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ABSTRACT: Pile load testing provides key information about pile design for a specific 

geological ground structure.  These tests are required to guarantee that the piles will meet long 

term stability requirements for the foundation of the building. 

There are many types of sensor that can be used to monitor strain along the pile during pile load 

testing.  The most commonly used sensor is the Vibrating Wire Strain Gauge (VWSG).  Each 

VWSG has its own electrical cable which will have to withstand the concrete or grout pouring 

stage as well as the curing cycle.  By the time the pile is ready for testing, a certain percentage 

of VWSG signals have often been lost.  This paper presents a novel approach using Concrete 

Embeddable Fiber Optic Strain Gauges.  One of the fiber optic based sensor advantage is to be 

able to daisy-chain the sensors.  That is, reducing the number of cables along the pile.  The 

optical cable can also be designed to withstand very harsh environments without adding too 

much to the cost of the sensors.  This paper will also present comparative results as well as 

future possibilities to reduce cost and time for pile load testing. 

 

1 INTRODUCTION 

Instrumentation of pile foundations allows geotechnical engineers to be able to investigate and 

to understand the behavior of the pile under different loading situations and to validate 

assumptions made in the design calculations.  Conventional measuring devices such as strain 

gauges and inclinometers are often used in investigations.  Inclinometers, by nature, reveal 

continuous information of the deformed pile, but their use is limited to understanding the 

flexural behavior.  Strain gauges, on the other hand, can be used in static pile load tests for 

studying and monitoring both axial and flexural behaviors of the pile.  Two types of static pile 

load tests are used for compressive load test on piles.: The first type is the constant rate of 

penetration (CRP) test developed by the Building Research Establishment (Whitaker, 1963), in 

which the compressive force is continuously increased to cause the pile to penetrate the soil at a 

constant rate until the pile reaches the failure point.  The second type is the maintained load 

(ML) test in which the load is increased in steps by a multiply factor, such as 1.5 to 2 times the 

working load with the time-settlement curve recorded at each stage of loading and unloading.  

The ML test may also reach the failure stage by continuously increasing the load in stages 

(Tomlinson, 1987). 

The CRP method is a test to determine the ultimate load on a pile and is normally used for 

preliminary test piles or research-type studies.  This testing method is quick because there is no 

need to consider consolidation or creep’s settlement of the ground.  Also, the load-settlement 
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curve is not difficult to interpret.  The CRP test is not recommended for the pile load test which 

has to follow the specification requirements for the maximum settlement at given stages of 

loading because it is difficult to price during the tendering stage due to unpredictable length of 

testing.  The ML test is more suitable for contract work, especially for proving that the pile can 

resist the designed load.  It is also suitable to use where empirical methods are employed in 

order to predict the ultimate load from measurement of residual deflections after returning the 

test load to zero at four or five steps up to the maximum.  The load at each step is held until the 

rate of settlement has decreased to less than 0.25 mm/hour or there is no decrease in settlement.  

Practically, the load increment for ML test can increase up to 3 times working load. 

For industrial testing, the ML test is usually selected to verify the ability of the pile constructed 

in the ground.  Vibrating wire strain gauges (VWSG) are installed in the cast pile in intervals in 

order to monitor the degree of settlement of the pile subjected to loading at each interval.  

However, the VWSG often get damaged during pile casting; especially at the stage of pouring 

concrete.  Sometimes, reading signals from VWSG show results that are inconsistent with each 

other or the pile design.  In an effort to improve the situation, fiber optic sensors are introduced 

in this paper to perform the same function as VWSG.  Fiber optic sensors are becoming a well-

established technology for a variety of geophysical and civil engineering applications (Berthold, 

1999; Nellen et al., 1999; and Schulz et al., 2000).  The advantages of fiber optic sensors 

compared to VWSG are long-term performance, resistance to corrosive environments, immunity 

against electromagnetic interferences, array-capability by wavelength-demultiplexing, and 

miniaturize in size. (Schmidt-Hattenberger et al., 2003). 

There are different techniques that can be used to monitor the fiber optic signal.  Brillouin 

Scattering, for example, is well adapted to monitor strain and temperature continuously over a 

long span but the interrogation unit could be very expensive.  Fiber Bragg Grating (FBG) 

sensors will monitor physical properties at a specific location and provides a more economical 

solution for low to medium size project.  FBG approach was used for this paper because of the 

nature of the project.  For pile load testing, the sensors need to be embedded in the pile during 

casting.  To make sure the fiber optic will survive the installation, it needs to be packaged and 

protected according to the constraints of the installation.  Furthermore, the sensors require a 

good adherence to the concrete since we want to determine the deformation of the pile under 

load.  Finally, the solution proposed in this paper for the fiber optic sensor configuration reduces 

the risk of completely losing the signal from individual sensors. 

 

Figure 1: Optical cable basic construction (Diagram not to scale). 

 

2 FIBER BRAGG GRATING STRAIN AND TEMPERATURE SENSOR BASICS 

It is first important to understand the basic constituent of a fiber optic cable.  Effectively, the 

fiber optic itself needs to be protected against the environment.  The most common optical cable 

is presented in figure 1.  The visible part of the cable is called the jacket; this one can have 

Kevlar 

Optical Fiber 

Jacket 

Coating 

Tight Buffer 



4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

 3 

different configurations depending of the application (regular or armored).  Inside the jacket 

there are Kevlar fibers to reinforce the longitudinal strength of the cable.  The fiber optic has 

itself three constituents which typically are: tight buffer (900 µm), protective coating (250 µm) 

and finally the optical fiber made of ultra pure fused silica (125 µm, the cladding) and doped 

region where the light is travelling (≈ 8 µm, the core).  When we refer to the Fiber Optic Sensor, 

it is important to observe that it is the change in physical properties of the fused silica that are 

monitored.  We emphasize this point to the reader to understand that the importance of any 

optical sensor reside in the packaging.  The packaging must be able to transfer the physical 

properties to be monitored most efficiently to the optical fiber. 

The Fiber Bragg Grating (FBG) is manufactured by a controlled process to alter the physical 

properties of the core of the fiber.  The FBG consists of a periodic modulation of the index of 

refraction.  This alteration can be seen as a partial reflector for a specific wavelength.  By using 

the appropriate instrumentation (interrogator), it is possible to monitor the wavelength reflected 

by the FBG and obtain the following optical response: 
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Where λ is the wavelength reflected by the FBG; ∆λ is the variation of the wavelength observed 

upon physical property; εz is the longitudinal strain applied to the optical fiber; ∆T is the 

variation of temperature; neff is the effective index of refraction of the fiber; P12, P11 and νf are 

the opto-mechanical constants of the optical fiber and αf and ξ are the thermo-optical constants 

of the optical fiber.  For a specific wavelength the typical response for strain and temperature 

for the bare fiber is 1.2 pm/µstrain and 10.6 pm/°C, respectively. 

Since only one wavelength is affected by the FBG, all the light injected in the optical fiber will 

be guided through the FBG except for the wavelength reflected by the FBG.  It is then possible 

to write another FBG that will reflected another wavelength on the same fiber; that is, having 

two sensors on the same optical fiber.  In fact, it is possible to monitor as many as 100 FBG on 

the same optical fiber depending on the application. 

3 FIBER OPTIC STRAIN SENSOR LAB TEST 

3.1 Sensor Configuration 

As mentioned earlier, the optical fiber itself needs to be packaged to meet the installation 

requirement.  The package used for this application integrates an optical fiber in a Fiber 

Reinforced Polymer (FRP) bar.  The FRP bars are used in civil engineering to replace the 

utilization of steel bars (Benmokrane et al., 2007 and 2008), therefore, it provides a good strain 

transfer from the concrete to the bar.  The packaging of the optical fiber in the bar needs to 

transfer adequately the strain of the bar to the optical fiber.  The configuration used is shown on 

Figure 2.  Since the FBG will respond both to strain and temperature (see equation 1), each 

packaged sensor needs to be calibrated for temperature variation and strain.  Furthermore, an 

independent packaged Fiber Optic temperature sensor needs to be integrated in some bars in 

order to determine the temperature of the FRP bar.  The packaged Fiber Optic Temperature 

Sensor must exhibit, ideally, no response upon stain. 
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3.2 Temperature Calibration 

The temperature sensor calibration sample is presented in Figure 3.  Once calibrated, the 

temperature response shows a repeatable behavior in comparison to a known reference.  Also, 

the same sensor shows almost no sensitivity to strain. 

3.3 Strain Calibration 

For the strain calibration, the physical properties of the FRP bar are used.  Once the sensor is 

integrated in the FRP bar, a known load is applied longitudinally to the bar and the calibration 

value is determined using the following equation: 

εε

σ A
F

E ==  (2) 

Where F is the load applied to the bar, A is the cross section of the bar and E is the Young’s 

modulus of the FRP bar.  By using this approach, we can determine the Gauge Factor (GF) 

related to the packaging of the Fiber Optic Strain sensor.  Calibrations of some samples are 

presented in Figure 4.  When the calibration is performed at constant temperature, we can 

determine the gauge factor with the following equation: 

ε
λ
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B
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Figure 2:  Fiber Optic Sensor packaged in FRP bar. 

 

Figure 3:  Temperature response of the temperature sensor and strain transmitted to the temperature 
sensor. 
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3.4 Setup Configuration and Results 

To verify the calibration, a sample of concrete cylinder was produced in which Vibrating Wire 

Strain Gauge (VWSG) and Electrical Strain Gauge (ESG) along with the Fiber Optic Strain 

Sensor were embedded.  A variable load was applied longitudinal to the concrete cylinder and 

the deformation was recorded.  The concrete sample was 20 cm in diameter and 1 m long.  The 

results are presented in Figure 5.  During the test, the signal from the VWSG was lost at a 

roughly 1500 µstrain.  This is typical from the dynamic range of the VWSG if they are not 

tuned in specifically for compression.  FOS sensors recorded the deformation all along the test 

and shows good agreement with respect to each other and with respect to VWSG. 
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Figure 4:  Calibration of strain sensors.  The calculated strain axis was determined by the geometrical and 
mechanical properties of the FRP bar from equation (2).  The FBG strain axis is the calibrated wavelength 
shift as determined by equation (3). 

 

Figure 5:  Load versus strain diagram.  Fiber Optic Sensor calibration is in good agreement with the 
Vibrating Wire Strain Gauge and Electrical Strain Gauges.  The insert shows the casting configuration of 
the FOS sensor bars and the VWSG in the middle. 
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4 FIBER OPTIC STRAIN SENSOR DESIGN FOR PILE LOAD TESTING 

The design of the FOS sensor array adopted for the pile load testing application allows for 

flexibility and accuracy of the installation position of the sensor in the pile.  Because the 

position of the sensors in the pile strongly depends on the geological layers, it is not possible to 

have a single product design for the array.  Because of this constraint, we built the optical fiber 

array with a longer spacing between sensors than required, and coiled the spare fiber.  A 

schematic diagram is represented in Figure 7.  The configuration of the FOS sensor array allows 

the collection of the information from either end of the array.  This reduces the risk of 

completely loosing the signal in an unlikely event of optical cable breakage during pile casting. 

It was quickly noticed that the design needed to be refined for this application.  The design 

tested integrated 11 FOS sensor bars in a single array to cover the pile depth which is in the 

range of 30 to 60 m.  Due to pile manufacturing constraints, it was not possible to introduce the 

structural cage in the hole as a single 30 to 60 m unit as anticipated; it had to be broken down 

into several 12 meters sections and welded in place as it was dropped down in the hole.  Since 

the sensors needed to be attached to the structural cage, it was only possible to pre-install the 

sensors on the first 12 m cage to be inserted, all other sensors in the array had to be carried 

along and installed at the right location as the other 12 m cages are added.  This has introduced 

some difficulties during the installation and will have to be reviewed for future work. 

Due to the nature of optical fiber, the optical cable cannot be looped bundled tightly as it is done 

with conventional electrical cables; optical signal intensity will be affected by excessive 

bending of the optical cable.  It is then necessary to pay extra attention during optical cable 

deployment along the cage. 

For this installation, we have introduced two FOS sensor arrays in a pile.  A spun pile, 0.6 m in 

diameter, was chosen to penetrate 32.5 m below the ground surface to serve 2160 kN working 

load.  The 0.6 m diameter spun pile was inserted into 0.8 m diameter grout mix pile.  The 

sensors locations in the pile are presented in Figure 6 (left).  Particular attention was taken to 

respect minimum bend radius of the optical cable (Figure 6 right and Figure 7). 

 

Figure 6:  Sensors location in the pile (left), FOS sensors installation details (middle) and minimum bend 
radius for the Fiber Optic Cables (right). 
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Figure 7:  Schematic diagram of the FOS sensor array for pile load testing application. 

5 FIELD RESULTS 

Since temperature sensors were introduced in some of the FOS sensor bars, it was possible to 

measure the curing cycle of the pile.  The results are presented in Figure 8.  This information 

can be useful to determine if the pile has competed its cure cycle before proceeding with the pile 

load test. 

Once the pile has completed its curing cycle, a reference level was taken from all FOS sensors.  

As the load was applied to the pile, deformation was calculated from the reference point and 

strain was determined according to the calibration of each sensor.  It has been noted that during 

the pile load testing, the temperature of the pile remained constant and can thus be neglected for 

strain calculation. 

During data collection, it was found that 6 of the 18 VWSGs could not be read (signal lost).  

After the load cycles have been performed, it has been found that all sensors at location 0.4 m 

and 1.1 m were giving erratic results, including the FOS sensors; this could be because the grout 

did not adhere properly or, more likely that the 0.4 m depth is not deep enough to transfer the 

load from spun pile to grout (as grout is not subjected to load).  Finally, VWSG at 8.6 m provide 

inconsistent results with pile design, VWSG malfunction is assumed.  From Figure 9, results 

from VWSG are consistent with FOS sensors at location 32 m and 17.8 m.  Since some VWSG 

were not consistent, the analysis of the pile design is more difficult to achieve.  The results from 

FOS sensors present a much better consistency with respect to the different loading stages. 
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Figure 8:  Temperature in the pile during the curing period. 
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Figure 9:  Results from 2 of the 3 loading stages (1 x Working Load and 3 x Working Load).  Symbols 
represents data from VWSG, full lines and dotted lines are the data obtained from FOS sensors. 

6 CONCLUSIONS 

It has been shown that embeddable FOS sensor provides a good alternative to VWSG for pile 

load testing.  Reliable data was obtained and it suggests that this is a more robust solution for 

integration in pile than VWSG since none of the sensors was lost.  It was also found that a 

slightly better design would facilitate simpler assembly of the sensors on the cage.  One of the 

potential alternatives would be to provide sensor array matched to the 12 meter structural cage 

section.  With that design, more optical cables would reach the head of the pile but the 

installation time would be reduced significantly.  Another possibility would be to install optical 

connectors between the 12 meter cage sections but this approach would need to be validated, 

especially the resistance of the connector to the hydrostatic pressure.  Finally, a solution 

allowing installation of the sensors after the insertion of the structural cages is under 

investigation.  This would reduce the cost of pile load testing activity and would also bring an 

easier installation process. 
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