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Abstract. The continuous reinforced concrete pavement (CRCP) has been proposed 
as an alternative for high speed roadways with heavy traffic. Compared to others, 
advantages are expected on cost, durability, and performance; but particularly on the 
tolerance to concrete cracking, while it is designed to transmit loads to the steel 
reinforcement. A long term monitoring system was developed to evaluate a 
particular CRCP design. Sensors based on fibre optics technology and were 
embedded in the concrete pavement to measure temperature gradients and strains in 
the concrete and steel reinforcement. An experimental 300 meters test bed was built 
on the highway that reports the heaviest traffic in Mexico. In this case, stabilized 
and hydraulic soil bases were compared and a large crack was induced to simulate a 
damaged condition. After one year of periodic monitoring, temperature variations 
and gradients have been obtained for different seasons and weather conditions. The 
overall load-strain performance of the pavement system (concrete-steel) has been 
evaluated under different load conditions. In general, it has been found that the main 
driving parameter that defines the overall structural performance of the CRCP is 
temperature, affecting the boundary conditions interaction with the base, producing 
different strain amplitudes for the same load traffic condition during one day period.  

Introduction  

As in many developing countries, the Mexican highway network has an increasing traffic 
rate that requires bridges and pavement structures with higher specifications, quality and 
performance [1]. At the same time, heavy vehicles are reporting constant increments in 
their loads, and the transport industry is demanding for higher limits to increase 
productivity [2]. During the last decade of the 20th century, initial studies concluded, based 
on long term maintenance costs, that the concrete pavement designs were economical 
alternatives to face future demands [3], and nowadays, concrete pavements are being used 
in most Mexican highways where traffic is higher than 15000 vehicles per day [2]. 

As general criteria, the concrete pavements in Mexico were based on the Portland 
Cement Concrete (PCC) design. In this case, the slab thickness was between 0.25 to 0.30 
meters and, after more than 10 years, their performance has been acceptable, but the 
maintenance costs are still higher from what it was expected and actual designs are 
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considering slab thickness of 0.35 meters. In contrast to this initial concept, the two-layer 
steel bar Continuously Reinforced Concrete Pavement (CRCP) has been proposed as an 
alternative of high specifications highways. In this case, the concrete slab thickness is about 
0.18 meters and the initial cost should almost equivalent, as the cost of the steel bar layers 
would be compensated by the concrete thickness reduction; at the same time, in terms of 
long term performance, the CRCP should have a higher useful life, as it should be less 
sensitive to cracking. 

To evaluate the structural behaviour of the CRCP design under real operational 
conditions, a preliminary study was done in 2006 [4] using embedded resistance strain 
gages to measure internal strains in the concrete and  in the steel bars due to vehicle loads, 
and embedded temperature sensors to measure temperature gradients during one day cycle. 
In this case, experimental measurements were limited to a short term analysis due to the 
nature of the sensors, problems with the electrical connections, and calibration. General 
results were encouraging, but the long term behaviour was not evaluated and the traffic 
conditions were far below from what it was necessary to consider this application for the 
most important highways; but also, it required a long term monitoring to evaluate ambient 
and traffic effects. 

Structural evaluation and monitoring techniques for concrete and asphalt pavements 
has been done for more than 30 years; in most cases, based on external measurements [5-8], 
assuming that the internal defects or problems would be replicated to the surface. In the last 
15 years, the fibre optics technology has proposed different alternatives of new types of 
sensors that have demonstrated that are more suited and reliable for long term applications 
and to be embedded when necessary [9-12].  

Based on the previous experience and in view of the alternatives of the fibre optics 
technology, it was proposed to carry on an experimental study on a 300 meters test section 
on a highway with the most demanding conditions that could be found in Mexico, with 
almost 26300 vehicles per day and 40% of heavy vehicles. In this case, the main objective 
was to evaluate the CRCP slab behaviour from the beginning, just after construction, to one 
year operation under normal conditions. Monitoring would be based on measurements with 
Fibre Bragg Grating (FBG) sensors (strain, acceleration and temperature), visual 
inspection, dynamic load-deflection tests, and IRI measurements with a laser system. 

1. The Experimental CRCP Highway Section 

1.1 Pavement Structural Design  

The basic design of the continuous reinforced concrete pavement is based on an 18 cm 
thick slab with two steel grids: the lower at 3 cm from the base and the upper at 6 cm from 
the top (figure 1). The compression resistance specification for concrete was 29.4 MPa (300 
Kg/cm2); reinforcing was specified as Grade 60 steel, with an ultimate stress resistance of 
686 MPa, yield stress of 588 MPa, and a uniform elongation of 6%. The 300 meters test 
section was located in a 3 lane highway (figure 2) with 26737 vehicles per day, 50% 
distribution on each direction and 70% distribution on the test section (that is 9358 vehicles 
per day). Steel grids were different, the lower, had more bars in both directions 
(longitudinal and transversal), compared to the upper grid. The main design concept 
assumes that the lower grid would take more tensile strength, while the upper would take 
only compression strength. 

Since the original concrete slab was 30 cm thick, after removal, it was necessary to 
add a 12 cm base for the CRCP section to have the same level. In this case, two different 



bases were considered; the first, where granular compacted material was added (hydraulic 
base), and the second, with a stabilized material with 5% cement (stabilized base). 

 

 
Figure 1. Layout of the CRCP pavement design 

 
 

 
Figure 2. Test highway after construction 

1.2 Sensor Design system 

For long term monitoring with embedded sensors in the concrete pavement, the best option 
was the fibre optics sensors as for their advantages: they have galvanic isolation and EMI 
immunity; are intrinsically safe, there is no need for electrical power, they are well suited 
for remote monitoring, can work under multiplexed operations, are small size and 
lightweight, the fiber is itself a data link, they work under a wide bandwidth where several 
sensors can be set in a same fiber, are self-calibrated and have a high sensitivity. 

Four different sets of sensors were placed in the CRCP. Two of them were identical 
arrangements with 6 strain gages and one accelerometer, one placed in a section with the 
hydraulic base, while the other was placed on the stabilized base (figure 3), to compare the 
structural behaviour of the pavement considering the different bases. The strain sensor 
arrangement was such that 3 sensors were welded to the lower steel grid, while the other 3 
were located in the concrete, just between the top of the slab and the upper steel grid. 
External sensors were oriented longitudinal and close to the tires path, and the other 
transversal at the centre of the block (figures 3 and 4).  

 



 
Figure 3. General layout of the sensor arrangements. 

  
 

 

   
        (a)            (b) 

Figure 4. Arrangement of FO sensors for hydraulic and stabilized sections. (a) Close-up for the 
accelerometer and two longitudinal strain sensors (one welded to the lower steel grid and the second 

over the upper grid). (b) General view of one of the identical sensors array. 
 
The third set was in a section on the stabilized base, where a transversal crack was 

to be induced and sensors were placed under and next the crack to measure the structural 
performance of the pavement under such conditions and considering that the most 
advantages of the CRCP are when cracking starts (figure 3 and 5). 
 

 
Figure 5. 15 strain sensors arrangement in the area where crack was to be induced. 

 
 

 



The final set of sensors has 5 temperature sensors at the same point, but at different 
heights with respect to the base, to measure temperature gradients during the day time 
(figure 6). 
 

     
(a)             (b) 

Figure 6. (a) Clos-up and (b) general view of the FO temperature sensors. 

2. Monitoring of the CRCP Section  

2.1 Initial Tests  

The first evaluation of the CRCP pavement considered several measurements that included 
the International Rougness Index (IRI), load-deflection tests (figure 7a), and controlled 
traffic test. The latter, to evaluate the responses from the sensors due to known axle loads 
from a heavy duty vehicle; for that reason, a weight in motion device was also used to 
measure the axle’s loads (figure 7b). 
 As for the sensors responses, traffic tests were planned at different times during the 
day to evaluate the effect of temperature. Two measurements form the sensor imbedded in 
concrete at the tire track, for both hydraulic and stabilized bases, are shown in figure 8.  As 
it can be seen, the strain magnitude is higher for the measurements done at 11:56 am, with 
respect to those obtained at 16:53 pm. At the same time, the strain measurements at 
stabilized base are about 80% less than the strains at the hydraulic base. 
 
 

      
(a) Falling weight deflectometer    (b) Heavy duty truck 

Figure 7. Load-deflection and weight in motion tests. 
 

 
 
 



       
(a)       (b) 

Figure 8. Sensors responses under compression due to the test vehicle loads. 

2.2 Continuous Monitoring  

At the beginning, continuous monitoring was planned every 6 weeks for 12 hours during 
the day. From the initial results, it was concluded that it was necessary to extend the 
monitoring period to 24 hours, to evaluate a complete day time temperature cycle. 
 The first measurements were focused on the temperature gradients in the concrete 
slab; figure 9 shows these profiles at different hours. 
 

 
 

Figure 9. Temperature profiles at different hours during one day. 
 
 
 The second set of measurements was focused on the strain-temperature hysteresis 
cycles. Figure 10(a) shows a sample of one sensor in the hydraulic base section measuring 
concrete deformations just under the tire track, and figure 10(b) is the sensor welded to the 
lower steel grid, just below the previous one. 
 



      
(a)                (b) 

Figure 10. Stress-temperature hysteresis cycles for different days and for the longitudinal strain sensors under 
the tire track: (a) concrete, and (b) steel. 

 In some cases it was found that one hysteresis cycle was considerably different from 
the previous ones (figure 11); in these cases, structural changes due to damage, cracks or 
deterioration are the most probable explanation, but all the sensors’ information must be 
examined to drive more consistent conclusions.  
 

 
Figure 11. Hysteresis cycle for the transverse sensor welded to steel on hydraulic base. 

3. Discussion  

Significant amount of information was obtained during almost one year monitoring and 
most analysis should be on the structural performance of the CRCP, which is beyond the 
scope of this paper. Clearly, temperature and temperature gradients are among the most 
important parameters to be considered in the structural analysis (figures 9 to 11). At the 
same time, from figure 8, there is a significant difference in the structural behaviour 
between the hydraulic and stabilized bases. In both cases, the pavement is more strain 
sensitive at low temperatures, while at high temperatures, the strains are reduced 
significantly. When some kind of permanent damage or deterioration is present, the 
hysteresis cycles change sufficiently to be identified from regular or continuous monitoring 
(figure 11).  As in most structural system, thorough evaluation requires a reference model 
that could be used to calibrate the initial conditions and to evaluate deterioration. 



4. Conclusions  

After one year of monitoring, the FBG sensors showed to be reliable and are an excellent 
alternative for pavement structural monitoring with embedded sensors. Since FO sensors do 
not need to be recalibrated, it was possible to measure the concrete slab deformations with 
time and deterioration. The strain and temperature sensors had an outstanding performance, 
but the accelerometers weren’t sensible enough to traffic vibration induced, and only during 
the impact-deformation tests was possible to get an acceptable vibration level. 

As for the CRCP behavior, two main factors were found to be important to evaluate 
its long term performance. The first is that the temperature gradients during one day cycle, 
where thermal strains have a higher fluctuation, compared to the strains induced by the 
traffic loads. The second is the interaction between the concrete slab and the base, where it 
was found that a poor interaction might be related to higher deterioration or deformations. 

The continuous monitoring revealed a strain hysteresis due to ambient temperature 
changes during one day cycle, which is mainly related to the long term deterioration of the 
CRCP. As for the cracks, the sensors were able to detect changes in the slab deformation 
and it is believed that is possible to find some kind of correlation between them. During the 
last measurements, some sensors detected a significant reduction in strain measurements, 
compared to the initial reference obtained after construction, which is endorsed to gradual 
deterioration and cracking of the concrete slab. 

References  

[1] “Anuario Estadístico SCT 2011”, Secretaría de Comunicaciones y Transportes, México, D.F., 2012 (In 
Spanish). 
[2] “Manual Estadístico del Sector Transporte 2011”, Instituto Mexicano del Transporte, Sanfandila, Qro., 
2011 (In Spanish). 
[3] E. Dahlhaus-Parkman, “Pavimentos de Concreto Hidráulico en México”, Asociación Mexicana de 
Ingeniería de Vías Terrestres, Proceedings of the XIII Reunión Nacional de Vías Terrestres. Situación Actual 
y Futura de la Infraestructura del Transporte en México. Proyección al Siglo XXI, pp. 397-407, 1998 (In 
Spanish). 
[4] E. L. Treviño-Treviño and A. Olivares-Ponce, “Estudio Experimental del Comportamiento de un 
Pavimento de Concreto Reforzado con Mallas Electrosoldadas de Acero de Grado 60”, Sociedad Mexicana de 
Ingeniería Estructural, Memorias del XV Congreso Nacional de Ingeniería Estructural, Puerto Vallarta, 
México, 2006 (In Spanish). 
 [5] R. Roque, L. A. Myers, and B. Birgisson, “Evaluating Measured Tire Contact Stresses to Predict 
Pavement Response and Performance”, Journal of the Transportation Research Board, 1716, pp. 73-81, 
2000. 
[6] A. Loulizi, I. L. Al-Qadi, S. Lahouar, and T. E. Freeman, “Data Collection and Management of the 
Instrumented Smart Road Flexible Pavement Sections”, Journal of the Transportation Research Board, 1769, 
pp. 142-151, 2001. 
 [7] R. V. Siddharthan, P. E. Sebaaly, M. El-Desouky, D. Strand, and D. Huft, “Heavy Off-Road Vehicle 
Tire-Pavement Interactions and Response”, Journal of Transportation Engineering, 131, pp. 239-247, 2005. 
[8] J. M. McQueen and D. H. Timm, “Part 2: Pavement Monitoring, Evaluation, and Data Storage: Statistical 
Analysis of Automated Versus Manual Pavement Condition Surveys”, Journal of the Transportation Research 
Board, 1940, pp. 53-62, 2005. 
[9] C. I. Merzbacher, A. D. Kersey and E. J. Friebele, “Fiber optic sensors in concrete structures: a review”, 
Smart Materials and Structures, 5, pp. 196-208, 1996. 
[10] J.-N. Wang and J.-L. Tang, “Part 4: Fiber-Optic Sensor and Three-Dimensional Data Applications in 
Transportation: Using Fiber Bragg Grating Sensors to Monitor Pavement Structures”, Journal of the 
Transportation Research Board, 1913, pp. 164-176, 2005. 
[11] L. Deng and C. S. Cai, “Applications of fiber optic sensors in civil engineering”, Structural Engineering 
and Mechanics, 25, pp. 577-596, 2007. 
[12] N. Lajnef, M. Rhimi, K. Chatti, L. Mhamdi, F. Faridazar, “Toward an Integrated Smart Sensing System 
and Data Interpretation Techniques for Pavement Fatigue Monitoring”, Computer-Aided Civil and 
Infrastructure Engineering, 26, pp. 513–523, 2011. 


