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ARTICLE INFO ABSTRACT

Keywords: Installation of concrete pavement at the curb travel lane at the bus stop is a common way to
Carbon fiber-reinforced concrete improve the resistance of bus pads to environmental and petroleum deterioration in Canada. The
Bus pad

Satisfactory condition of concrete pavements remains a key consideration in the development of
infrastructure, especially in countries with an aggressive environment. Innovative materials that
could remarkably increase the service life of infrastructure are being researched and developed
over decades. This paper aggregates the real-time comparison between the performance of a
carbon fiber-reinforced concrete (CFRC) bus pad and a normal concrete bus pad. A series of
wireless sensors such as temperature and humidity sensors, thermocouples and strain gauges were
embedded in both pavements during the construction. Additionally, a series of six piezoelectric
patches were embedded in the concrete in each bus pad. Visual monitoring exhibited that the
carbon fiber-reinforced bus-pad remained cracked free while exhibiting some balling of carbon
fibers on the surface of pavement whereas the normal concrete bus pads exhibited several hairline
cracks in the first 10 days of construction. Along with the visual monitoring using a thermal
imaging camera (FLIR), data was acquired regularly from both bus-pads at regular intervals. After
28 days of construction, Non-destructive tests (NDT) including Schmidt Hammer (SH), Electrical
Resistivity (ER) and Ultrasonic Pulse Velocity (UPV) were conducted on both the bus pads. When
compared to normal concrete bus pads, which have electrical resistivities of roughly 30 kQ-cm,
CFRC bus pads showed extremely low electrical resistivity. Schmidt hammer and UPV both
revealed degradation in the normal concrete bus pad in comparison to the CFRC bus pad. Several
clusters of very low UPV values were observed in the location of bus pad cracks. The lesser values
in the CFRC bus pad are indicative of the scatter in the wave energy due to the presence of carbon
fibers.

Destructive testing
Sensor-embedded pavement
Non-destructive testing

1. Introduction

Infrastructure deterioration is an inevitable process, and aggressive environmental conditions in the entire North American sub-
continent proliferate the intensity of degradation. In a 2019 Canadian Infrastructure Report Card developed by the Federal of Canadian
Municipalities (FCM), it has been established that long-term investments are urgently required to address the critical infrastructure
needs of Canada. Nearly 40 % of roads and bridges are rated as fair, poor, or very poor, and nearly 80 % are over 20 years old [1].

More than 15 million Canadians use public transit such as buses to get to work [2] and an estimate of 142.7 million passenger trips
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were recorded in November 2015. Public transit roads are generally developed using asphalt, which is often the most suitable material.
Bus stops are subjected to sudden braking and acceleration of buses and asphalt pavement tends to develop waves or ripples (distortion
of asphalt) under the weight of the bus (axle loads). As a result, cracks are formed in the asphalt that very often enlarge into potholes.
This is usually obviated by constructing bus pads made of concrete to safely accommodate the weight of buses. Concrete Bus Pads
(CBP), commonly found at bus stops are the most durable portion of the road surface.

However, concrete’s vulnerability and constant exposure to aggressive environments in Canada causes CBPs to deteriorate faster
than stated, aggrandizing repair costs [3]. It has been reported that crack width movements are generally larger at the top surface of
concrete pavement, and crack width movements vary across the depth due to varying temperatures. Further, it was also suggested that
crack width movements increase with a decrease in longitudinal steel ratio [4]. In another study [5], it was found that the geometry of
the concrete slab significantly influences the potential for longitudinal cracking, especially when the traffic is composed of more
tandem and tridem axles. It has been reported that temperature during the construction and curing of concrete slabs greatly influences
the cracking [6]. In general, deterioration in CBPs is related to higher tensile stresses than its tensile strength and is usually due to
concrete shrinkage, temperature changes in concrete, traffic loads, low humidity, wind, etc.

Fig. 1 shows the deterioration of the pavement with time. Phase A corresponds to the slow progression of deterioration of the
concrete pavement, restricted to the top surface. During this phase, deterioration remains a function of the quality of construction,
materials used, design mix, and the routine maintenance regime. This is followed by phase B, wherein deterioration is accelerated and
makes inroads across the depth of the concrete pavement. In phase C, the surface of the pavement is completely cracked and damage
continues to increase significantly. It should be noted that repair and rehabilitation can only be done until phase C. In phase D, the
pavement is significantly damaged. Although the pavement can still last for some more years, it requires replacement for safe transit
applications. With each passing phase, the cost of repairs and maintenance also rises exponentially.

The increased service life of the pavement implies that the condition of the pavement should remain in phase A for a longer
duration. This can only be done by successfully preventing the microcracks from developing in the concrete. The prime focus of this
study is to increase the service life of the bus pad by limiting the cracking during the initial phase and as a result, prolonging phase A of
the deterioration curve.

In the last two decades, different kinds of fibers (steel, polypropylene, glass, natural fibers, etc.) have been tested for improving
concrete composite’s mechanical behavior [8-13]. By the principle of adhesion and mechanical bond, e.g., the anchor effect of
interlocked fibers, fibers can improve the mechanical strength characteristics and post-crack toughness of the composite [10]. The
randomly oriented fibers have the ability to effectively prevent the extension and propagation of internal micro-cracks when they
emerge in concrete. This is known as the fiber bridging effect [14]. Metallic fibers such as steel fibers, etc. significantly improve the
mechanical behavior of concrete, but their vulnerability to corrosion, exposure to vehicles due to abrasion of pavement, etc. makes
them unsuitable for use [15].

Synthetic fibers obtained from petroleum products are chemically inert and have a much greater modulus than concrete [16].
Different types of synthetic fibers are being explored as construction materials such as Polypropylene (PP) [17-20], Poly Vinyl Alcohol
(PVA) [21-24], polyolefin (PO) [25-28], Carbon [29-32], Polythene (PE) [33,34], Polyester [35-39], Acrylic [40-42], Nylon [43-46]
and Aramid [47]. Of all the synthetic fibers, polypropylene fibers have been extensively researched and used in concrete. Utilizing
polypropylene fiber in fiber concrete technology is recommended to improve mixtures’ water resistance, frost resistance, impact
strength, and abrasion resistance, as well as to prevent mixture delamination [15]. However, due to their low modulus, they have a
moderate influence on the mechanical behavior of concrete. Recently, the potential of carbon fibers for various applications in con-
crete is being researched and explored. The primary study on carbon fiber concrete composites was conducted in 1973 [48], wherein
superior mechanical properties of PAN-based carbon fiber-reinforced concrete composites were reported. Owing to their high
modulus, it has been proposed that carbon fibers can significantly reduce plastic shrinkage cracking [29,49], improve thermal
resistance, weather ability, and chemical stability in aggressive environments [49]. Although various studies investigated the effect of
carbon fibers in concrete, most are limited to laboratory tests, and, to the best knowledge of the authors, there are only few studies that
have reported the field applications of carbon fibers especially in concrete bus pads. As a result, in order to gain further insight into the
development and field performance of CFRC pavements, a thorough evaluation of the behaviour of pavement is required. It is
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Fig. 1. Deterioration of pavement with time [7].
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noteworthy to mention that the cost of carbon fiber-reinforced concrete will be higher than conventional concrete mainly due to the
cost of the fibers. However, the longer service life, possible reduction in steel can justify part of the added cost. Life cycle assessment of
the developed material is being investigated by the authors and will be included in future publications.

In consideration of the time-consuming and costly conventional destructive tests, the use of non-destructive techniques (NDTs) has
emerged as one of the main methods of evaluating the post-construction structural performance of roads and pavements. There are
several NDT techniques that are currently being employed in the condition assessment field. These techniques include surface hardness
methods such as Schmidt hammer [50], resonant frequency tests (by vibration or by impact) [51], maturity methods [52], ultrasonic
pulse velocity methods [53], impact echo methods [54] and many more methods that are mainly employed to determine the quality
and integrity of concrete without affecting its functions [55]. A set of NDTs is usually operated on the whole pavement in the first
phase. After the data interpretation, locations with potential deficiencies will be identified and such points receive a more in-depth
study with potential material extraction. The approach used in this research was created to fill a gap in the literature by con-
ducting a number of non-destructive field tests and subsequently analyzing the data to gain a thorough knowledge of
carbon-fiber-reinforced pavements with the aim of designing a crack-free concrete bus pad. A set of sensors were used in both
pavements to monitor the temperature, humidity, and strain variations and a performance based comparison between the carbon
fiber-reinforced concrete bus pad and a normal concrete bus pad have been investigated.

2. Materials and methodology
2.1. Selection of carbon fibers

Three different fiber types with varying lengths, material characteristics, and sources were obtained during the early phase of this
investigation. Mitsubishi Chemicals supplied PAN-based and pitch-based carbon fibers, while Teijin Cooperation supplied another set
of PAN-based carbon fibers. Initially, limited quantities of fibers were obtained for testing lab-based mortar and concrete samples.
Teijin fibers with longer lengths performed better during the early testing of carbon fiber-based composites. Table 1 shows the physical
and chemical properties of the fibers used in the preliminary phase.

2.1.1. Initial testing of carbon fibers based composites

For the construction of the bus pad, initial testing of materials was conducted in the Facility for Innovative Materials and Infra-
structure Monitoring (FIMIM) at the University of Victoria with multiple objectives: 1) to select the most suitable carbon fibers; 2) to
select the most suitable length of carbon fibers; 3) to select the optimum dosage of carbon fibers. To achieve these objectives, 17 groups
of mortar mixtures including cement mortar with different fiber concentrations and lengths were considered, and 6 mix designs were
chosen for further investigation in the concrete phase [56]. The design mix for mortar and concrete samples was developed as per ACI
544-1 [57], with a target strength of 32 MPa. The involved properties include flowability, workability, tensile, compressive, and
flexural strength. To obtain reliable test data, a minimum of 3 specimens was used to calculate the average. Table 2 entails the details of
different types of carbon fiber-reinforced mortar and concrete samples cast, fiber concentrations, fiber length, and the corresponding
ASTM standards for the test.

Quikrete General Use (GU) cement conforming to CSA A300 standard [65] was used as the binder. The fineness modulus of fine and
coarse aggregates was 2.85 and 7.03 respectively. All samples were cured under ambient conditions and tested after 28 days of curing.

Fig. 2 shows the quadric polynomial fitted surface of compressive strength, tensile strength, flexural strength, and flexural energy
absorption of CFRMs. Abbreviations were denoted in such a way that the last number illustrates the length of the fiber. PAM, PIM, and
PAT denote samples with PAN-based Mitsubishi carbon fiber, Pitch-based Mitsubishi carbon fiber, and PAN-based Teijin fiber
respectively. Considering the maximum points of the surface, the optimized range for compressive, tensile, and flexural strength of
CFRMs was shown to be between 0.5% and 1% of fiber content. However, the optimum fiber dosage for energy absorption was
observed to be 2-3% of fiber content. The models also approve the positive effect of fiber length on the flexural behavior of samples.
Among the investigated CFRMs and CFRCs, samples with 0.5% and 1% fiber content are likely to be more effective because these
samples have the highest improvement in most of the investigated mechanical properties compared to normal concrete.

2.2. Selection of site

With the help of local authorities at Saanich municipality and BC Transit, a local survey of bus pads in the Saanich municipality was
done by the research team. Finally, a site at the University of Victoria bus exchange was identified that included a series of four bus
pads. Out of the four bus pads, permission to replace three of them was sought. The plan of the slabs, the construction details of the

Table 1
Physical and chemical properties of fibers.
Type Source Length Filament Diameter Specific Gravity Tensile Modulus Tensile Strength
(mm) (pm) (GPa) (GPa)
PAN-based carbon fiber Mitsubishi 6 6 1.8 234 4.8
Pitch-based carbon fiber Mitsubishi 6 11 2 186 2.34
PAN-based carbon fiber Teijin 6,12 & 18 7 1.9 227 4.89
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Table 2
Preliminary tests on carbon fiber-reinforced mortar (CFRM) and carbon fiber-reinforced concrete (CFRC).
Type of Composite ~ Sample Geometry ~ Sample Dimensions Fiber Concentration  Fiber length ~ Test Standard
(mm) % (Vol) (mm)
CFRM - - 05,1,2,3 6,12 Flowability ASTM C1437 [58]
Cubes 50 x 50 x 50 05,1,2,3 6,12 Compressive strength ASTM C109 [59]
Dog bones critical length = 25.4 x 25.4 0.5,1,2,3 6,12 Tensile strength ASTM C307 [60]
Beams 30 x 30 x 100 0.5,1,2,3 6,12 Center-point bending ASTM C293 [61]
CFRC - - 0.5,1,2 6,18 Slump flow ASTM C143 [62]
Cylinders 100 x 100 x 200 05,1,2 6,18 Compressive strength ASTM C39 [63]
Beams 100 x 100 x 400 05,1,2 6,18 Center-point bending ASTM C293 [61]
Circle panels 800 x 800 x 75 0.5,1,2 6,18 Round panel bending ~ ASTM C1550 [64]

pavement, and the Google map of the bus pads location are presented in Fig. 3. Abbreviations were denoted in such a way that bus pad
#1 is abbreviated to By.1, bus pad #2 is abbreviated to By.2s, and bus pad #3 is abbreviated to Bcr.s (letter N, S, CF applies to Normal
concrete, Sensor and Carbon Fiber). Fig. 4 shows the deteriorated bus pads selected for this study.

2.2.1. Image analysis on pre-existing bus pads

Before replacing the bus pads, the condition assessment of existing bus pads was conducted. Image analysis was performed using
ImageJ software to quantify the antecedent damage in the deteriorated bus pads. Fig. 5 shows the different images of the bus pads that
were analyzed to evaluate the total crack area, crack area fraction, maximum crack width, and average crack width for all bus pads
were calculated. Table 3 shows detailed results of image analysis of the pavements. It can be seen that bus pad #2 had the worst
condition in regard to the highest crack area and bus pad #1 was the worst pavement in regard to the highest average crack width.
Further, it should be noted that all the bus pads were in phase D of the ‘pavement condition curve’.

2.3. Site development

2.3.1. Excavation of the existing bus pads

In order to implement real bus pad construction practices available in Victoria, a local contractor was hired for undertaking all
stages of the project including excavation, sub-base compaction, reinforcement installation, concrete mixing, and pouring. Excavation
of deteriorated bus pads was done two days before the concrete pouring. According to BC Transit Infrastructure Design Guidelines
[66], the concrete bus pad thickness should be designed as follows: 225 mm for portland cement concrete, 150 mm for base coarse, and
300 mm for sub-base coarse. However, the constructed bus pad consisted of a 125-mm thick layer of concrete. Upon excavation, a thin
wire mesh was laid on the bed of the pad. Fig. 6 shows the excavated bus pad site.

2.3.2. Installation of sensors

The construction of the bus pads was scheduled two days after the excavation work was completed. This was done primarily for of
the installation of different types of sensors. After the excavation was complete, a complete survey of the excavated bus pad was
conducted and the actual depth at multiple points was noted (as shown in Fig. 7). Out of the three excavated bus pads, two of them (Byz
and Bcp) were selected for the embedment of sensors. The sensors were installed inside the bus pads with a dual objective: 1) to monitor
the deterioration of Byy and B, with time; 2) to monitor the behavior of the bus pads under different volumes of traffic. To achieve the
objectives, a series of wireless temperature and humidity sensors, thermocouples, strain gauges, and piezo patches were installed in the
bus pad. Furthermore, an on-site workstation was also developed on the curb wherein all the wires coming from both the bus pads were
laid. This was developed to be able to access data at the site while the bus pad was open to traffic. Fig. 7 shows the location of different
sensors inside the bus pad. The sensors used are given in the figure and described in the following sub-sections.

2.3.2.1. Temperature and relative humidity sensors. A series of BlueRock™ sensors for measuring temperature and relative humidity
were procured from Giatec Scientific. These sensors can map the temperature and humidity of in-place concrete from fresh to hardened
stages. Using the BlueRock™ mobile app, real-time variations in the concrete’s internal humidity can be studied. A total of 5 Blue-
Rock™ sensors were tied to the wire mesh at different locations (as shown in Fig. 8), inside By.os and Bgp.g as well. In addition to
BlueRock™ sensors, two thermocouples (Type WENK-01), with a diameter of 0.3 mm were also embedded inside each bus pad for
continuous monitoring. A NI-data logger was employed to acquire data from the thermocouples. Fig. 7 shows the details of the location
of the sensors.

2.3.2.2. Strain gauges. The bus pads were also instrumented with strain gages, deployed in rosettes at different locations. A set of
concrete materials using pre-wired strain gauges from Tokyo Sokki Kenkyujo Co. were acquired to monitor the displacement of the
slabs. The strain gauges had thin stainless steel backings to avoid the penetration of moisture from the reverse sides. The strain gauges
had moisture proofing over-coating and integral lead wire in addition to the stainless steel backing. These strain gauges are intended
for long-term measurement of concrete structures, consisting of a 10-mm-long gauge with 118 + 0.5 Q gauge resistance. Each strain
gauge was wired with a 3-m-long lead wire with a resistance of 0.32 /m. Each strain gauge was mounted on a #3 rebar with a length
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of 100 mm, and the rebar was loosely tied to the embedded wire mesh. The strain gauge had an error in recording thermal strains to the
order of 11 x 10~%/C. Preliminary frequent visits to the bus pad enabled researchers to find the expected locations of the wheel loads
and hence, three strain gauges were installed orthogonally (forming a rosette) at each designated location. This was done to obtain the
strains in all directions The detailed location of strain gauges is shown in Fig. 7. It should be noted that each thermocouple was
deployed close to the strain rosette to enable any required temperature correction. A National Instruments Data Acquisition system
(DAQ) was used to read the values of strain gauges. Fig. 8 Shows the details regarding the installation of strain gauges and BlueRock™
sensor.

2.3.2.3. Piezoelectric patches. A piezoelectric patch is a thin flexible commercially manufactured piezo ceramic transducer that works
on the principle of converting electrical signals to stress waves and vice-versa. When a high input voltage is applied to a piezoelectric
patch, it creates a mechanical strain that excites the host structure. A piezoelectric patch that generates stress waves within a host
structure is called an ‘actuator’, and the patch that receives these stress waves is called a ‘sensor’. Piezoelectric patches can be
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Table 3
Crack Analysis of existing bus pads.
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Code Crack Area Crack Area/Pavement Area Maximum Crack Width Average Crack Width
(mm?) (%) (mm) (mm)
Bno1 150246 2.33 253 35.53
Bn2s 301796 3.05 219 14.41
Bcrs 101203 1.12 65 17.70
Fig. 6. Excavated bus pad site.
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Fig. 7. The layout of bus pads and sensor location.

embedded in a concrete structure for early detection of damage by evaluating various phenomena occurring within the concrete.

In order to further quantify the behavior of bus pads subjected to aggressive environmental conditions in addition to the busloads,
monitoring of bus pads using piezoelectric patches was also implemented. Two sets of piezoelectric patches were embedded in an array
form in By.2s and Bgg.s, as shown in Fig. 9. An array of 6 piezoelectric patches were embedded in By.s with a spacing of 150 mm
between consecutive patches. At a gap of 300 mm from the last piezoelectric patch in By.os, another array of 6 piezoelectric patches
with the same spacing were embedded in B¢g.g. The piezoelectric patches were secured with tape to the grid to hold them in the correct
location when the concrete was poured. The wires from the electrical contacts of piezoelectric patches were secured to the grid,
protected by transparent ducts, and guided through the curb to the separate compartments. These compartments, as shown in Fig. 9,
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installed within the sidewalk allowed the monitoring of By.os and B¢g.s over time. The concrete signatures recorded by piezoelectric
sensors at different time intervals can be linked with induced damage such as progressive cracking. It should be noted that the study
using Piezo patches is still ongoing and will be reported in the subsequent papers.

2.4. Design mix and placing of concrete

The estimated amount of concrete required for three bus pads and several molds for lab testing of concrete was more than 6 cubic
meters and therefore, the concrete was supplied by a local ready-mix concrete producer. A local contractor was hired to bring a truck of
dry concrete to the site. The concrete ordered had a target strength of 30 MPa and an air content of 5-8 %. The maximum size of
aggregates used was 12 mm and a slump of 80 mm was desired. It should be noted that properties of fresh concrete such as slump
value, air content, bulk density, etc. were evaluated on-site as per ASTM C143 [62] and ASTM C231 [67] at the time of construction of
bus pads.

In a truck mixer with a capacity of 10 m®, dry concrete was mixed with water at a w/c ratio of 0.5. The appropriate amount of CF
was packaged in 5 kg water-soluble bags. The concrete mixing and placing procedure followed in the concrete plant and at the job site
was as follows:

1- A few hours before concrete pouring, the sensors were cleaned, and their connectivity to the work station was checked.

2- With the arrival of the drum mixer, quality control on concrete including two sets of slump test and air meter test was operated.
The weather temperature was reported to be 10°C.

3- The normal concrete was poured in the first 2 slabs, spread manually, consolidated by a vibrating screed, and finished. Six
100 x 100 x 200 mm cylinders, six 100 x 100 x 400 mm beams, two 75 x 75 x 800 mm panels were taken from the plain concrete
in the field. Then the mixer was stopped.

4- The fibers were incrementally added to the concrete truck. Considering the optimum amount of 0.5 %— 1 % from the

Fig. 10. Finished bus pads.
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experimental results, and by calculation of the amount of poured concrete, a sufficient amount of carbon fiber was added to the mixer
in order to meet the targeted fiber dosage. The volume of fiber added into the concrete turned out to be 0.55 % which is in accordance
with the optimum experimentally obtained dosage. In order to assess the uniform dispersion of fibers in concrete, three cylinders were
filled with fresh CFRC and were taken to the laboratory for further investigation. The concrete was washed away and fibers were sieved
from cement paste. The fibers were then oven-dried and weighed. A fiber volume fraction of V¢ = 0.58 %, 0.54 % and 0.59 % was
calculated from each cylinder. This confirmed the approximate uniform distribution of carbon fibers over the entire bus pad.

5- A carbon-fiber-reinforced bus pad was then screeded and finished. It should be noted that during the screeding of Bcps,
agglomerated fibers were found on the surface of the slab. Fig. 10 shows the finished bus pads constructed with normal concrete and
carbon fiber-reinforced concrete.

3. Results and discussions
3.1. Laboratory-based tests on concrete

3.1.1. Destructive tests (DT)

In order to evaluate the quality of concrete placed at the site for the construction of bus pads, 6 beams, 6 cubes, 6 cylinders, and 2
round panels for each mix were cast and cured for 28 days. Table 4 gives the details of the samples. It should be noted that samples were
subjected to dry curing at ambient temperature to simulate the real conditions experienced at the bus pad site in the laboratory. Later,
the samples were tested under compression using a compressive testing machine. The average 28-day compressive strength obtained
for cylinders made with normal concrete was 20 MPa and for those of carbon fiber-reinforced concrete cylinders was 18 MPa (loss of
15 %). The results indicate that the addition of fibers slightly decreased the compressive strength of concrete mainly due to the
workability reduction. Considering the preliminary tests, the reduction rate in bus pad samples is in good correlation from those
obtained in the lab, wherein a decrease up to 16 % in compressive strength was seen at 0.5 % fiber volume.

The peak load, its corresponding displacement, the Modulus of Rupture (MOR), pre-crack/post-crack flexural toughness, and the
absorbed energy at certain deflection (2.5 mm and 5 mm) of beams and round panels were obtained through the load-displacement
curve. The detailed results are presented in Table 4. According to the results, the influence of the incorporation of carbon fibers on
the flexural behavior of concrete is more distinct than on compressive strength. A 26 % increase in flexural strength of CFRC beams was
observed during flexural testing, while the improvement in the round panel was negligible. The strength improvement in beams is
mainly due to the confinement ability of carbon fibers in flexure, holding, and bridging microcracks and as a result, retarding the
initiation and growth of cracks and compensating the strength reduction caused by low workability. However, the difference between
the results of beams and round panels is mainly due to the different methodology used in the two tests. In the center-point bending test,
the specimens are forced to crack at a given location, hence the crack does not necessarily open at the section with low strength
material. However, when round panels are subjected to bending, yield lines follow the weakest sections. In concrete panels reinforced
with 18 mm fibers, it is hard to avoid fiber balling and get uniform distribution throughout the concrete mix and as a result, the weak
section cab is either at the location of fiber balling or at the location where the fiber reinforcement is not sufficient, hence showing a
similar MOR compared to CO.

Fig. 11 compares the post-crack energy absorption of samples. It should be noted that although the peak load for CFRC beam
samples is reported to be greater than that of the CO beams, there is minimal improvement in the post-crack behavior of the beams
while the red area (post-crack absorbed energy) is quite large in round panels. The obtained results are mainly owed to the fact that
larger fracture areas, with a much higher number of fibers, are involved in round panel testing, and therefore, the behavior of the
structure is highly dependent on the material properties including the crack bridging effect of carbon fiber.

3.2. Structural health monitoring of bus pads

Using several NDT techniques, the performance of the pavements was monitored from the first hours to 28 days after concrete
placement. Fig. 12 shows the non-destructive techniques applied in this study.

3.2.1. Visual monitoring of bus pads

After construction, the bus pads were closed to traffic for 7 days to allow the concrete to gain strength. The research team regularly
monitored the constructed bus pads for any sign of cracking. After the bus pad was opened to traffic, the research team conducted
visual monitoring twice a day and a FLIR camera was used to monitor the temperature variation at different locations. This was done to

Table 4
Summary of flexural behavior of beams and round panels.
Sample geometry Label Peak load Speak dmax MOR Energy (J)
(N) (mm) (mm) (N.mm) 5 =2.5mm 5 =5mm Pre-crack Post-crack
Beam Cco 6938 1.27 1.65 3.64 2.8 2.8 2.65 0.14
CFRC 8750 2.13 5.5 4.59 5.61 6.07 4.97 1.11
Round panel Cco 20774 2.14 2.4 4.00 24.61 24.61 23.23 1.38
CFRC 21000 2.7 5.1 4.04 22.85 40.04 26.53 13.51
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Fig. 11. Load-displacement behavior of CO and CFRC under flexure (a) beams (b) round panel.
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Fig. 12. NDTs used to assess pavement condition.

find the potential locations of crack initiation and to track the development of cracks or any other signs of deterioration in the bus pads.
Initially, in B¢r.s bus pad, small chunks of agglomerated carbon fibers beneath the top layer of concrete were visible at some. Once the
bus pad was opened, it was found that fibers from these areas started coming out due to the abrasion of the surface. However, no cracks
were observed in the Bcp.g bus pad. On the contrary, both By.; and By.og started developing very thin hairline cracks immediately 7
days after casting. The first cracks which initiated in the middle of the slab is mainly attributed to the combined loading and curling
effects and therefore the midspan experienced the maximum deflection [68]. Fig. 13 shows the condition of three bus pads after 28
days of construction. It can be observed that cracks have only slightly widened after 28 days of casting. Thermal imaging photos (using
FLIR camera) of Bc.1, Bc.as, and Bep.g are presented in Fig. 14. In the figure, it is easy to see the delaminated areas (lower temperature
on the cracks) and the temperature gradient on the pavement which make it possible to determine the direction of an expanding
delaminated region [69]. It was also observed that the CFRC bus pad had a uniform temperature variation with a slightly lower internal
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Fig. 13. Condition assessment of bus pads at 28 days.

Fig. 14. Thermal photos of bus pads.

temperature compared to the other bus pads which is mainly due to the high electrical conductivity of the fibers.

3.2.2. Temperature and humidity monitoring of bus pads

Monitoring the temperature and humidity of concrete provides useful information about the strength gain and maturity of concrete
as well as the progress of deterioration mechanisms in the structure. Temperature and humidity data were logged from wireless sensors
every eight hours. The logged data was stored on the sensors automatically which was downloaded every day via Bluetooth through
the BlueRock™ app. After the construction was completed, the data was logged immediately, and it was found that the wireless sensors
embedded in the B¢p.s were not able to transmit the data via Bluetooth. This can most probably be attributed to the interference in the
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Bluetooth signal by the presence of carbon fibers in the matrix. Fortunately, the thermocouples that were installed for providing
temperature corrections to the strain gauge readings were able to record any temperature changes inside the concrete. Fig. 15 shows
the variation of data obtained from temperature sensors that were embedded in By.ps. From the graphs, it can be seen that the
temperature variation (based on data from sensors and thermocouples) for the first 30 days in By.gs is similar to Bcg.gs. Temperature
variation is primarily a function of the process of hydration, inside the concrete. Additionally, the rate of moisture evaporation which
leads to shrinkage and therefore shrinkage strains, inducing cracking in concrete, is a function of air temperature, relative humidity,
concrete temperature, and wind velocity [43]. Fig. 15 also represents the variation of temperature based on the data obtained from
thermocouples embedded in Bcp.s. From the graphs, it can be seen that the trends of temperature change with time are identical for
both the normal concrete bus pad (By.2s) and carbon-fiber-reinforced concrete bus pad (Bcg.g). It should be noted that the temperature
variation exhibited in both the bus pads is in coherence with the standard temperature variation for concrete. Since embedded
BlueRock™ sensors in the Bcr.s bus pad did not work, the humidity-based data is not discussed in this paper.

3.2.3. Strain gauge measurements of bus pads

Initial strain results can be viewed in Fig. 16. It can be observed that the graphs do not conform to a distinct trend. Rather than
fluctuating within a limited range, the values appear to primarily consist of what would be considered outliers, readings exceeding the
expected limits for strain measured in experimental work, typically — 0.005 to + 0.005 [70]. The strain readings additionally do not
conform to either compressive or tensile values, but rather fluctuate between the two strain types. This pattern is observed in gauges 1,
5,6,9, 10,11 and 12, and is therefore not specific to one concrete type. Further investigation will be conducted to determine the cause

25 o ® Sensor 5 (CO)
»n@ 7
a © N 4 Sensor 6 (CO)
2 % {2 ¢ @ Sensor 7 (CO)
~ 19 9& \ ¢ 0o 0
) (L TN @ 2 Sensor 8 (CO)
5 17 >
é s L" 0@’@ m”'ﬂ a "\
5 ; b P & ’.‘@-_ & 0 )
: 1
o

011233455677 8101011121213141415161617 1818192020 21222223 24 2425262627 28 2829 30
Days

(a)

- —=¢ - TC 3 (plain)

-=--A--- TC 10 (plain)

19 S
NN A TC 6 (CFRC)

o LA,
O AT
R *% ---X--- TC 9 (CFRC)
‘é’ 15 AMBIENT TEMPERATURE
2
E 13

1

9

7

0 5 10 15 20 25 30

(b)

Fig. 15. Temperature variation from (a) wireless sensors (b) thermocouples.
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Fig. 16. Strain gauge data after temperature corrections.

of inconsistent compression and tension values, as the gauges would be expected to record either only tension or compression only
based on their positions in the slab.

3.2.4. Health monitoring of bus pads at 28 days of casting

After 28 days of construction, permission was granted from BC Transit to close the bus pad to traffic for 5 days, to conduct testing. In
addition to regular temperature, humidity, strain gauge, and piezo measurements, three more tests were conducted including Schmidt
hammer, Electrical Resistivity (ER), and Ultrasonic Pulse Velocity (UPV) tests. Fig. 17 shows how the gridlines were drawn on concrete
bus pads for NDTs.

3.2.4.1. Schmidt hammer testing. A rebound hammer is a low-cost method employed to assess the quality of concrete near the surface
and to estimate the strength of concrete based on the rebound number. As the rebound hammer test can evaluate the condition of
concrete up to a depth of 3 cm effectively [71], it was expected that the rebound hammer test would be able to provide valuable
insights.

To evaluate the condition of the bus pad subjected to traffic load, an N-type Schmidt hammer test was conducted as per ASTM C805
[72] for all the bus pads. The three bus pads were divided into grids of 50 cm x 50 cm for the rebound number test and 25 cm x 25 cm
for UPV and electrical resistivity tests. The calibration of the rebound hammer was done on an anvil before and after testing. The
rebound hammer values were then converted into the corresponding compressive strength values using the chart provided by the
manufacturer. The values of compressive strength at different impact points taken by rebound hammer are plotted in Fig. 18. It can be
observed that in By.; and By.as, the average compressive strength is 24 MPa, and for the CFRC bus pad, the average compressive
strength is equal to 21 MPa. It should be noted that the rebound hammer predicted compressive strength is in good correlation with
those of the samples tested in the lab. It was also observed that the strength values in the center of each slab are higher compared to the
concrete placed at the corners. The rebound hammer values were successfully able to differentiate between the material characteristic
of plain concrete and fiber-reinforced concrete. The addition of the fibers to the concrete does increase its porosity at this largely affects
its surface hardness and hence, impacts the rebound hammer values.

3.2.4.2. Electrical resistivity. In general, there are three phases of plain concrete at 28 days [30]: 1) liquid phase with pores containing
solutions of water; 2) solid phase including cementitious products of hydration and aggregates; 3) vapor phase with pores filled with
air. Both the solid phase and vapor phase have high values of electrical resistivity ranging from 10'! Q-cm to 10'° Q-cm and hence they
act as insulators. The liquid phase has considerably lower values of resistivity of the order of 5-100 Q-cm and therefore acts as the
conductors. Overall, the plain concrete is not electrically conductive with the electrical resistivity of oven-dried concrete at around 10°
Q-cm [31]. Several correlations have been reported that confirm the relationship between the transport parameters of concrete and the
durability of concrete. Ion transport through the concrete microstructure controls the durability of concrete. This highlights the
importance of electrical resistivity as it defines the ability of concrete to withstand the transport of charged ions in its microstructure.
Therefore, the electrical resistivity data can signify the vulnerability of concrete to deterioration as lower values will indicate the easy
transfer of ions, which in turn increases the risk of corrosion of the embedded rebar.

The electrical resistivity evaluation of the bus pad utilized the Wenner probe technique, with four equally spaced linear electrodes.
All the bus pads were divided into grids of size 25 cm x 25 cm. Readings were taken on the same day (within one hour) to ensure the
moisture condition of all slabs was consistent. The electrical resistivity was measured and plotted as a map presented in Fig. 19. From
the figure, it can be seen that in the By.; and By.ag bus pads, electrical resistivity ranges up to 30 kQ-cm. This confirms the existence of
the liquid phase inside the concrete as the testing was conducted only 28 days after construction. The electrical resistivity map also
confirms the effect of cracks (presented as zone 1, 2, 3, 4, 5, and 6 on the map) on the resistivity of concrete as the resistivity value is
much lower in these areas compared to areas with no cracks.

On the other hand, the electrical resistivity values for the carbon fiber-reinforced concrete were negligible. As carbon fibers are

13



M. Monazami et al. Case Studies in Construction Materials 17 (2022) e01460

Fig. 17. NDT at 25 cm x 25 cm grids on bus pad.
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Fig. 18. Variation of the Rebound number and compressive strength of bus pads (a) Bn.1 (b) Bn.2s (¢) Bcps.

electrically conductive, they significantly reduce the electrical resistivity of the overall composite [73-75]. The uniform low value of
electrical resistivity is attributable to the acceptable fiber network formation in the pavement. This further suggests that the mea-
surement of electrical resistivity is not a suitable measure of durability for carbon fiber-reinforced concrete. Fig. 19 also confirms the
uniform distribution of carbon fibers in the bus pad as the recorded values of electrical resistivity at all points were nearly negligible.
However, this also indicates the effectiveness of a small V¢in reducing the resistivity of a CFRC slab, which could be useful in the future
in designing self-sensing properties of CFRC.

3.2.4.3. Ultrasonic pulse velocity testing. Elastic waves in concrete are generally influenced by their mechanical characteristics, and
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ultrasonic pulse velocity utilizes this principle to estimate elastic stiffness and other strength-related properties. In any material, ul-
trasonic waves depend on the density of the material and other elastic properties. Hence, for a material such as concrete with a known
density, well-defined ultrasonic signals can be used to estimate the modulus of the concrete and also estimate the strength of the
concrete.

For testing the concrete bus pads, the Proceq Pundit Lab UPV test instrument was used, with transducers of diameter 50 mm with a
maximum frequency of 54 kHz. The UPV testing was conducted as per ASTM- C597-02 [76]. All bus pads were divided into grids of
size 25 cm x 25 cm. This implies that the maximum distance between each transducer was 25 cm. All of the acquired data was plotted
as shown in Fig. 20. Several clusters of very low wave velocities can be seen in both By.; and By.gs, marked as zone 1, 2, 3, 4, 5, and 6 in
Fig. 20. It should be noted that the marked zones represent cracked areas in the bus pad as observed during the visual inspection of the
pads (Fig. 13). For both the By.os and Bcp.s bus pads, the UPV values vary from 3 to 4.5 km/sec which indicates a good quality of
concrete. The inclusion of fibers reduced the rate of UPV penetration into the mixtures, which is consistent with literatures [77,78].
The lesser values in B¢g.g also indicate the scatter in the wave energy due to the presence of carbon fibers. Further, the wave velocity is
somewhat constant for the entire bus pad, which also indicates good fiber dispersion in the B¢p.g bus pad.

4. Conclusions

This paper employs the real-time evaluation of carbon fiber reinforced concrete for the purpose of its usage in the construction of a
bus pad. Further, the bus pads were equipped with several sensing modules such as temperature sensors, thermocouples, strain gauges,
and piezo patches. The data from these embedded sensors were regularly acquired and monitored. In addition to that, several other
NDT techniques were employed at 28 days after construction of the bus pad such as Schmidt hammer, electrical resistivity, and ul-
trasonic pulse velocity. The following conclusions are drawn from the entire study:

1) According to the DT performed on concrete beams and round panels, the influence of the incorporation of CF on the flexural
behavior of concrete is reported to be more distinct when compared to the compressive strength. Samples with 0.5 % and 1 % fiber
content among the examined CFRMs and CFRCs are more efficient since they exhibit the greatest improvements in most of the
mechanical parameters compared to conventional concrete. According to the quadric polynomial fitted surface models, it has been
demonstrated that the best fiber dosage for absorbing energy is between 2 % and 3 % of the total fiber content.

Flexural testing on sample taken from the site revealed a 26 % increase in the flexural strength of CFRC beams, compared to a

negligible improvement in the round panel. Carbon fibers’ capacity to retain and bridge microcracks in flexure, which delays the

initiation and propagation of cracks is primarily responsible for the strength improvement in beams.

During visual observation, in the Bcp.s bus pad, small chunks of exposed CF were visible, and it was found that fibers from these

areas started coming out due to the abrasion of the surface of the bus pad. However, no cracks were observed in the Bcg_g bus pad,

while both By.; and By.as developed very thin hairline cracks in the middle of the slab mainly due to the combined stress and
curling effects.

From the graphs derived from the thermocouples, it can be seen that the trends of temperature change with time were the same for

Bn.2s and Bgrs, and the temperature variation exhibited in both the bus pads is identical and in coherence with the standard

temperature variation for concrete.

5) According to the Schmidt hammer test results, the average values for compressive strength were reported to be 24 MPa for By.; and
Bn.2s and 21 MPa for B¢g.s. It was also found that the strength values in the middle were higher than those in the corners. It should
be noted that the rebound hammer predicted compressive strength is in a good correlation with those of the samples tested in the
lab.

6) The value of electrical resistivity in By.; and By.as ranges up to 30 kQ-cm, which confirms the existence of the liquid phase inside
the concrete as the testing was conducted only 28 days after construction. The electrical resistivity values for the Bcp.s were
negligible. CF is electrically conductive and the addition of CF in concrete significantly reduces the electrical resistivity of the
overall composite. According to the results, the electrical resistivity of Bcp.g has a uniformly low value, which can be attributed to
the pavement’s acceptable formation of a fiber network and an acceptable fiber distribution.

7) Several clusters of very low UPV values were observed in the location of bus pad cracks. For both the By.as and Bcg.s bus pads, the
UPV values varied from 3 to 4.5 km/sec which indicates good quality of concrete. The lesser values in B¢g.s are indicative of the
scatter in the wave energy due to the presence of carbon fibers.

2

—

3

—~

4

—

Based on the DT and NDT results, the CFRC bus pad is a conductive pavement likely to be effective in controlling the rate of crack
initiation in the pavement. CFRC with a very low electrical resistivity can be used as a self-sensing construction material, able to sense
and record internal deficiencies in the bus pad.
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