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Abstract 
A carbon fiber textile reinforced concrete (TRC) is a preferred construction material for 
intelligent thin-walled concrete structures. The concept is based on dual use of glass/carbon 
fiber textiles as reinforcement for structural concrete elements and, at the same time, as a 
sensory agent. By detecting the changes to the integrative electrical resistance of the carbon 
roving, the ability of the reinforcing textile to sense the structural health can be achieved. In 
this study, we aim to investigate the capability of the carbon roving to distinguish between 
the structural response at the healthy state and at the damaged state. Specifically, we aim to 
experimentally explore the correlation between the electrical readings of the carbon rovings 
within the TRC beam before and after damage takes place. Understanding this correlation is 
essential for the development of intelligent carbon fiber TRC structural elements with 
inherent SHM capabilities.  

 
1 INTRODUCTION 

Hybrid textile reinforced concrete (TRC) structures combine the advantages of high 
performance material and structural systems with those of integrated structural health 
monitoring system. The technology is based on a textile mesh made of continuous fiber 
rovings (glass and carbon), which are embedded within concrete structures, and serve two 
purposes simultaneously, reinforcement and monitoring. In this structural configuration, the 
textile reinforcement can easily follow a curved geometry of the structure, and due to the 
superior corrosion resistance of the reinforcement material, minimum concrete coverage is 
needed. TRC structures can be found in various applications such as pipes, tanks and shell 
like structures (Silva et al. [1], Shames et al. [2]). Such structures are inherently susceptible 
to internal or external damage such as cracks and material degradation and unless detected 
early, such damage would increase maintenance cost, disrupt operations and possibly lead to 
a catastrophic failure. 

It is essential to explore the damage sensing capabilities of TRC structures and to develop 
a reliable monitoring routine for early detection and rectification of structural damage. 
Opposite to reinforced concrete structural elements with steel rebars, which are allowed to be 
cracked during their service life, in the case of TRC elements, due to the mechanism of the 
bonding between the concrete and the filaments within the roving, macroscopic crack 
degrades the reinforcement roving and considerably reduces its loading capacity. The 
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filaments of the roving that are located along the interface with the concrete (called the sleeve 
filaments, Bartos [3]) break due to the macroscopic cracking and only a reduced number of 
filaments that are located at the core of the roving can further carry on the loading (see for 
example, Bentur et al. [4], Yardimci et al. [5]). Therefore, macro-cracks can significantly 
reduce the loading capacity of the structure.  

A range of research works reported on the implementation of sensory devices in the textile 
grid such as optic fibers (e.g. Krebber et al. [6], Montanini et al. [7]). These methods are 
usually based on implementing the sensing system in a structural element, which require 
physical accommodation in the load-bearing element. The potential degradation of the 
effective properties of the host element, and the clear distinction between the structural 
system and the sensory one (which is not a part of the load bearing system) are drawbacks of 
this approach. Also, stemming from the concept of joining two separate systems together, the 
interface between the structural and the sensory systems and the corresponding ability to 
maintain a coordinated action of the two are potential weak aspects. Finally, the sensory 
system itself is commonly expensive and its implementation is costly, time-consuming, and it 
requires specially trained personnel. 

Using carbon fiber textiles as reinforcement for a TRC element and utilizing the electro-
structural characteristics of the carbon rovings as a basis for its sensory feature offers a 
preferred alternative that overcomes some of the above drawbacks. The sensory TRC element 
is based on using the same array of continuous carbon rovings for the reinforcement required 
for the load resisting system and, at the same time, using them as the component providing 
the structure with the self-sensory feature. For the case of glass/carbon textile configuration, 
some carbon rovings replace glass fiber rovings and they are embedded in a glass textile grid 
as an inherent part of the textile production process, Ref. [8, 9]. The implementation of the 
sensory textile in the concrete element is a straightforward act and it is no different than using 
standard textile reinforcement. The self-sensing capacity is gained by means of the 
correlation between the structural and the electrical responses of the continuous carbon fibers 
while the cost and labor inputs needed for converting the component into a sensory one are 
almost eliminated. 

Studies on the use of the electrical conductivity features of carbon fibers for sensing 
purposes can be found in the literature. There is a clear distinction between its capabilities at 
the healthy state (strain sensing) and at the damaged state (damage sensing). At the healthy 
state the response can be reversible and it is generally monitored within the linear elastic 
regime of the structure. While at the damaged state, the mechanism of the electrical response 
is inherently different. The current study assumes that damage leads to an irreversible change 
in the resistance and the irreversibility can be correlated to the structural health and depends 
on the severity of the damage. The more sever the damage is, the more is the irreversible 
component of the resistance change. The goal of this study is therefore to correlate between 
the electrical response and the structural health. 

The effect of strain on the resistivity is known as piezoresistivity. Several studies 
investigated the piezoresistivity effect of continuous carbon fiber embedded in cement 
matrix. Wen and Chung [10] and Wen et al. [11] investigated the correlation of the changes 
to the electrical resistance with the straining of continuous carbon fiber embedded in cement 
paste. In their layout, the tensile strain was equally distributed along the fiber. Their main 
observations, on the component level, imply that the electrical resistance increases upon 
tension in the fiber’s direction and that the resistance increase is mostly reversible. Goldfeld 
et al. [8, 9] investigated the piezoresistive effect of hybrid glass/carbon TRC beam elements 
under monotonic loading and under cyclic loading, respectively. These two studies moved 



3 
 

from the fundamental single roving or bundle of fibers scale to the integrative TRC structural 
element scale. It was reported that along the linear-elastic regime, the integrative electrical 
resistance can be correlated to the distributed strain, and since the resistance is mostly 
reversible, a gauge factor can be defined, Conor and Owston [12]. Slight irreversibility was 
attributed to inner irreversible micromechanical processes, such as degradation of the fiber-
concrete bond strength and breakage of fibers (Banholzer and Brameshuber [13]; Banholzer 
et al. [14]; Bentur et al. [4]; Yardimci et al. [5]). 

Sensing damage (after cracking), which differs from sensing strain at the healthy state, is 
essential in the case of thin walled TRC structures. Studies on sensing damage with 
continuous carbon rovings embedded in a concrete element were only focused on the 
correlation between internal microstructural phenomena such as the degradation of the 
interface between the fiber and the concrete matrix and the measured resistance, see Refs. [9-
11]. These microstructural phenomena characterize the linear-elastic regime of the response, 
which is considered as the healthy state of the structure and therefore is attributed to the 
strain sensing capabilities of the carbon rovings. Sensing damage, which extends beyond the 
aforementioned strain sensing concepts is the most crucial monitoring capabilities of thin 
walled TRC structure, 

The goal of the current study is to investigate the correlation between the structural and 
the electrical response of TRC elements. Damage will be defined as a macroscopic crack 
within the concrete and it will be distinguished from internal microstructural process. 
Understanding the correlation in the damaged regime is essential for the development of 
intelligent carbon based TRC structural elements with inherent SHM capabilities. 

2 EXPERIMENTAL INVESTIGATION 

In order to explore the sensing capabilities of the carbon rovings to identify macro-crack, 
we performed a cyclic loading test at the healthy state and the after damaged occurred. The 
identification capabilities achieved by comparing between the characteristic electrical 
response of carbon rovings before and after damage.  

2.1 Carbon based sensory textile 

The sensory textile is based on rovings made of glass and rovings made of carbon. The 
glass rovings are the main reinforcement platform. The carbon rovings are also part of the 
main reinforcement and they are used as the sensory agent. The material properties of the 
glass and the carbon rovings are given in Table 1. 

The reinforcing textile is a warp knitted grid structure with a mesh size of 7-8 mm (see 
Refs. [8, 9] for more details). The carbon rovings have been inserted in the warp knitting 
process as warp yarns by replacing some of the glass rovings. In the weft direction, only glass 
fiber rovings are used. This configuration, which limits the sensing capability to a 
unidirectional one, avoids potential electrical linking between one longitudinal carbon roving 
and the other. The production of the glass/carbon textile uses a conventional process that 
does not involve any modifications in terms of tribology or tension control of the rovings. 

The electrical integration of the carbon fiber rovings into the data acquisition (DAQ) 
system uses a casted connector that is made of conductive epoxy. The connectors are casted 
at the ends of each carbon roving and they are mechanically stabilized using a rapid thermal 
curing process. This allows a stable and repeatable integration of the carbon rovings into the 
electrical circuits. 
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 Glass roving Carbon roving 
Specific mass density [kg/m3] 2,680 1,800 
Modulus of elasticity [GPa] 72 240 
Filament Tensile strength [MPa] 1,700(elongation 2.4%) 4,000(elongation 1.7%) 
Filament diameter 19 µm 7m. 
Filament count  50,000 
Electrical resistance [/m] Infinity 13 

Table 1: material properties of the glass and the carbon rovings 

2.2 TRC Beam samples 

Two beam samples reinforced with the glass/carbon textile have been designed and casted. 
The specimens are 280 mm long, 70 mm wide, and 24 mm thick and they were reinforced 
with two layers of the sensory textile located 4 mm from the upper and lower faces of the 
element. Each textile layer includes 6 longitudinal (0o) glass rovings and two longitudinal 
carbon rovings. The transverse (90o) rovings are all made of glass fibers. The layout of the 
beam and its cross sectional properties are given in Figure 1. 

The beams were casted using a commercial grout mixture (Sika Grout 214). The mixture 
was prepared in accordance with the manufacturer instructions with a water per dry material 
ratio of 1/8 was used. The measured tensile strength and the compression strength were 
determined at 28 days according to EN 196-1:2005: ft=11.71±0.49 MPa and fc=66.9±2.77 
MPa. 

2.3 Sensing concepts 

The assumption is that the measured electrical change of the carbon rovings has the 
capabilities to sense damage in the form of macro-cracks. In a four point bending scheme, 
used in the current study, the bending moment diagram is not constant and thus the stress 
and, mainly, the damage are not uniformly distributed along the roving. While, the measured 
resistance is integrally attributed to the entire roving monitored from one end to another. 
Thus, the measured quantities are considered as integrative indexes. This means that only an 
integrative value of the resistance, Rx, and resistance change, R, can be evaluated. The 
integrative resistance of the roving is given in an integral form: 

 L

x 0
R = r x dx  (1) 

where r(x) designates the resistance per unit length depending on the strain and damage 
distribution, and on the temperature change, and L is the length of the beam. Consequently, 
the resistance change R due to damage can be defined by:  
 

 
       

0

0,

measured damage Temprature
x x x

L L

x0 0

R = R R R

r f x damage x dx R r T dx
  

      

(2) 

where (x) designates the distribution of the strain. In the case of a healthy state it depends 
exclusively on the loading scheme and the moment distribution. At the damaged state, it is 
also influenced by the severity and location of the damage along the structure damage(x). 
r(f((x), damage(x)) is the resistance along the roving which is both strain and damage 
dependent, and r(T) is the distributed resistance due to temperature change. It is assumed 
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that there is no coupling between temperature and structural effects. Therefore, linear 
temperature compensation will be performed in order to eliminate the temperature effect and 
to investigate the correlation between resistance change and structural response, further 

details are given in Ref [9]. 0xR is the initial measured resistance.  

Taking advantage of the continuous configuration of the carbon roving within each 
structural segment, the electrical setup uses a Wheatstone bridge scheme, Ref. [8, 9]. 
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Figure 1: Schematic drawing, cross section, geometrical parameters, loading, the test specimen 
and the testing rig. 

2.4 Loading and external monitoring 

The mechanical testing of the beam was conducted in a displacement control mode. The 
beam was tested in a four point bending scheme with distance between the outer support pegs 
210 mm and distance between the inner load pegs 70 mm, see Figure 1. In order to examine 
the ability of the sensory carbon rovings to monitor damage, the first five loading cycles were 
conducted in a healthy state (see further discussion in Goldfeld et al. [9]). Then, an additional 
loading cycle was conducted up to cracking, which was indicated by a drop in the measured 
load. Finally, four additional loading cycles were conducted at lower load levels. All loading 
cycles were conducted under a uniform loading, unloading, and re-loading rate of 0.1 
mm/min.  

The test setup also includes monitoring the load, the crosshead movement, and the vertical 
displacement at the middle of the beam. The load versus prescribed displacement curves are 
shown in Figure 2. The loading pattern includes 10 loading cycles. The first three five 
loading cycles refer to load levels that are about 68% and 80% of the cracking load which is 
determined in load cycle 6. Then, four additional loading cycles were applied at the damaged 
state. Two (loading cycles 7-8) at load level of 68% of the cracking load and two (loading 
cycles 9-10) at load level of 80% of the cracking load. 
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Figure 2: Load versus displacement (along ten loading cycles). 

3 RESULTS AND SISCUSSION 

The sensing capabilities and the associated damage sensing approach focus on the 
piezoresistive effects due to mechanical loading before and after damage. The changes to the 
electrical resistance of the carbon rovings and the load level during all ten loading cycles are 
plotted versus time in Figure 3. The results were temperature compensated according to the 
procedure reported in Ref. [9]. It is performed by measuring the resistance by a roving 
embedded in a reference TRC beam that is identical to the examined beam but it is not 
subjected to mechanical load. The loaded beam and the reference beam were connected to the 
same DAQ system, and the voltage change in the reference beam was simultaneously 
measured along the entire process. The resistance change in the reference beam is solely 
attributed to the temperature effect and it is subtracted from the response of the beam 
subjected to the mechanical loading.   

The averaged initial resistance values 0
xR  for each load cycle are given in Table 2. It is 

taken as the average measured resentence along the unloaded phase before each loading 
cycle. Note that the actual resistance along the roving is the reference resistance, which is 
approximately equal to 3.1 plus the resistance given in the table. 

The curves and the results outlined in Figure 3 and Table 2 highlight several observations 
regarding the sensing capabilities of the carbon rovings: 
(1) It reveals a clear correlation between the electrical readings of the rovings (Figure 3) and 
the structural response of the beam (Figure 2). The sensory system is repeatable and 
characterized by a generally constant quality of the readings along all ten loading cycles. 
Even after the formation of the macroscopic crack, the electrical readings of the rovings still 
reflect a sound sensory capability. 
(2) It reveals that the electrical response of the tensed and of the compressed rovings are 
generally repeatable along the entire loading process. It is observed that the readings of the 
two independent rovings located at the same height are very similar.  
(3) It implies that along all loading cycles the correlation is relatively linear. In terms of its 
mathematical representation, only a shift of the reference values and a linear scaling are 
needed. 
(4) It reveals that the electrical resistance increases also when the rovings are compressed. 
This issue has been discussed in Ref. [9] for the healthy state (state I). The reason for the 
increase in resistance, and, as a result, to the negative correlation, is attributed to changes to 
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the specific resistivity, , at the roving level rather than to dimensional changes.  
(5) An interesting observation is related to the resistance change at the moment when the 
crack is formed. The structural response is characterized by a drop of the measured load. The 
electrical response is characterized by a rapid reduction with several oscillations of the 
resistance. It is observed at the tensed rovings and at the compressed rovings, see Figure 3.  
  

 
Resistance of healthy state (I) cracking cracked state (III) 
roving no. Second 

load 
cycle 

Third 
load 
cycle 

Fourth 
load 
cycle 

Fifth 
load 
cycle 

sixth 
load 
cycle 

Seventh 
load 
cycle 

Eighth 
load 
cycle 

Ninth 
load 
cycle 

Tenth  
load 
cycle 

1 (tensed)  1.007 1.069 1.294 1.313 1.448 2.557 2.315 2.422 2.124 
2 (tensed) 0.923 0.982 1.239 1.462 1.636 3.040 2.658 2.663 2.426 
3 (compressed)  0.760 0.872 0.995 1.066 1.210 1.871 1.728 1.867 1.576 
4 (compressed)  1.215 1.505 1.612 1.712 1.786 2.428 2.353 2.497 2.217 

 
Table 2: Initial resistance change measured at the beginning of each load cycle [m]. 

 
The above observations clearly demonstrate the sensing capabilities of the carbon roving 

at the healthy state of the beam as well as at the damaged state of the beam. Comparison 
between the electrical response of the carbon rovings before and after damage revels to the 
following observations: 
(1) In the damaged state the measured resistance is relatively high compare to the healthy 
state. After the sixth loading cycle, when the macroscopic damage has been accumulated, the 
measured resistance increases significantly. Compare to other loading cycles, this increase is 
irreversible. It is mainly visible at the unloaded state at the beginning of each load cycle, see 
Table 2. Moreover, when correlating the electrical response to the structural response, good 
agreement is achieved. Both the structural and the electrical response are irreversible after the 
accumulation of the macro-crack.  
(2) At the healthy state a slight irreversible, in the form of resistance increase, is observed at 
the un-loaded phase at the beginning of each load cycle. It is influenced by the accumulation 
of internal microstructural cracks, which characterizes the structural response of TRC 
elements. At the damaged state, on the other hand, the electrical response is consistent and 
repeatable along the loading cycles. At the healthy state, the irreversible electrical response is 
correlated to the slight hysteretic behavior of the mechanical response, which was attributed 
to internal mechanical phenomena during loading. At the cracked state, the mechanical 
response is governed by the presence of the macroscopic crack and no hysteresis or load 
relaxation are recorded (see Figure 2), which is ultimately reflected by the electrical 
response. 
(3) The electrical resistance change due to loading is more pronounced at the healthy state 
compare to the damaged state. At the cracked state the correlation between the pattern of the 
structural response and the electrical measure is still valid, but the relative change of the 
resistance is lower compared to the healthy state.  

The above observations support the hypothesis of the current study that carbon rovings 
can sense structural damage and even more than that can distinguish between reversible and 
irreversible structural phenomena. 

 



8 
 

0 2000 4000 6000 8000 10000

0

1

2

3

4

5

6

0 2000 4000 6000 8000 10000

0

1

2

3

4

5

6




R
 [m

]



R

 [m
]

Load 

Time [sec]

Time [sec]

Load 

(a) Tensed rovings (lower face)

(b) Compressed rovings (upper face)

Roving no. 4

Roving
no. 3

Roving no. 2

Roving
no. 1

Load [kN
]

0

0.25

0.5

0.75

1

1.25

1.5

Loa
d [kN

]

0

0.25

0.5

0.75

1

1.25

1.5

III. cracked stateI. healthy state

III. cracked stateI. healthy state

II. cracking

II. cracking

 
 

Figure 3: Resistance change (after temperature compensation) of the sensory carbon rovings 
.=3.10beam vs. time. Initial resistance R of the loaded 

 

4 SUMMARY AND CONCLUSIONS 

This study has looked into the structural health monitoring capabilities of the sensory 
carbon based TRC structural element before and after damage. The hybrid reinforcing textile 
provides electro-mechanical sensing with the ability to sense external macroscopic damage. 
Furthermore, the sensory textile can make a distinction between internal microstructural 
phenomena to external macroscopic structural ones. It was found that at the linear-elastic 
regime, the slight mechanically leads to a slight electronically irrecoverable response. At the 
damaged state, on the other hand, the electrical response is repeatable and stable. In the 
damaged state the structural response is controlled by the severity of the macroscopic crack 
and the structural and electrical responses are more stable and repeatable. However, the 
relative change of the resistance during the loading cycles at the damaged state is lower by an 
order of magnitude than at the healthy state due to significant reduction in the 's cross-section 
that enable to pass electrical current. This feature can be used as a quantitative damage 
identification parameter. 
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