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Executive Summary 

This project report summarizes the development of self-sensing carbon-nanotube (CNT)/cement 
composites. The piezoresitive property of carbon nanotubes enables the composite to detect the 
stress/stain inside the pavement.  Meanwhile, CNTs can also work as the reinforcement elements 
to improve the strength and toughness of the concrete pavement.   

Piezoresistive CNT/cement composites are developed and tested in this study.  Experimental 
results show that the electrical resistance of the composite changed proportionally to the 
compressive stress levels. The piezoresistive responses of the composite with different 
fabrication methods are also studied.  The CNT acid-treated method showed stronger 
piezoresistive response and higher signal-to-noise ratio than the surfactant-assistant dispersion 
method, in which the surfactant could block the contacts among nanotubes thus impairing the 
piezoresistive response of the composite.   However, the acid-treatment of CNTs is difficult to 
scale up for larger samples.  The involvement of strong acids also makes it hard to be 
implemented in the field.  The surfactant wrapping of CNTs is also effective to disperse CNTs 
into the cement matrix and give promising piezoresistive properties.   

A set of lab and road tests were performed to test the effectiveness of the self-sensing concrete 
by applying dynamic loads under the controlled environment. Experimental results demonstrated 
that the CNT/cement composite function as excellent stress/strain sensors.  
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Chapter 1 
Introduction 

Highway structures, such as concrete pavement and bridges, continuously deteriorate as a result 
of strain/stress, cracking, delamination and other damages.   The capability to detect such 
damages in civil infrastructures as early as possible is critical for the safety of public.  While 
various methods have been developed to monitor the performance and state of the pavement 
structure, there is still no effective and low cost method to continuously monitor the structural 
health of a large pavement area.   Currently, most methods developed to date for concrete 
pavement structural health monitoring use embedded sensors, such as electric-resistance strain 
gauges, optic sensors and piezoelectric ceramic sensors that are inserted in key structural 
positions [1-3].  However, these sensors are for localized point monitoring only and have the 
drawbacks of poor durability, high cost and expensive analysis equipments, low survival rate, 
low sensitivity, and unfavorable compatibility with concrete structures.  This research will focus 
on developing a new nanotechnology based self-sensing concrete for monitoring the structural 
health conditions of the pavement.  In the new pavement structure, the concrete is mixed with 
carbon nanotubes (CNTs), which form an internal electrical network and the piezoresitive 
properties of the carbon nanotubes will enable the concrete to detect the changes of mechanical 
stress.  CNTs can also work as the concrete reinforcement element that could enhance the 
strength and durability of the pavement structures.  This new sensor and concrete are 
homogeneous cement-based material, so the resulting sensing system will have the same service 
life as a concrete structure and possess good compatibility with the concrete pavement structure.   

Carbon nanotubes (CNTs) are seamless 
tubular structures rolled up forming a one-
atom sheet of graphite, with diameter in the 
order of a nanometer (10-9m).  The nanotubes 
may consist of one shell of carbons (single-
walled carbon nanotubes (SWNTs)), or up to 
tens of concentric shells of carbons (multi-
walled carbon nanotubes (MWNTs)).  The 
diameters of CNTs are in the range of 1~20 
nm, and the lengths are in the range of 0.2~5 
μm.   

Since the discovery of CNTs by S. Iijima in 
1991 [4], carbon nanotubes have been widely 
used for a variety of applications due to their 
excellent physical properties: high strength 
(the Young’s modulus of individual CNTs is 
about 1.8 TPa) [5], metallic or semi-
conductive electrical properties depending on 
their roll up charity [5]; and high aspect ratio (>500).  The extremely high aspect ratio of CNTs 
makes them easy to form a conductive and reinforcement network with doping level as low as 
0.1% wt of CNTs [6-8].  Carbon nanotubes also have interesting electromechanical properties. 

 

Fig. 1  A SEM (scanning electron microscope) 
picture of CNTs 
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When subject to stress/strain, the electrical properties of CNTs will change with the level of 
stress/strain, expressing a linear and reversible piezoresistive response [9-12, 25].  Most of those 
prior works were performed with individual nanotubes or nanotube membranes.  Recently, 
CNT/polymer composites have also been investigated for strain/stress sensing [13, 26-27]; their 
results also show linear electrical resistance changes with respect to the strain/stress and the 
sensitivity is 3.5 times of regular stain gage.  These previous works show that CNT based 
composite could be a promising stress/strain sensor. However, no study to date has been 
performed on the piezoresistive responses of the CNT/cement composites.   Since the properties 
of cement are much different from polymers, it would be very interesting to investigate the 
electromechanical property of the CNT/cement composite, and how the interface between CNTs 
and cement will influence the electromechanical property of the composite. 

On the other hand, with the advances of CNT synthesis techniques, the price of CNTs has 
decreased dramatically in recent years.  For example, MWNT can be purchased at $0.2/g 
(TimesNano, China).  The decreasing price and the ultra low needed doping level of CNTs 
enable them possible to be used in large structures, e.g., concrete pavements, which had not been 
investigated by previous studies.   

A literature survey reveals very few previous research efforts on the CNT/cement composites.  
Li et. al. studied the mechanical properties of CNT/cement composites [14].  They found that the 
compressive strength and flexural strength of the 0.5% CNT cement composites were increased 
by 19% and 25% respectively, compared to the un-reinforced cement.  However, they did not 
study the piezoresistive properties of CNT/cement composites.  Another research group in 
Canada conducted a similar mechanical reinforcement study but not the piezoresistive behavior 
of the composites [20].   

It should be noted that another class of carbon material – carbon fibers (CFs), have been 
extensively studied as reinforce elements in cement concrete.  CFs are different from CNTs with 
much larger diameters (1~15 μm), smaller Young’s modulus (~560 MPa) and aspect ratio [15].  
The piezoresistivity and piezoelectric properties of CF/cement have also been investigated by 
Chung et. al. [16-18] and Sun et. al.[19].  However, it was found that the piezoresistivity and 
piezoelectric of the CFs would be irreversible due to the fiber breakage when the strain was 
larger than 0.2% [16]. Therefore, CF/cement composite is not appropriate as a strain/stress 
sensor to detect heavy stresses of traffic flows.  On the contrary, Tombler et. al. found that the 
piezoresistive characteristics of CNTs were highly reversible even for a huge strain of 3.4% [9].  
This indicates CNT/cement could be a promising distributed stain/stress sensor for structural 
health monitoring of civil infrastructures. 

 

 

 

 



3 

Chapter 2 
Fabrication of CNT/Cement Composites 

In order to form a conductive network and explore their physical properties, CNTs need to be 
fully dispersed in cement matrix.  However, CNTs tend to aggregate together in most solvents, 
due to van der Waal’s forces, and form nanotube clusters and bundles.  To be dispersed in 
aqueous solvent, CNTs’ surfaces have to be modified such as by using surfactants (e.g. sodium 
dodecyl sulfate (SDS) and Triton X-100) or by surface acid-treatment.    In this research, we 
used two CNT surface modification methods to functionalize and disperse CNTs for the 
fabrication of CNT/cement composites, the composite properties were compared for both 
methods.    

In this study, the cement used is Portland cement (ASTM Type I) provided by Holcim Inc., USA. 
The MWNTs used are carboxyl MWNTs provided by Timesnano, Chengdu Organic Chemicals 
Co. Ltd. of Chinese Academy of Sciences, China. Their properties are given in Table 1.  Figure 2 
shows a scanning electron microscope (SEM) picture of the received MWNTs.  

Table 1. Properties of carboxyl multi-wall carbon nanotubes 

Parameters Values 

Outside diameter <8nm 

Inside diameter 2~5nm 

-COOH content 3.86 wt.% 

Length 10~30μm 

Purity >95% 

Ash <1.5 wt.% 

Special surface area >500 m2/g 

Electrical conductivity >102 s/cm 

Density ~2.1 g/cm3 
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Fig. 2  SEM picture of as-received MWNTs 

 

Method #1: In our previous studies on the fabricating transparent conductive CNT thin films 
[21, 22], CNTs have been successfully dispersed in water by treating CNTs with a mixture of 
sulfuric acid and nitric acid for an adequate length of time.   It is well known that, during acid 
treatment, oxygen atoms from acids react with carbon atoms on the nanotubes, especially on the 
ends, curvatures, and defects of the nanotubes where carbon atoms are more reactive [23].  
Negatively charged carboxylic groups will be introduced on the SWNT surfaces as a result of the 
oxidation (covalent surface modification).  The electrostatic repulsion force between these 
negative charges can be utilized to disperse SWNTs in water without any surfactant.  Fig. 3 
shows a diagram of this proposed fabrication process for CNT/cement composites.  Acid-treated 
MWNTs were dispersed in water and then mixed with Portland cement (Type I) without adding 
sand or aggregate, the water/cement ratio was 0.6 and MWNT is 0.1% weight of cement.  The 
CNT/cement pastes were molded into 50.8 x 50.8 x 50.8 mm3 shapes.   The sample was de-
molded in one day, cured in water for 20 days, and then dried in air at room temperature for 10 
days.   

 

Fig. 3   Illustration of the CNT/cement fabrication process based on the acid treatment of CNTs 
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Method #2: An alternative method of dispersing CNTs in cement matrices is to use non-covalent 
surface modification for CNT surfaces, as opposed to the above covalent surface modification.  
With non-covalent interactions, surfactants can be wrapped around the nanotubes, which in turn 
can render CNTs to be dispersed in aqueous solution and mixable with cement.  In this project, 
surfactant sodium dodecylbenzene sulfonate (NaDDBS) was used.  The critical micelle 
concentration of 1.4×10-2mol/L of NaDDBS was used as the input surfactant concentration. The 
surfactant was firstly mixed with water (the water/cement ratio is 0.6:1) using a magnetism 
stirrer (PC-210, Corning Inc., USA) for 3 minutes. Next, MWNTs (0.1% by weight of cement) 
were added into this aqueous solution and sonicated with an ultrasonicator (2510, Branson 
Ultrasonic Co., USA) for 2 hours to make a uniformly dispersed suspension. Then, a mortar 
mixer was used to mix this suspension and cement for about 3 minutes.  Finally, a defoamer in 
the amount of 0.25 vol. % of cement was added into the mixture and mixed for another 3 
minutes. After pouring the mixes into molds and embedding two electrodes with 1cm apart, an 
electric vibrator was used to ensure good compaction. The specimens were then surface-
smoothed, and covered with plastic films. All specimens were demolded 24 hours after casting. 
Thereafter, they were cured under the standard condition at a temperature of 20C and a relative 
humidity of 100% for 28 days. All specimens were dried at a temperature of 50C for five days 
before testing. 

Fig. 4 shows the picture of the fabricated CNT/cement composite samples and the illustration of 
the electrodes.  Fig. 5 shows a SEM picture of the microstructure of the CNT/cement sample.  

 

Fig. 4  Picture of CNT/cement composite sample and the illustration of electrodes 
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Fig. 5  SEM Picture of the microstructure of the CNT/cement composite sample 
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Chapter 3 
Piezoresistive Properties of CNT/Cement Composites 

The piezoresistive responses of the CNT/cement composite were first tested in the laboratory 
before being tested for traffic flow detection. The lab test setup is illustrated in Fig. 6. 
Compressive loads were applied using a material testing machine (ATS 900, Applied Test 
Systems, Inc., USA).  Electrical resistance is measured in the compressive stress direction 
perpendicular to electrodes under repeated compressive loading and impulsive loading.  
Electrical resistance measurements were made by a two-electrode method using a digital 
multimeter (Keithley 2100, Keithley Instruments Inc., USA).  All of the measurements interfaced 
with a PC are automatically recorded.  

 

Fig. 6  Sketch of experimental equipments for repeated compressive loading and 
impulsive loading 

 

 3.1.  Piezoresitvity of CNT/cement composite made by Method #1 (acid-treatment of CNTs) 

Fig. 7 shows the piezoresistive responses of the composite fabricated with method #1(acid-
treatment method) with 0.1 wt% MWNTs.  As can be seen, the electrical resistance changes 
linearly with the compressive stress and the changes are proportional to the stress levels.    

Load 

Keithley 2100 



8 

0 50 100 150 200 250 300 350 400 450 500
-10

-8

-6

-4

-2

0

M
ec

ha
ni

ca
l S

tr
es

s 
(M

P
a)

0 50 100 150 200 250 300 350 400 450 500
5.6

5.8

6

6.2

6.4

x 10
4

R
es

is
ta

nc
e 

(O
hm

)

Time (sec)

 

Fig. 7  Piezoresistive response of CNT/cement composite fabricated by method #1 (acid-
treatment). 

3.2  Piezoresitvity of CNT/cement composite made by Method #2 (surfactant wrapping of 
CNTs) 

Fig. 8 depicts the variation of the electrical resistance R  of the self-sensing CNT/cement  
composite under repeated compressive loading and impulsive loading.  Fig. 8a) shows that the 
electrical resistance of the composite decreases upon loading and increases upon unloading in 
every cycle under repeated compressive loading with amplitude up to 6MPa.  It indicates that the 
response of electrical resistance of this composite to compressive stress   is regular under 
repeated compressive loading. The change in electrical resistance R  (i.e. 0RR  , where 0R  is 

the initial electrical resistance of specimens without compressive loading) reaches about 1500Ω 
maximum as compressive stress is 6MPa.  As shown in Fig. 8b), the impulsive loadings also 
cause regular changes in the electrical resistance of self-sensing CNT/cement composite.  
According to these results, it can be seen that the response of electrical resistance of self-sensing 
CNT/cement composite to compressive stress is reversible and sensitive, which means that the 
self-sensing CNT/cement composite has excellent sensing capability. 



9 

 

a) Under repeated compressive loading with amplitude of 6MPa 

 

c) Under impulsive loading 

Fig. 8  Relationships between compressive stress and electrical resistance of the self-
sensing CNT/cement composite. 

3.3 Discussion on the piezoresistive mechanism of the CNT/cement composite 

The piezoresistivity for the composites with CNTs is caused by the following four reasons. (1) 
the electrical conductivity of CNTs varies under external stress  (according to Tombler et. 
al.[24], the electrical resistance of CNTs will increase 100 times when strain changes from 0.0% 
to 3.2% under tensile loading. CNT’s resistance thus will decrease under compressive loads); (2) 
the number of contact points of CNTs increases with the increase of compressive loading, which 
can cause an enhancement of conductivity; (3) the separation distance between CNTs decreases 
under compressive loading, which can cause an enhancement in tunneling effect conduction; (4) 
the field induced tunneling effect enhances due to compressive loading [25-29].  According to 
the Fowler-Nordheim theory, CNTs have a strong field emission effect under electric field [27]. 
The smaller the diameter of CNTs, the higher the field emission effect (CNTs used in this study 
is the MWNTs with the smallest diameter, which is smaller than 8nm).  The local high electrical 
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field in composites increases the potential energy of electrons through tunneling barrier between 
CNTs, which causes the enhancement in tunneling effect conduction. Furthermore, when the 
composites are deformed under compressive loading the separation between CNTs will be 
reduced, i.e. the tunneling barrier to be transited by electrons will decrease and the field induced 
tunneling can more easily occur in the composites [30, 31].  As a result, the piezoresistivity of 
MWNTs filled cement-based composites are strongly influenced by the conductive network in 
composites.  

Comparing the experimental results in Fig. 7 and Fig. 8, it can be seen that the composite made 
by Method #1 has higher piezoresistive response than those from Method  #2. This difference of 
piezoresistive response between two composites made with different methods could be attributed 
to the different nanotube to nanotube interfaces.   In the Method #1, CNTs are dispersed in 
cement matrix without any surfactant.  Therefore the nanotubes could contact directly with each 
other in the CNT network.  However, for the Method #2, the nanotube surfaces are wrapped with 
surfactants (SDS).  Therefore, nanotube contacts could be blocked by the surfactant between 
nanotubes, which impedes the piezoresistive response levels.   

3.4 The effect of CNT concentration level on the piezoresistivity of CNT/cement composites 

To study the effects of the CNT concentration level on the piezoresistive sensitivity, 
CNT/cement composites with different MWNT concentration levels are fabricated and their 
electrical responses to compressive stress are studied. Table 2 describes the mix proportions of 
the three types of CNT/cement composites in this study.  The experiment is designed to find the 
effect of CNT concentration level from samples #1, #2, #3.  

Table 2. Mix proportions of three types of CNT/cement composites 

Sample 
CNT/cement 

ratio 

Water/cement 
ratio 

Surfactant Defoamer 
vol. % Type Concentration 

#1 0.05% 0.45 NaDDBS 1.4×10-2mol/L 0.25 

#2 0.1% 0.45 NaDDBS 1.4×10-2mol/L 0.25 

#3 1% 0.45 NaDDBS 1.4×10-2mol/L 0.25 

 

 Fig. 9 shows the piezoresistive responses under repeated compressive loading with amplitude of 
6MPa for samples #1, #2 and #3. As can be seen in Fig9, the electrical resistance R of all the 
three types of CNT/cement composites decreases upon loading and increases upon unloading in 
every cycle under compressive loading, expressing stable and regular piezoresistive responses.   
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a) With 0.05 wt.% of MWNT (Sample #1) 

 

b) With 0.1 wt.% of MWNT (Sample #2) 

 

c) With 1 wt.% of MWNT (Sample #3) 

Fig. 9  Piezoresistivity of CNT/cement composites with different MWNT 
concentration levels 

Fig.10 depicts the change amplitudes of the electrical resistance for samples #1, #2 and #3 as the 
compressive stress is 6MPa. As shown in Fig.10, we find that the change in electrical resistance 
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of samples #1, #2 and #3 reaches about 1000Ω, 1150Ω and 600Ω respectively as compressive 
stress is 6MPa. This indicates that the CNT/cement composite with 0.1 wt. % of MWNT has the 
most sensitive response to compressive loading among the three types of CNT/cement 
composites. It is interesting to note that the composite’s piezoresistive sensitivity does not 
linearly increase with CNT concentration levels. This phenomenon can be explained below. The 
concentration level of MWNT influences and reflects the situation of network formed in the 
composites. When the MWNT concentration level is 0.05 wt. %, the thickness of the insulating 
matrix between adjacent nanotubes is large and the amount of conducted tunneling junction 
under external loading is low. With the increase of the concentration level of MWNT to 0.1 wt. 
%, the thickness of the insulating matrix between adjacent nanotubes decreases and the 
electronic transition by tunneling conduction becomes easy. With the continuous increase of 
MWNT, the tunneling gap would be further shortened, and then the CNT network stabilizes and 
becomes hardly to change under loading. This can be proved by SEM photographs as shown in 
Fig.11. Comparing Fig.11 b) with Fig.11 a), it can be found that the CNT network in 
CNT/cement composite with 1 wt. % of MWNT is more widespread than that in CNT/cement 
composite with 0.1 wt. % of MWNT. As a result, the contact resistance of CNT/cement 
composites with 0.1 wt. % of MWNT is the most sensitive to compressive loading among the 
fabricated CNT/cement composites. Therefore, the sensitivity of the piezoresistive response of 
CNT/cement composites first increases then decreases with the increase of MWNT concentration 
levels. 

 

 

Fig. 10  Comparison of electrical resistance changes of CNT/cement composites with 
different MWNT concentration levels (#1: 0.05 wt. %, #2: 0.1 wt. %, #3: 1 wt. %)  

 



13 

 

a) With 0.1 wt.% of MWNT (Sample #2) 

 

b) With 1 wt.% of MWNT (Sample #3) 

Fig.11  SEM photographs of CNT/cement composites 

3.5 The effect of water content on the piezoresistivity of CNT/cement composites 

For the CNT/cement composites to be used in real civil structures, the effect of the water content 
on the piezoresistivity of composites also needs to be investigated.  In this project, the electrical 
resistances of composites with different water contents and their responses to compressive stress 
under repeated compressive loading are therefore also studied.  For this study, the CNT/cement 
composite with 0.1wt% CNT is used. 

Fig.12 shows the initial electrical resistance 0R , the maximum change amplitudes f 

( %100
0

06 



R

RR
f MPa , where MPaR6 is the electrical resistance of samples when the 

compressive stress is 6MPa) of electrical resistance and piezoresistive sensitivities of samples 
with different water contents. It can be found from Fig.6 that the maximum change amplitudes of 
electrical resistance and piezoresistive sensitivity of the samples with 3.3% of water content are 
the highest among the composites with different water contents. The above results indicate that 
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the piezoresistive sensitivities of the composites first increase and then decrease with the 
increase of the water content in the composites.  
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Fig. 12  Comparison of electrical resistances, maximum change amplitudes of 
electrical resistance and piezoresistive sensitivities of CNT/cement composites with 

different water contents 

 

It is interesting to note that the piezoresistive sensitivity of the composites does not linearly 
increase with water content, but the electrical conductivity of the composites as shown in Fig.6 
increases with water content. This phenomenon can be explained below.  

Two factors would contribute to the effect of water content on the sensitivity of piezoresistive 
response. One is the electrical conductivity of matrix [32], and the other is the field emission 
effect on the nanotube tip. The electrical conductivity of matrix and the field emission effect on 
the nanotube tip can be enhanced by the adsorption of water molecules [33-36]. When the water 
content is 0.1%, the electrical conductivity of matrix filling the tunneling gap is low (i.e. the 
contact resistance is high) and the field emission effect on the nanotube tip is weak. The 
conductive path is thus hard to form, even when an external force is applied to the composites. 
As a result, the composites possess high electrical resistance and low sensitivity to stress. With 
the increase of the water content to 3.3%, the electrical conductivity of matrix filling the 
tunneling gap increases (i.e. the contact resistance decreases) and the field emission effect on the 
nanotube tip is enhanced. This increases the electrical conductivity of composites. Furthermore, 
when the composites deform under compressive loading, the tunneling barrier of electrons will 
decrease and the field emission induced tunneling can easily occur in the composites. These 
cause the composites present lower electrical resistance and higher piezoresistive sensitivity. 
With the continuous increase of water content to a higher level such as 9.9%, the electrical 
conductivity of matrix filling the tunneling gap further increases (i.e. the contact resistance 
further decreases) and the field emission effect on the nanotube tip is enhanced, and then the 
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conductive network stabilizes and becomes hardly to change under loading.  As a result, too high 
level of the water content will induce a much lower electrical resistance and a lower sensitivity to 
stress [37-40]. Therefore, the sensitivity of the piezoresistive response of CNT/cement 
composites is influenced by the water content in the composites, and it initially increases then 
decreases with the increase of water content in the composites.  
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Chapter 4 
Road Tests 

4.1 Construction of self-sensing CNT concrete pavement 

Two self-sensing CNT concrete sensors, a pre-cast sensor and a cast-in-place sensor, were 
integrated into a concrete test section at the Minnesota Road Research Facility (MnROAD) of 
the Minnesota Department of Transportation, USA.  MnROAD is located near Albertville, 
Minnesota (40 miles northwest of Minneapolis). It is a pavement test track using various 
research materials and pavements. The layout of the MnROAD is shown in Fig.13 a). It consists 
of a test section of I-94 carrying interstate traffic, a low volume roadway that simulates 
conditions on rural roads, and thousands of sensors that record load and environmental data.  

 
a) Layout of MnROAD testing facility

 

b) Construction process of self-sensing CNT concrete pavement 

Fig.13. Location and construction of self-sensing CNT concrete pavement 

Cast-in-place 

Pre-cast
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As shown in Fig.13 b), two grooves were firstly cut in the existing concrete pavement. The 
spacing between the two grooves is about 1.8m. For the pre-cast case, the CNT cement mortar 
mixture was poured into a wood mold of 160×23×10cm with three reinforcing steel bars, three 
strain gauges (PML-60-2LT, Tokyo Sokki Kenkyujo Co., Ltd, Japan) and two mesh electrodes 
arranged as shown in Fig.14. The structure and specification of the strain gauges are given in 
Fig. 15 and Table 3 [41]. A vibration table was used to ensure good compaction. The CNT 
concrete sensor was then surface-smoothed, and covered with plastic film to prevent water 
evaporation. After that, the sensor was cured at room temperature for 28 days before installed 
into the road pavement. Finally, the sensor was fixed in one of the cutting grooves using concrete 
mortar. For the cast-in-place sensor, common patch mix concrete was firstly poured into the 
bottom of the other cutting groove until level with the bottom of the pre-cast CNT concrete 
sensor. Then, the CNT cement mortar mixture was poured into the groove, in which three 
reinforcing steel bars, three strain gauges and the bottom mesh electrode were preinstalled as 
shown in Fig. 16. The upper mesh electrode was put in when the poured mixture is 5cm thick 
over the bottom electrode. After all the mixture was poured into the groove, the cast-in-place 
CNT concrete sensor was then surface-smoothed. Finally, the two CNT concrete sensors were 
covered with plastic film for curing. Road tests began after one month of curing.  

 

Fig.14 Structure of the self-sensing CNT concrete sensors 

 

Fig.15. Structure of the strain gauges 
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d 
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Table 3. Specification of the strain gauges 

Gauge 
length 

Gauge 
width 

Backing 
Resistance 

a b c d 

60mm 1mm 125mm 13mm 5mm 40mm 120Ω 

 

4.2. Preparation of CNT concrete 

The cement used was Portland cement (ASTM Type I) provided by Holcim Inc., USA. The 
sand used was commercial grade fine sand provided by Quikrete International Inc., USA. The 
multi-wall carbon nanotubes (MWNT) used were carboxyl MWNT provided by Timesnano, 
Chengdu Organic Chemicals Co. Ltd. of Chinese Academy of Sciences, China. Their properties 
are given in Table 1 (Page 3). The surfactant used for dispersing the MWNT is sodium 
dodecylbenzene sulfonate (NaDDBS) provided by Sigma-Aldrich Co., USA. Tributyl phosphate 
(Sigma-Aldrich Co., USA) was used as defoamer to decrease the air bubble in the CNT filled 
cement mortar composites caused by use of NaDDBS. Stainless steel meshes with opening of 
1.25×1.25cm were used as electrodes. Steel bars of 6 mm diameter were used as reinforcement. 

1.4×10-2mol/L of the critical micelle concentrations was taken as the input surfactant 
concentration of NaDDBS in water. The surfactant was firstly mixed with water (the water to 
cement ratio is 0.46:1) by hand stir for about 2 minutes. Next, MWNT (1% by weight of cement) 
were added into this aqueous solution and sonicated with an ultrasonicator (8510, Branson 
Ultrasonic Co., USA) for 2 hours to make a uniformly dispersed suspension. Then, a 5 cubic feet 
cement mortar mixer was used to mix this suspension, cement and sand (the ratio of sand to 
cement is 1.5:1) for about 15 minutes. Finally, the defoamer in the amount of 0.25 vol. % was 
added into the mixture and mixed for another 5 minutes.  

4.3 Road tests set-up 

Fig.18 shows the set-up of the road test with the road-side data collection unit. During the test, 
a MnROAD 5-axle semi-trailer tractor truck and a van were driven to pass over the self-sensing 
pavement. The detailed parameters of the truck and the van are given in Fig.17 and Table 5, 
respectively. The measurement circuit diagram of the CNT concrete sensors and strain gauges is 
depicted in Fig.18. The voltages at both ends of the CNT concrete sensors and the strain gauges 
were taken as indices for detecting the passing vehicles, since the electrical resistance of both the 
CNT concrete sensors and the strain gauges would change when the vehicles pass. As shown in 
Fig.16, a MnROAD signal acquisition system was used to collect the sensing signals of the two 
CNT concrete sensors and the six strain gauges. The sampling rate of the voltage signals is 
1000Hz. In addition, in order to decrease the effect of measurement noise, a low-pass filter was 
used to post-process the measured sensing signals of the CNT concrete sensors and the strain 
gauges. 
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Fig.16. Road test of self-sensing CNT concrete pavement 

 

 

Fig.17. The MnROAD 5-axle semi-tractor trailer truck 

 

 

 

 

MnROAD 
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Table 5. Parameters of the van 

Van model Weight Wheelbase 

 1999 Ford Econoline Van E-
250 

~2500kg 3.5m 

Fig.18. Measurement circuit diagram of the CNT concrete sensors and 
strain gauges 

4.4. Test results and discussion 

4.4.1. Detection of truck passing  

Detection results of truck passing at low and higher speeds are illustrated in Fig.19 and Fig.20, 
respectively. As shown in Fig.19 a), Fig.19 b), Fig.20 a) and Fig.20 b), abrupt changes occurred 
in the voltage signal curves when the truck passes over the cast-in-place and pre-cast CNT 
concrete sensors. Each peak indicates a passing wheel, which is well corresponding to the 
structure of the truck as shown in Fig.17. In addition, because truck wheels pass over the middle 
region of the CNT concrete sensors during test, only strain gauges in the middle of the two 
concrete sensors have some responses to the truck passing (the voltage signal curves of the strain 
gauges are also given in Fig.19 and Fig.20). A comparison between the voltage signals of the 
CNT concrete sensors and those of the strain gauges indicates that generally the CNT concrete 
sensors have higher detection accuracy than the strain gauges (as shown in Fig. 19(d) and Fig. 20 
(d), there were missed measurements on the strain gauge).  This is due to the larger sensing area 
of the CNT pavement sensors.  

 

 

 

· ·
·

Reference 
resistance Uccs

CNT concrete sensor

 Reference 
resistance 

Reference
resistance

Reference
resistance

Strain  
gauge 

Signal acquisition system

Usg



22 

 

(a) Cast-in-place CNT concrete sensor  (b) Pre-cast CNT concrete sensor 

(c) Strain gauge in the middle of cast-in-
place CNT concrete sensor 

(d) Strain gauge in the middle of pre-cast 
CNT concrete sensor 

Fig.19.  Detection results of truck passing at low speed 

 

(a) Cast-in-place CNT concrete sensor  (b) Pre-cast CNT concrete sensor 

(c) Strain gauge in the middle of cast-in-
place CNT concrete sensor 

(d) Strain gauge in the middle of pre-cast 
CNT concrete sensor 

Fig.20. Detection results of truck passing at higher speed 

Fig. 21 illustrates the truck passing detection results in another two tests of the cast-in-place 
CNT concrete sensor and the strain gauge. It is found that the detection results shown in Fig.21 
are very similar to those shown in Figs. 19 and 20. This indicates that the CNT concrete sensors 
have stable and repeatable traffic detection capability.  
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(a) 1st test at low speed  (c) 1st test at higher speed 

(b) 2nd test at low speed  (d) 2nd test at higher speed 

Fig.21. Detection results of cast-in-place CNT concrete sensor and the strain gauge in 
multi-tests for truck passing  

 

4.4.2.  Detection of Van passing  

Fig.22 and Fig.23 give the detection results of the van passing at low and higher speeds. It can 
be seen from Fig.22 a), Fig.22 b), Fig.23 a) and Fig.23 b) that changes occur in the voltage signal 
curves of the cast-in-place and pre-cast CNT concrete sensors when the van passes over them. 
This indicates that the CNT concrete sensors can identify the front wheel and the rear wheel 
passing of the van. However, as shown in Fig.22 c), Fig.22 d), Fig.23 c) and Fig.23 d), the van 
passing cannot be detected by the strain gauges. This is because the van loading is much lower 
than the truck loading.  

 

CNT concrete sensor CNT concrete sensor 

CNT concrete sensor CNT concrete sensor 

Strain gauge Strain gauge 

Strain gauge Strain gauge 
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(a) Cast-in-place CNT concrete sensor  (b) Pre-cast CNT concrete sensor 

(c) Strain gauge in the middle of cast-in-
place CNT concrete sensor 

(d) Strain gauge in the middle of pre-cast 
CNT concrete sensor 

Fig.22. Detection results of van passing at low speed 

 

(a) Cast-in-place CNT concrete sensor  (b) Pre-cast CNT concrete sensor 

(c) Strain gauge in the middle of cast-in-
place CNT concrete sensor 

(d) Strain gauge in the middle of pre-cast 
CNT concrete sensor 

Fig.23. Detection results of van passing at higher speed 

 

In the road tests, both the polarization of CNT concrete under external electrical field [42] and 
the changes in environmental temperature and humidity (i.e. the moisture content of the 
sensors)[43] are found to have some effects on the electrical resistivity of the CNT concrete 
sensors. However, the changes in electrical resistivity signals (i.e. voltage signals) caused by the 
polarization and environmental factors, are continuous and gradual, while those caused by 
vehicular loading are transient and abrupt. Therefore, the former can be filtered out in the post-
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processing of measured voltage signals, and they will not influence the detection accuracy of the 
CNT concrete sensors. In addition, it should be mentioned that the detection of truck passing was 
performed under relatively cold temperatures (temperature: 3.5˚C), while the van passing was 
detected in much warmer environment (temperature: 23˚C). Additionally, the detection results in 
Figs.19-23 were collected at different test time after current was applied, corresponding to 
different polarization conditions inside the CNT concrete sensors. It can be seen from Figs.19-23 
that the CNT concrete sensors can accurately detect vehicle passing under different polarization 
conditions and test environments. It therefore can be concluded that the self-sensing CNT 
concrete pavement features excellent robustness to the polarization inside CNT concrete sensors 
and the changes of external environments.  
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Chapter 5 
Summary and Discussion 

New piezoresistive CNT/cement composites were developed and tested in this study.  
Experimental results showed that the electrical resistance of the composite changed 
proportionally to the compressive stress levels. The piezoresistive responses of the composite 
with different fabrication methods have also been studied.  The CNT acid-treated method 
showed stronger piezoresistive response and higher signal-to-noise ratio than those from the 
surfactant-assistant dispersion method, in which the surfactant could block the contacts among 
nanotubes thus impairing the piezoresistive response of the composite.   However, the acid-
treatment of CNTs is difficult to scale up for larger samples.  The involvement of strong acids 
also makes it hard to be implemented in the field.  The surfactant wrapping of CNTs is also 
effective to disperse CNTs into the cement matrix and give promising piezoresistive properties.  
The experimental results, including the lab and road tests, have demonstrated the potential of 
using the CNT/cement composite as the structural health monitoring stress/strain sensors for civil 
infrastructure.  
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