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ABSTRACT
Over the next few years, around 52,000 bridges in Germany need to be reconstructed. According
to Thöns (2013), the cost of maintenance management could in long-term be reduced by 50%
using monitoring systems. With a new monitoring system for concrete elements based on
integrated carbon fiber sensors for example oscillations in bridges can be detected and hence
maintenance intervals can be optimized. The sensor consists of a carbon fiber roving and is built
up with etching embroidery technology. A coating of epoxy resin stabilizes the geometry of the
sensor and protects the sensor against alkali attack in the concrete. Due to the open structure the
sensor, which is embedded in concrete, measures stress directly (e. g. strain, compression,
temperature). In the first preliminary tests mechanical and thermal characteristics of the carbon
fiber sensor could be determined.

1

INTRODUCTION

In civil engineering the integration of structural-health-monitoring (SHM) systems into complex
function-oriented buildings is one of the key points in the development of intelligent reinforced
concrete structures (see Gelbrich (2013)). A wide range of sensor functionalities is available for
that purpose and can be used to create smart concrete structures with selective properties. In
general, these SHM-systems are manually integrated into the concrete structure with prefabricated
layer materials or individual elements, thus preventing an optimal impregnation process of the
sensor. This results in worsening of mechanical properties and the electrical signals. Therefore,
the main goal of the Kompetenzzentrum Strukturleichtbau e. V. in cooperation with the
Department of Lightweight Structures and Polymer Technology at the Technische Universität
Chemnitz, Germany, was to develop an application-oriented solution for sensor systems in civil
engineering.
As a textile technological method, embroidering has been used for the development of novel strain
gauges primary in polymer applications (see Ulbricht (2011) and Kroll (2009)). For the use in
concrete the strain gauge needs a different structure to prevent voids and therefore a worsening
of mechanical properties as well as to guarantee a sufficient bonding between the sensor and
concrete. Therefore a new strain gauge consisting of a carbon roving was developed.
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2.1

MATERIALS AND METHODS
Embroidered strain gauge

The determination of strain using carbon fiber is based on the principle of the resistive effect. If
the strain sensor is stretched by a positive change in length of the material, so its resistance
increases proportional. And vice versa, the resistance of the sensor decreases proportional to a
reduction in length of the sensor material. So, the path-load adapted orientation of the carbon fiber
need to be fixed by etching embroidery technology.

Figure 1: Production of the carbon sensors with
etching embroidery technology

Figure 2: Contacted strain sensor with coating
from epoxy resin

The carbon fiber roving with a density of 67 tex is feed by a bobbin attached at the embroidery
head, thereby the roving is fixed by the embroidery process through the needle and the bobbin
threads made by tailored fiber placement (TFP); c.f. figure 1. Additionally cross struts are
embroidered to stabilize the meander structure. This special developed meander structure allows
the fine grained concrete, with a grain size of max. 4 mm, to run through the structure and ensures
a good integration. The ground fabric is a PVA-fleece, which dissolves in temperate water. The
embroidered sensors are washed out at 40 to 50°C and fixed in an extended position. By thermal
convection a drying of the fibers takes place, as well as a stabilization of the polyester fibers
(upper and lower thread) for a simplified handling.
The carbon fiber roving is exposed at both ends of the sensor. For contacting the ends are inserted
into ferrules and impregnated with conductive silver lacquer. By capillary forces the lacquer
enters between the fibers and covers the entire surface for a loss-free contacting. The ferrule is
positive connected to the roving with a crimping tool. Afterwards the silver lacquer is treated with
heat for drying. At the contact areas the connection line for signal transmission can be soldered.
For an integration in concrete, the sensor has to be dimensionally stable to protect the carbon
sensor during the integration process and to ensure a defined positioning of the sensor in the
mineral matrix. For this purpose the contacted sensor is impregnated with epoxy resin. The resin
covers the surface of the carbon fiber sensor with a thin film and is cured in air within 48 hours.
Furthermore the coating from epoxy resin supports the resistance against alkali attack.
As result the strain sensor made of carbon fibers were developed by etching embroidery
technology for the integration in concrete (c. f. fig. 2). Thereby, the current resistance was set to
240.

2.2

Integration of embroidered strain gauge in concrete specimens

The novel strain gauges were integrated into a fine grained concrete mixture with a max. grain
size of 1 mm (c. f. fig. 3). The composition of the concrete mixture is seen in the following table.
Table 1: Composition of fine grained concrete mix for sensor samples

Component

Content [kg/m³]

Mass fraction [%]

cement CEM I 52.5 R

500

21.54

ultra-fine fly ash (class F)

180

7.75

silica fume

23

0.99

dolomite filler

180

7.75

super plasticizer

16.67

0.72

water

210

9.05

Furthermore, textile reinforcement for high tensile and bending tensile strength was integrated in
the fine grained concrete above the strain sensor. Therefore a two-dimensional warp-knit of
carbon fibers, as seen in figure 4, was used. The warp and weft yarn of the carbon textile “SITgrid”
by V. Fraas Solutions in Textile GmbH has a linear mass density of 1,800 tex. The textile
reinforced concrete specimens are dimensioned to 400 x 70 x 10 mm³. The structure of the strain
sensor made by etching embroidery technology allows an optimal impregnation with the concrete
matrix. Thus the sensor doesn’t worsening the mechanical properties, like tensile, bending tensile
and compressive strength, as conventional sensors and is well suited for the integration into
mineral matrices.

Figure 3: Manufacturing of 4-point-bending
specimens for determining the gauge factor

2.3

Figure 4: Integration of carbon textile for
reinforcement

Test specimen and test set up

For the characterization of the novel carbon sensor, the gauge factor and the thermal behaviour
were determined. Thus, 4-point bending tests according to VDI 2635 were performed to measure
the material-related gauge factor.
Furthermore, the influences of the temperature and moisture on the carbon sensor were
determined with a thermal treatment in a climate chamber (see fig. 5). In the climate chamber,

two concrete specimens with integrated sensors and an additional strain gauge as semi-finished
product, which serves as a reference, were applied with a cyclic temperature curve. The
temperature was changed between +80 and -20°C.
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Figure 5: Cyclic temperature curve in the climate chamber
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EVALUATION OF PRELIMINARY TESTS
4-point-bending test

Using the 4-point-bending test, the determination of the ratio of relative change in electrical
resistance R of the strain gauge to the mechanical strain ε of the specimen was done. Therefore,
the fiber reinforced concrete specimens were loaded up to a deflection of 0.5 mm.
The gauge factor is defined as:
∆𝑅
𝑅0
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∆𝑙
𝑙0

 𝑘=

∆𝑅
𝑅0 ∗

(1)

Subsequently, by microscopy the real position of the sensor in the sample was determined (cf.
Figure 6). As a result of floating, the sensor moved in the direction of the neutral fiber, whereby
the obtained values had to be corrected (see equation (2)). Finally, a gauge factor of 1.7 ± 7% at
RT = 20°C could be determined.
𝜀𝑘𝑜𝑟𝑟 =

𝜀
∗ (ℎ + 2 ∗ 𝑡)
ℎ

h … height of the sample, t …depth of the sensor

(2)
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Figure 6: Microscope image of a concrete specimen with
integrated strain sensor

During the test, the strain gauge shows a low elongation transverse to the measuring axis, which
corresponds to the cross-sensitivity. The reasons are the transvers embroidered carbon fibers to
measuring direction. Therefore, the cross-sensitivity is defined by the two directional k-factors kl
and kq, longitudinal and transverse to the direction of measurement, (see equation (3)) and has to
be determined in further tests.
𝑞=
3.2

𝑘𝑞
𝑘𝑙

(3)

Investigation in thermal output

The temperature characteristic of the embroidered strain gauge indicates the apparent strain εS.
The apparent strain is a measurement error. It results from changes in the electrical resistance of
the strain gauge caused by temperature changes without external load. The apparent strain
depends on:
-

temperature coefficient of the specific electrical resistance αR(T)
thermal expansion coefficient of the measuring grid αM(T)
thermal expansion coefficient of the fine grained concrete mix αB(T)
gauge factor of the strain gauge k(T)

It should be noted that all of these factors are not constants, but they depends on temperature. The
apparent strain is described by the following equation:
𝛼𝑅
(4)
𝜀𝑆 = ∆𝑇 ∗ (𝛼𝐵 − 𝛼𝑀 + )
𝑘
Due to the current not exactly determinable factors now following simplification was made:
𝐶 = (𝛼𝐵 − 𝛼𝑀 +

𝛼𝑅
)
𝑘

(5)
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Figure 7: Preliminary result of thermal output of the investigated strain

As Figure 7 shows, the constant C is 225 °C-1. The other parameters are:
-

thermal expansion coefficient of the measuring grid αM = -0,1*10-6 K-1
thermal expansion coefficient of the fine grained concrete mix αB = 8.94*10-6 K-1
determined gauge factor of the strain gauge k = 1,7

Using equation (5) the temperature coefficient of the specific electrical resistance αR can be
determined to 382*10-6 K-1. These results indicate the influence of the temperature coefficient on
the temperature characteristic is much larger than the influence of the different thermal
expansions.
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CONCLUSIONS

Based on the results of the preliminary tests, a gauge factor of 1.7 ± 7% at 20°C could be
determined. In order to obtain a higher accuracy of the carbon fiber sensor signals, in further
experiments the mechanical and electrical characteristics needed to be specified and corrected so
that the cross-sensitivity, temperature and moisture have no influence on it. Furthermore, the
samples must be stabilized horizontally to prevent a movement of the sensor to the surface of the
textile reinforced concrete (TRC) element.
Due to the open structure of the sensor, the carbon fiber is completely embedded with concrete
and therefore the stresses in the concrete can be transferred directly to the strain gauge.
Furthermore, the results demonstrate that these sensors have robust possible applications and also
highlight the practical handling of the installation during the production of smart concrete
structures. So, the novel sensor offers an increased efficiency, corrosion resistance and smaller
defect of the concrete structure in comparison with sensor systems available on the market.
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