain
monitoring by electrical resistance has been based in two types of measurement: the through-thickness
conductivity and the longitudinal conductivity (along the filament direction) measurement [5, 12-13].
The former gives information on the number of contacts between filaments in the plane of the material
and the last one gives information on the strain and fracture of the filaments. Therefore they have been
also named contact electrical resistance and volume electrical resistance, respectively. In general, one
observes an increase in the electrical resistance with an increase in strain [1, 6, 12-13], that is mainly
due to the decreasing number of contacts between filaments during loading. This paper presents a
study of the electrical and mechanical behavior of diverse carbon filaments epoxy composites, whose
geometry and design of filaments were deliberately diversified to test and to enhance the ability of the
filaments for self-sensing of low strains.

2. Experimental Methods

2.1 Materials and specimens

2.1.1 Carbon tow

Tow of PAN-based carbon filaments of enhanced modulus (SGL SIGRAFIL® C30 T050) was
tested and also used to produce specific polymer-matrix composites. Table 1 presents its properties.

Table 1. Properties of the carbon continuous filament tow.

Number Fineness Tensile Tensile Elongation Filament Density Single
filaments of tow strength modulus at break diameter [g/m®]  filament
[tex] [GPa] [GPa] [%%6] [um] resistivity

[nQ]




50k 3200 4.0 253 1.6 7 1.80 15

2.1.3 Carbon filament epoxy-matrix composite probes to test at the dynamometer

Diverse specimens of composite materials, made of the previous carbon filaments and of epoxy
resin (S&P Resin 55), were made. Both used materials, filaments and resin, are materials commonly
used for reinforcement and strengthening of structures in building construction. The probes, to further
test in the dynamometer, were produced through the following construction process:

e a first layer of epoxy-resin is spread on the top of an acrylic plate, which has a very smooth
surface;

e then, carbon filaments are applied over this first layer of resin according to diverse and
determined designs;

e further, another layer of resin is applied on the top of the filaments, embedding them very well;

e finally, the specimens are let to cure the resin for some days.

The use of acrylic plates, as supporting surface, makes easier to further remove the probes, before
testing at the dynamometer. The design of the produced specimens is based on three hypotheses. First
is, that low strain (up to 1%) causes changes on the longitudinal electrical resistance. Second is, that
some intentional cuts along the length of filaments, although random, cause disruptions on the
conductive pathway that highlight the change of the longitudinal electrical resistance. Third is, that
intentional designs based on crossing filaments enhance the contact electrical resistance.

Table 2 presents the summary of the general characteristics of the diverse specimens that were made
and tested. The preliminary results obtained when testing the specimens with 3 days of cure were then
used to drive and guide the design of the next specimens. Moreover, testing probes with different time
of cure might help to understand what happens in the change of the electrical resistivity in function of
the freedom of the filaments to move inside the composite.

Table 2. Specimens to test at the Dynamometer.

Carbon filament tow in epoxy-resin with 3 days of cure

Thin tow, with <50k Thin tow, with <50k and with eight cuts

Thin tow over thin tow, <50k/<50k Thin tow, with <50k, long length (snake design)

Tow with 50k and with six cuts

Carbon filament tow in epoxy-resin with 7 days of cure

Tow over tow, 50k/50k Thin tow over tow, <50k/50k

Thin tow, with <50k and with 8 cuts Thin tow over thin tow, <50k/<50k (snake over straight)

2.2 Tensile-strain tests while recording the electrical resistance

Tensile tests in the dynamometer (Adamel Lhomargy DY 35) were performed and at the same time
the electrical resistivity of the specimen was recorded with a multimeter (Keithley 197A). The probes
were placed between jaws that were strong enough to hold the carbon filaments epoxy composites. The



initial length was 500 mm. The specimens were pulled at 1 mm/min of velocity up to small
displacements. The electrical resistivity was recorded connecting the multimeter to the extremities of
the specimen, which were previously attached with a pressed spring, as shown in figure 1.

Figure 1. (a) Example of probe in the dynamometer. (b) Emphasis on the connections to measure
the electrical resistance.

3. Results and Discussion

Figure 2 presents the fractional increase in electrical resistance (AR/Ry), in percentage, as function of
the strain.

Figure 2. The fractional electrical resistance versus strain of carbon filaments epoxy
composite: (a) 3 days cure and (b) 7 days cure.
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As observed in figure 2, for all tested specimens the small strains cause an increase in the electrical
resistance. The initial resistance of these 500 mm long tows was deliberately diverse, varying from 9 Q
(for the thick tow with eight cuts) to 350 Q (for the thin tow with long length - snake design). Despite
this large range of magnitude of the electrical resistance, in all specimens the fractional change of the
electrical resistance was sensing the deformation. But, as expected, higher electrical resistances
enhance this sensing ability.

As reported by other authors [6, 10, 12, 13] the increase of electrical resistance caused by an
increase in strain may occur because the filaments, that are covered with the epoxy-resin, become more
aligned and thus the contact points between filaments decrease. This behavior is highlighted by the
results obtained for the samples where the resin is not completely cured, presented in figure 2 a). In
this case, the filaments have probably more freedom to move and become straight than when the resin
is fully cured, enhancing this way the effect of the alignment of the filaments.

One should report that some other tested specimens presented a very unstable electrical resistance
making difficult, even impossible, the recording of the results. For this raison they are presented in this
paper. The formulated hypotheses are also confirmed as the introduction of deliberated disruptions on
the conductive pathway, by random cuts, (<50k with 8 cuts) enhanced the sensing ability. Similarly,
the sensing of strain by measuring the contact electrical resistance (<50k/>50k) shows a very good
performance.

4. Conclusions/Outlook (COMPULSORY)

For all tested specimens, the electrical resistance of the carbon filaments epoxy composites change
with low strains, increasing with an increase of strain. One may conclude that the thick carbon tow of
50000 filaments normally used for strengthening the structures of buildings might behave as sensor to
detect small deformations (below 1%) on the concrete. Moreover, by introducing some specific and
simple designs on the geometry of the filaments that integrate the strengthening textile fabric, the self-
sensing ability of the fabric might be improved. Therefore, usual carbon strengthening materials may
act as self-sensors for the health monitoring of buildings becoming a multi-function material that is
light weight and low cost.
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