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ABSTRACT  

The study aims to investigate the ability of smart self-sensory carbon roving to detect damaged zones in 
TRC structures. State of the art monitoring procedures are based on integrative measurements and 
accordingly are limited in detecting only the occurrence of damage. This study aims to handle this 
limitation and offers to adopt the Time Domain Reflectometer (TDR) technique. The TDR concept is widely 
used in Bayonet Nut Coupling (BNC) cables to identify defects along the cable (opens, shorts, etc.). The 
current study adopts its principle to carbon rovings. To simulate the BNC cable configuration, the study 
offers to connect two parallel carbon rovings to the TDR Data Acquisition (DAQ) system. The proposed 
monitoring technique is investigated by loading two textile reinforced MPC beams under uniaxial tensile 
loading. Results show the potential of the suggested technique to locate damage zones in TRC structures 
and highlights its limitation.  
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INTRODUCTION 

Intelligent concrete structures with self-sensory 
capabilities are increasingly relevant in today’s-built 
environment. The technology of carbon-based textile 
reinforced concrete (TRC) is a potential candidate 
for the development of such intelligent structures. 
Textile reinforcement technology is based on a 
biaxial textile mesh of alkali-resistant glass (AR-
glass), carbon or basalt rovings with a high tensile 
strength and high resistance to corrosion. It allows to 
construct thin-walled, light and durable concrete 
elements [2,10,14]. Since the carbon rovings are 
electrically conductive, they can be used both as the 
main reinforcement system and as the sensory 
agent [1,4,5,13,16,17]. The potential of using carbon 
rovings as an integrated sensory agent has been 
presented in the literature for various sensory 
purposes such as: detecting cracking [7], estimating 
strain [7,13,16,17], monitoring the mechanical 
loading [1,4,5], identifying infiltration of water 
through cracked zones [6,12], etc. The commonly 
used approaches for the electrical measurement are 
based on direct current (DC) electrical circuits by 
two-probes monitoring setup [13], four-probes 
monitoring setup [16], Wheatstone bridge 
configurations [7,17], or by alternating current (AC) 
electrical circuits [4,5]. These studies proved the 
feasibility of the smart sensory concept and focused 
on the correlation between measured changes in the 

electrical resistance (ERC), the electrical inductance 
or the electrical impedance of the carbon roving and 
the structural response. All the above-mentioned 
monitoring systems yield integrative measurements 
quantities that cannot localize damage along the 
structure. This study aims to detect the damaged 
zones by adopting the principles of the Time Domain 
Reflectometer (TDR) technique to smart carbon 
based TRC structures.  

The principle of TDR is traditionally used in Bayonet 
Nut Coupling (BNC) cables to identify defects along 
the cable. The electrical configuration of BNC cables 
consists of a copper wire and an insulation barrier. 
The latter is placed at a constant distance from the 
copper wire, and the resistance per unit length is 
constant and equals to 50 Ohms. This study offers 
to adopt the idea of the BNC configuration by using 
embedded continuous carbon rovings to locate 
damage along TRC elements. Damage in this study 
defines as cracks. Two parallel carbon rovings are 
connected to a designated data acquisition (DAQ) 
system, one roving functions as the signal and the 
other as the insulation. 

The carbon rovings have a unique micro-structure, 
which is divided into two zones: the inner (core) 
filaments and external (sleeve) filaments [8,11,15]. 
The sleeve filaments break due to cracking, which 
yields changes in the electrical current density 
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distribution along the roving. This phenomenon 
results in an increase of the impedance. In addition, 
the impedance is not a constant value along the 
carbon roving and depends on the length of the 
roving. These properties may limit a direct 
implementation of the BNC concept which will be 
reflected by the monitoring capabilities. 

To isolate the influence of the electrical properties of 
the cement body, the study uses magnesium 
phosphate cement (MPC) matrix. MPC is a 
production of acid-based solution, dead burnt 
magnesia, potassium-based phosphate and 
ammonium-based phosphate [4]. MPC matrix is 
characterized by a relatively high impedance value 
compared to conventional cement-based matrix [4]. 
As a result, it is a better choice to reduce external 
environmental emissions. 

To demonstrate the proposed sensory concept, the 
study experimentally investigates two textile 
reinforced MPC elements under uniaxial tensile 
loading tests and presents the potentials of the 
proposed monitoring system. 

MATERIALS AND METHOD 

This study uses a generic production process of 
textile reinforced cement elements [4-7,12,17]. The 
mechanical and electrical properties of the textile 
and the production process of the textile reinforced 
MPC specimens are discussed in this section. 

Carbon-based textile  

Following [4-7,12,17], the current study uses a 
generic textile mesh. The textile consists of six 
carbon rovings in the longitudinal direction (0°) and 
AR-glass rovings in the transverse direction (90°). 
The textile has a warp-knitted grid structure with a 
mesh size of 7-8 mm. The stitch type is pillar. The 
mechanical and electrical properties of the carbon 
and the AR-glass rovings are given in Table 1. 

Table 1. Material properties of the AR-glass and the carbon 
rovings [5]. 

 
AR-Glass 

roving 
Carbon 
roving 

Specific mass density [kg/m3] 2,680 1,810 
Modulus of elasticity [GPa] 72 270 

Filament Tensile strength [MPa] 1,700 5,000 
Filament diameter 19 m 7 m 

Linear Density [tex] 2,400 1,600 
Electrical resistance [/m] Infinity 13 

MPC matrix with additive short aramid 
fibers 

The study uses a commercial matrix of mono-
potassium phosphate acid produced by ICL Group 
Ltd. Its commercial name is Phosment. In addition, 
to improve the ductility of the matrix short aramid 
fibers (AF) were added to the mixture. The volume 
fraction of the fibers is determined as 0.5%. The 
study uses a commercial AF named Technora CF32 
produced by Teijin Frontier company Ltd. The short 
AF are 3mm length12 filaments: 12 m diameter, the 
tenacity - 2.3-2.5 N/tex, mass density - 1.39 g/cm3, 
tensile strength - 3.2-3.5 GPa, modulus of elasticity - 
65-85 GPa, elongation break - 3.9-4.5%. The MPC 
matrix was prepared with a ratio of 1:4 water to dry 
material. 

The tensile and flexural strengths of the matrix (MPC 
+0.5% short AF) specimens were determined at 14 
days according to EN 196-1:2005 [3]. The tensile 
and compression strengths are 6.611 ± 0.434 MPa 
and 61.929 ± 6.172 MPa, respectively. 

Carbon-based textile reinforced MPC 
beams 

Two beams are investigated. In each beam, a single 
textile layer is placed. The geometrical properties of 
both beams are 500 mm long, 50 mm wide and 8 
mm thick. The textile layer is placed in the middle of 
the cross-section of the beams. The beams are cast 
in a special mold that enables to slightly 
pretensioned the textile upon casting, see Fig. 1. 

Loading setup 

The beams are loaded under a uniaxial tensile 
loading with a displacement control rate 0.5 mm/min 
by Instron model 5966. In order to avoid local stress 
at the ends of the beams, aluminum panels were 
attached to the ends of the beams, see also [8]. A 
special uniaxial device was used (Instron screw side 
action tensile grips model 1710-116) the widths of 
the supports are 50 mm and they were positioned 20 
mm from the beams’ edges. Along the loading 
process, the applies load, the displacement, the 
impedance spectrum and the crack propagation 
using the digital image correlation (DIC) technique 
are measured (LaVision DaVis 10). The loading 
scheme is shown in Fig. 2.
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Figure 1. Casting mold for two beams. 

 

Figure 2. Experimental layout: (a) Uniaxial tensile loading beam; (b) Typical cross-section. 

 

SENSING CONCEPT 

The study argues that by using TDR analysis, the 
location of damaged zones along textile reinforced 
MPC structures can be identified. The idea is based 
on sending energy pulses by an electrical current 
into a BNC cable. When the energy pulse 
encounters a damage, a portion of it is reflected. 
The reflection time is translated into the position of 
the damage. Opposed to BNC cables whose 
resistance per length is constant, the resistance of a 
carbon roving changes along the roving and 
depends on the structural health. 

The study uses a Fieldfox Handheld Analyzer 
N9918B with a frequency range of 200kHz-500Mhz 
with 1600 reading points. Since the resistance of the 
carbon roving increases with the roving’s length, a 
calibration process determines the location of the 
damage. The calibration is performed by a magnetic 

field on a selected known zone along the element. 
The obtained calibrations are as follow: 

𝐵𝑒𝑎𝑚 𝐴: 𝐶𝑟𝑎𝑐𝑘 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 [𝑚𝑚] = 0.2231 ∙ 𝑇𝐷𝑅𝑖𝑛𝑑𝑒𝑥 - 56.66  (1) 

𝐵𝑒am 𝐵: 𝐶𝑟𝑎𝑐𝑘 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 [𝑚𝑚] = 0.2583 ∙ 𝑇𝐷𝑅𝑖𝑛𝑑𝑒𝑥 - 45.665  (2) 

The sensory process is performed by the following 
main three steps:  

First, the measured values are determined by the 
following processes: 

 The impedance spectrums from the TDR were 
measured every 1 Hz. 

 The difference between every two consecutive 
impedance spectrums was calculated, they 
referred as impedance spectrum change (ISC). 

 For each ISC, the peak to peak (PTP) value was 
calculated. 
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Second, the threshold values are estimated by the 
following process: 

 The first 200 ISC were evaluated at an unloaded 
position and aim to estimate the noise level. The 
noise level evaluated by the maximum PTP of the 
readings (for each ISC). In our case the noise 
level for beam A and beam B are 0.016  and 
0.011 , respectively. 

 After the loading started, each PTP value higher 
than 30% of the noise level, is eligible for 
furtherinvestigation and considered as potential 
damage events.  

Third, the identification of damage events is 
performed by: 

 At the potential events the maximum PTP 
was investigated. Since the formation of cracks 
yields an integrative increase of the ISC [4,5], it is 
assumed that the occurrence of damage events 
should yield a local maximum in the ISC. In such a 
case, the index of the maximum PTP determines the 
damaged zone by the calibration presented in Eqs. 
[1] and [2]. 

RESULTS AND DISCUSSION 

Results of the experimental investigation are given 
in Figs. 3-6. The impedance response spectrum is 
measured in a frequency range of 200kHz-500MHz, 
with 1600 points, in a rate of 1 Hz. Fig, 3a and Fig. 
5a present the load-deflection curve, the dashed 
vertical lines represent the formation of cracks. 
Cracks are considered as damage and their 
formation are called event #. Fig, 3b and Fig. 5b 
present the propagation of the cracks (measured by 
the DIC technique) versus the vertical deflection of 
beams A and B, respectively. Fig, 3c and Fig. 5c 
present the peak-to-peak values of the ISC for 
beams A and B, respectively. Therefore, the figures 
present the first and second main steps of the 
identification procedure. Fig. 4 and Fig. 6 represent 
a comparison between the identified position of 
damage by using the TDR analysis (the third step) 
and the actual position by using the DIC technique 
for beams A and B, respectively. 

From the structural point of view, Fig. 3a and Fig. 
5a, it is seen that both beams have similar structural 
responses. Beam A and beam B have four and three 
events, respectively. Each event represents a 
formation of a micro crack. The objective of the 
monitoring system is to identify these events. 

From Fig 3c and Fig. 5c, it is seen that in both 
beams all the damage events are successfully 
identified. It is seen that in case of beam A, along 

with the actual events an additional event was 
identified, marked in a red circle in the Fig. 3c. 

According to the third step for each potential event 
the PTP profile and its peak was investigated. The 
position of the damaged zone is calculated by the 
obtained index and transformed to physical location 
by the calibration formulas. From Fig. 4a and 6a it is 
observed that in both beams the first damage zone 
is successfully identified. Yet, the locations of the 
next damaged zones were failed to be detected. 
These results are associated to the degradation of 
energy pulse along the carbon roving due to two 
main reasons: first, loss of the energy pulse after an 
encounter of the previous damage. In our case, a 
portion of the energy pulse as the first damage 
occurred; second, since in carbon rovings, the 
impedance changes along the roving, the ability to 
distinguish and locate damage zones that are 
located relatively far from the energy source 
reduces. 

These observations demonstrate the potential of 
using TDR analysis to locate damaged zones in 
reinforced MPC structures. Yet, advanced 
investigation is needed to yield a robust monitoring 
system. 

CONCLUSIONS 

The paper presented a preliminary demonstration of 
using TDR technique to locate cracked zones in 
TRC structures. The goal was to explore the ability 
of the technique to identify the damaged zones in 
TRC beams. Two specimens were loaded under 
uniaxial tensile loading and were monitored along 
the loading process. It was demonstrated that TDR 
technique can successfully identify the occurrence of 
all damage events. The first damaged zones were 
also successfully identified, while the exact location 
of the next damaged zones could not be identified. 
The reasons are associated to the loose of energy 
signal and the distance from the energy source. 
Despite of that, this investigation demonstrated the 
potential of using of TDR analysis for structural 
health monitoring applications. These preliminary 
results open the way for the development of 
advanced investigations that will further bring the 
concept of selfsensory carbon roving into realization.  
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Figure 3. Mechanical and TDR analysis of Beam A: (a) Load- defection curve; (b) PTP of ISC; (c) Cracks’ propagation. 

 
Figure 4. Position of damage comparison between the proposed method and the actual damage by DIC results for Beam A: (a) Event 
#1; (b) Event #2; (c) Event #3; (d) Event #4. 

58



 
Fibres and Textiles 30(1), 2023, 54-60  

 

 

 
Figure 5. Mechanical and TDR analysis of Beam B: (a) Load- defection curve (b) PTP of ISC; (c) Cracks’ propagation. 

 
Figure 6. Position of damage comparison between the proposed method and the actual damage by DIC results for Beam B: (a) Event 
#1; (b) Event #2; (c) Event #3. 
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