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ABSTRACT:  8 

Preliminary pile tests are becoming increasingly routine in piling projects, some of which are 9 

instrumented to help optimise parameters for working pile design. However, the execution of a 10 

successful test on an instrumented concrete pile is not straight-forward; practitioners are often faced 11 

with difficulties in interpreting the results from the instrumentation due to factors such as 12 

installation and curing effects, insufficient and/or malfunctioned gauges and testing procedures. 13 

This paper provides a detailed methodology for the successful execution of an instrumented pile test 14 

addressing all of these factors. Established and emerging trends in instrumented concrete pile 15 

testing are captured through a database of over 100 published case histories from the literature. It is 16 

envisaged that the methodologies described in this paper, together with the companion paper on 17 

strain interpretation, can provide the practitioner with a helpful guide to enable a successful 18 

instrumented concrete pile test. 19 
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INTRODUCTION 21 

Preliminary pile tests are becoming increasingly commonplace in European piling projects, 22 

exploiting the design benefits of reduced partial factors available by pile testing, in accordance with 23 

Eurocode 7 (CEN, 2004). Furthermore, cost-effective instrumentation can be capitalised upon in 24 

preliminary piles to derive the shaft resistance distribution and base resistance mobilised during 25 

static loading, in order to optimise pile designs. However, instrumented concrete pile tests are not 26 

simple to perform and their interpretation involves careful consideration of several factors, 27 

including the type, position and orientation of strain gauges, the effects of installation and curing, 28 

and static load test procedures. The decision-making process associated with these factors is 29 

considered in detail in this paper, in the context of current and emerging trends in instrumented pile 30 

testing, captured through a database of over 100 case histories from the literature. It is envisaged 31 

that the methodologies described in this paper, together with the companion paper by Flynn and 32 

McCabe (2021) on strain interpretation, can provide the practitioner with the means of executing 33 

successful instrumented concrete pile tests. 34 

PILE INSTRUMENTATION 35 

The magnitude of load (P) in an instrumented concrete pile is determined as follows: 36 

P = EpileApileεelastic         (1) 37 

where Epile is the pile modulus, Apile is the pile cross-sectional area and εelastic is the mobilised elastic 38 

mechanical strain. Appropriate instrumentation is necessary to measure strain accurately (and infer 39 

axial load using Equation 1). This section provides an overview of the types and typical 40 

arrangements of strain gauges used in concrete piles, as deduced from an instrumented pile 41 

database. Table 1 summarises the scope of the database, with full details of the individual piles in 42 

Table 2.  43 

Instrumentation Types 44 



The typical types of instrumentation used in both precast and cast-in-situ concrete piles are, 45 

progressing from older to newer technologies, (i) electrical resistance gauges, (ii) vibrating wire 46 

gauges and (iii) fibre optic sensors. A comparison of these types, including typical strain range, 47 

resolution, and advantages and limitations for use in concrete piles, is presented in Table 3. All 48 

strain gauges in concrete piles operate on the principle of strain compatibility, whereby the strain 49 

measured by the gauge is assumed to be equal to the strain in the surrounding concrete. Such an 50 

assumption is valid, provided no cracking occurs within the pile concrete at the gauge level.  51 

Electrical resistance 52 

Electrical resistance strain gauges (ERSG) are perhaps the simplest and most cost-effective type for 53 

determining strain in structural members. The gauges, which have typical lengths of 5 to 15 mm, 54 

are mounted directly on the surface of a structural member (Figure 1a). When contraction or 55 

expansion occurs, the corresponding change in length across the gauge results in a proportional 56 

change in electrical resistance. This change in resistance can be calibrated against known applied 57 

strains using a gauge factor, allowing the change in strain to be quantified as follows: 58 

 𝜀 =  × 𝐺𝐹          (2) 59 

where εtotal is the measured (total) strain, ΔR is the change in resistance, R0 is the initial resistance 60 

and GFER is the electrical resistance gauge factor. ERSGs are typically configured in a full 61 

Wheatstone bridge circuit to minimise the effects of temperature and eccentricities due to bending 62 

within the structural member at the gauge location. Bonded foil and weldable electrical resistance 63 

gauges are considered the most suitable for use in concrete piles (Dunnicliff, 1988).  64 

The preparation of ERSGs is more labour intensive than other gauge types and is usually performed 65 

in a laboratory prior to site mobilisation. For cast-in-situ piles, the gauges are usually applied 66 

directly to the surface of the pile reinforcement. Alternatively, the gauges may be applied to an 67 

independent ‘sister bar’, as shown in Figure 2. This comprises a 0.5 to 1.0 m long steel bar with the 68 



gauge encapsulated within the central section. The overall length of the sister bar allows it to be 69 

mounted to the internal face of the transverse shear links between the main longitudinal 70 

reinforcement bars.  71 

Prior to gauge installation, the surface of the steel bar is smoothened by polishing and cleaned using 72 

a solvent. The gauge is then applied to the surface using adhesive, with the lead wires for 73 

connection to the data acquisition unit attached by soldering. Protection from damage and moisture 74 

ingress (which can lead to erroneous outputs) is provided by encapsulating the gauge in an epoxy 75 

adhesive coating; this is a critical element in the preparation process, as the gauge will be immersed 76 

in fluid concrete during casting.  77 

ERSGs enable high frequency sampling rates, making them ideal for use in piles subjected to 78 

dynamic load testing (Brown, 2002; Brown and Hyde, 2008; Robertson and Muchard 2007). Nie et 79 

al. (2016) also reported the successful use of these gauges in high-strength precast concrete pipe 80 

piles where space limitations prevented the use of vibrating wire strain gauges. Despite these 81 

advantages, ERSGs accounted for only 20 of the 117 case histories in the pile test database in Table 82 

2.  83 

Vibrating wire 84 

Vibrating wire strains gauges (VWSG) are currently the most popular gauge choice for 85 

instrumented concrete piles in practice, and were deployed in 79% of the case histories in Table 2. 86 

A steel wire is tensioned between two mounting blocks housed within a protective casing and 87 

sleeve which in turn is welded to steel bars (Figure 1b) or metal flanges at each end (Figure 1c). A 88 

magnetic field, generated by electromagnetic coils within the casing, is used to oscillate the steel 89 

wire at its resonant frequency. This process generates an alternating current, the frequency of which 90 

is recorded by a datalogger connected to the gauges. A change in load within the pile at the gauge 91 

level results in a proportional change in length (and hence frequency) of the wire, enabling the 92 

change in strain to be derived using the following equation: 93 



  𝜀 = (𝑓 − 𝑓 ) × 𝐺𝐹       (3) 94 

where f0 and f1 are the initial and current frequency readings respectively and GFVW is the vibrating 95 

wire gauge factor determined in manufacturer’s calibration tests. As the steel wire is also influenced 96 

by changes in temperature, each gauge is typically fitted with a thermistor within the protective 97 

housing to enable thermal strains to be ascertained.  98 

The main types of VWSG suitable for use in concrete piles are (i) sister bars and (ii) embedment 99 

gauges. The sister bar gauge is analogous to that previously described for ERSGs; the strain gauge 100 

is encapsulated with a protective sleeve which in turn is welded to steel rebar at each end (Figure 101 

3a). The overall length of the sister bar (0.5 to 1.0 m) allows it to be attached to the inner face of 102 

helical links on the reinforcement cage (Figure 4a). A reduced-length sister bar can also be utilised 103 

where a gauge is required in close proximity to the base of a pile; in this instance, circular steel 104 

flanges are attached to the ends of the bar to ensure sufficient fixity of the gauge within the concrete 105 

(Figure 3b).  106 

A typical vibrating wire embedment gauge is shown in Figures 1a and 4b. The length of this gauge 107 

type (≈ 100 to 150 mm) prevents direct attachment to shear reinforcement, resulting in the need to 108 

‘embed’ the gauge directly within the concrete. This is achieved using wooden mounting blocks 109 

which in turn are tied to the internal face of the main reinforcement bars (Figure 4b); alternatively, 110 

transverse steel ties can be welded to the reinforcement cage to provide a suitable anchoring point 111 

for the gauges (Figure 4c).   112 

Three of the case histories in Table 2 used a combination of embedment and sister bar VWSGs in 113 

instrumented concrete piles. Unfortunately, the comparative performance of these gauge types (due 114 

to the variable gauge lengths) was not presented in these studies. Such comparisons would be 115 

helpful, given that the unit cost of an embedment gauge is typically less than a sister bar. However, 116 

Hayes and Simmonds (2002) note that the length of a sister bar VWSG makes it less vulnerable to 117 



local defects within the concrete (e.g. cracking, fissures or air voids) compared to the embedment 118 

type (which have a gauge length in the order of 100 to 150 mm).  119 

VWSGs have a typical strain range of 3000 to 5000 με which is predicated upon the level of pre-120 

tension induced in the steel wire between the mounting blocks in the casing (although some 121 

manufacturers allow the level of pre-strain to be adjusted by the user). VWSGs can transmit 122 

frequencies over significant cable lengths without degradation from resistances due to temperature 123 

fluctuations, contact and water ingress (Hayes and Simmonds, 2002; Webb and Viswanathan, 124 

2005), making them suitable for use in long-term monitoring of pile behaviour. Whilst VWSGs 125 

have traditionally been considered unsuitable for measuring strain in concrete piles during dynamic 126 

events (e.g. pile driving and cyclic load tests) due to the limitations in the rate of sampling 127 

(Dunnicliff, 1988), dataloggers capable of high frequency strain monitoring are now commercially 128 

available (e.g. Campbell Scientific, 2020). 129 

Fibre optics 130 

The newest of the three instrumentation types considered herein, fibre optic strain sensors (FOSS) 131 

have the ability to overcome many of the limitations of ERSGs and VWSGs due to their lightweight 132 

construction, ease of installation, resistance to corrosion, immunity from electromagnetic 133 

interference and long-term stability, making them ideal for use in concrete piles (de Battista and 134 

Kechavarzi, 2021).  A typical optical fibre, shown in Figure 5a, comprises a silica glass core in 135 

which the light is transported, a silica glass cladding surround (with a lower refractive index to 136 

confine light to within the core), followed by a polymer buffer coating to protect the fibre. The 137 

diameters of the core, cladding and buffer are typically 9 to 62.5 μm, 125 μm and 250 μm 138 

respectively. Further details of the properties of optical fibres are presented in Kechavarzi et al. 139 

(2016).  140 

Fibre optic sensors are typically categorised into: 141 



(i) Discrete types where the primary role of the fibre optic cable is to transfer light to and 142 

from a discrete sensor (which makes use of the properties of the light to measure strain) 143 

(ii)  Distributed fibre optic sensing (DFOS), in which the fibre optic cable itself acts as the 144 

strain sensor throughout its length. 145 

Variants of discrete sensors include fibre Bragg gratings (FBG) and interferometric fibre optic 146 

sensors (IFOS). FBGs comprise a prefabricated grating within the core of an optical fibre of the 147 

sensor (Figure 5c) that induces a periodic variation in refractive index to reflect light centred about 148 

the Bragg wavelength, λB. When the sensor experiences a change in strain (due to mechanical 149 

and/or thermal effects), the Bragg wavelength undergoes a corresponding change in wavelength 150 

ΔλB which can be correlated to strain. Correction for thermal-related strain requires knowledge of 151 

the thermal properties of the optical fibre within the sensor (Kister et al. 2007). IFOS determine the 152 

magnitude of strain by assessing the interference resulting from two beams propagated along 153 

different optical paths within the fibre (Figure 5d), enabling high accuracy and sensitivity in strain 154 

measurement to be achieved over a wide dynamic range (Lee et al. 2012). Variants of IFOS sensors 155 

include extrinsic Fabry-Perot interferometers or EFPI (Schilder et al. 2013) which have very short 156 

gauge lengths (5 to 10mm) and Surveillance d’Ouvrages par Fibres Optiques or SOFO® which have 157 

active sensor lengths ranging from 0.25 to 10 m (Glisic et al. 2002). 158 

FBG sensors enable use of a single fibre optic cable to connect multiple sensors in a process known 159 

as ‘multiplexing’ (Kister et al. 2007) and hence are sometimes referred to as ‘quasi-distributed’ 160 

sensors. The short gauge length of FBGs and EFPIs allows the sensors to measure strain at a high 161 

resolution, but also makes them vulnerable to local strain anomalies at the sensor location (e.g. 162 

cracking or voids in the concrete) in comparison to other types. Issues with bandwidth within the 163 

fibre optic cable may arise when multiplexing as the number of sensors increases (Soga and Luo, 164 

2018). The unit cost of a FBG sensor is also comparable to a VWSG (Klar et al. 2006) and hence, 165 

the number of sensor levels will depend on the budget for the instrumented pile test. 166 



In distributed fibre optic sensing (DFOS), the emission of light through the fibre core results in 167 

scattering of light waves in all directions at different wavelengths. Differences in the properties of 168 

back-scattered light (due to strain and/or temperature in the fibre) is recorded by an optical 169 

spectrum analyser and analysed by appropriate software programs to produce a continuous profile 170 

of strain and temperature along the fibre. The following methods of analysis for DFOS systems 171 

have been utilised for instrumented concrete piles in Table 2:  172 

 Optical Frequency-Domain Reflectometry (OFDR) 173 

 Brillouin Optical Time-Domain Analysis (BOTDA) 174 

 Brillouin Optical Time-Domain Reflectometry (BOTDR) 175 

Rayleigh scattering of the light is used in OFDR to obtain measurements of strain and temperature 176 

along the fibre. A pulse of light (referred to as the signal light) is emitted through one end of the 177 

fibre using the optical spectrum analyser (Figure 5e). Natural impurities within the fibre core result 178 

in Rayleigh scattering as the signal light travels down the fibre, with back-scattered Rayleigh light 179 

received by the analyser. Interference between back-scattered and reference light (obtained 180 

independent of the test fibre by reflection of the signal light using a fixed mirror within the 181 

analyser) enables the Rayleigh spectral shift to be determined. By comparing the measured shift 182 

with the initial condition (Bersan et al. 2018), the differences can be correlated to strain and/or 183 

temperature changes, enabling continuous profiles along the fibre to be obtained.  184 

BOTDA and BOTDR methods are based on Brillouin scattering of light within an optical fibre. The 185 

interaction between the incident light and propagating density waves or acoustic photons results in 186 

scattering of light at a shifted frequency, referred to as the Brillouin frequency shift, which is 187 

approximately 10 to 11 GHz at a wavelength of 1550 nm for the incident light (Soga and Luo, 188 

2018). Subjecting the fibre to a change in length (due to temperature and/or strain) results in a 189 

proportional shift in the Brillouin frequency. In BOTDA, light is emitted from both ends of the fibre 190 

(comprising a short pump pulse at one end and a continuous wave at the other – see Figure 5f), 191 



resulting in the generation of an acoustic wave which alters the properties of the fibre (in a process 192 

known as stimulated Brillouin scatter). The effect of strain and temperature is then determined by 193 

assessing the loss or gain in the Brillouin frequency arising from the power transfer between the two 194 

light sources. BOTDR is based on spontaneous Brillouin scatter whereby the emission of a pulse of 195 

light form one end of the fibre results in Brillouin scatter that is insufficient to alter the fibre 196 

properties (Figure 5g). By recording the frequency of the back-scattered light, the shift in peak 197 

Brillouin frequency can be analysed to determine the magnitude of strain and temperature (Klar et 198 

al. 2006). 199 

The distinct advantage of DFOS in comparison to other types of instrumentation is the ability to 200 

obtain continuous measurements of strain and/or temperature along the full length of a concrete 201 

pile, allowing localised defects in the concrete to be identified which could otherwise be missed 202 

using discrete instrumentation. However, as highlighted in Table 3, each DFOS method has specific 203 

advantages and disadvantages which need to be considered for instrumented concrete piles. For 204 

example, the spatial resolution of BOTDA and BOTDR is in the order of 0.5 to 1.0 m at every 0.05 205 

m length of cable (Klar et al. 2006), whereas OFDR provides a spatial resolution in the order of 10 206 

mm (Bersan et al. 2018). However, OFDR is typically limited to cable lengths of 30 m or less, 207 

whereas BOTDA and BOTDR can provide measurements over much longer distances (up to 50 208 

km). BOTDA relies on the interaction of light emitted from both ends of a fibre and hence will be 209 

compromised by damage to the cable. On the other hand, BOTDR only requires access at one end 210 

of the fibre, with a looped cable providing an additional level of redundancy in the event that the 211 

cable is damaged (Kechavarzi et al., 2016). Given that optical fibres register a combination of 212 

mechanical and thermal strain, an additional temperature-sensing cable (which is isolated from 213 

mechanical strain) is required to remove the thermal strain component from the combined strain 214 

measurement. This is typically achieved by isolating the fibre within a gel-filled sheath (Figure 5b). 215 

Further guidance on correction for thermal strain in concrete piles using DFOS is presented by 216 

Mohamad et al. (2014). 217 



The installation process for fibre optic cables, illustrated in Figure 6, involves either clamping or 218 

bonding the cables to the main reinforcement bars (usually in pairs orientated at 180o) along the full 219 

pile length (e.g. de Battista et al. 2016; Kister et al. 2007; Pelecanos et al. 2017). For DFOS 220 

systems, the strain-sensing fibre cables are typically pre-tensioned to between 1500 and 3000 με 221 

prior to casting (to minimise issues with signal interpretation in loose cables), whereas temperature 222 

cables are usually attached in a non-taut configuration. Readers are referred to Kechavarzi et al. 223 

(2016) for a comprehensive guide to the installation of fibre optic cables. 224 

GAUGE ARRANGEMENTS 225 

Gauge levels 226 

For discrete instrumentation types, the next step in the instrumentation process is to determine the 227 

number of gauge levels in the pile. The most basic form of instrumented pile test involves 228 

separation of the total pile resistance into the respective shaft and base resistances only, 229 

accomplished using two levels of strain gauges, one at the head (for establishing the relationship 230 

between pile modulus and strain, see Flynn and McCabe, 2021) and the other as close to the pile 231 

base as possible (Figure 7a). This approach provides no information on the shear stress variation 232 

along the pile shaft which is unhelpful where layered stratigraphy is present. 233 

The use of multiple strain gauge levels between the pile head and base will provide more 234 

comprehensive information on the shear stress variation along the embedded length (Figure 7b). 235 

Where an instrumented concrete pile is installed in layered stratigraphy (Figure 7c), the gauge 236 

levels should be placed at the interfaces between layers. In this instance, is it crucial to determine 237 

the ground conditions accurately at or as close as possible to the pile position, as any deviations in 238 

stratigraphy from that assumed may compromise the reliability of the strain interpretation process. 239 

The continuous profiling offered by cone penetration testing (CPT) is ideal in this regard, and the 240 

cone end resistances measured also enable a comparison of the normalised shaft and base 241 



resistances derived with those reported in the literature (e.g., Gavin et al., 2013; Lehane et al., 242 

2005). 243 

Where cast-in-situ piles are constructed through very soft fine-grained soils into underlying soils of 244 

higher strength (e.g. hard clays, dense sands and gravels or rock), concrete over-supply within the 245 

weaker layer can result in significant deviations from the nominal pile diameter assumed in the 246 

strain interpretation process. If a gauge is placed at a depth corresponding to this layer, the enlarged 247 

cross-section will result in an apparent reduction in strain (due to the larger axial rigidity EA 248 

component in Equation 1) at this level (Figure 7c), which may be misinterpreted as additional shaft 249 

resistance. Similarly, where bored piles are drilled through overburden into rock, a reduction in pile 250 

diameter will inevitably occur due to the differences in the diameter of casings in the overburden 251 

and drilling tools in the rock.  The placement of strain gauges across this interface may again result 252 

in the shaft resistance being over-estimated due to the additional end-bearing resistance created at 253 

the soil/rock interface by the larger pile diameter within the overburden (Figure 7d). 254 

The uppermost gauge level is typically used to derive the correct strain-dependent pile modulus as 255 

part of the strain interpretation process. Unfortunately, the selection of an appropriate level is not 256 

straightforward. The generation of resistance between pile head and uppermost gauges, e.g. due to 257 

shaft friction and/or end-bearing resistance on the underside of the pile cap, can lead to significant 258 

errors in the strain interpretation process. This risk can be mitigated using compressible high-259 

density polystyrene on the underside of the pile cap, as reported by Unwin and Jessep (2004). 260 

Alternatively, local excavation of the soil surrounding and immediately beneath the pile cap could 261 

be considered. 262 

The application of axial load on the pile cap may result in non-uniform stresses near the pile head 263 

due to end-effects. As such, for discrete instrumentation, the uppermost level should be placed at a 264 

distance at least three times the pile diameter, D, below the pile head, in accordance with St. 265 

Venant’s Principle (Batten et al., 1999; Lam and Jefferis, 2011). However, the uppermost level of 266 



the case histories in Table 2 varied from 0 to 17 D, with mean and median values of 2.8 D and 1.7 267 

D, respectively, and the choice of level is likely to be influenced by factors such as pile length, pile 268 

cap embedment, temporary casing/sleeving and ground conditions.  269 

The lowermost level for discrete gauge types should as close to the base as possible in order to 270 

accurately determine the base resistance during loading. Again, distances reported in the literature 271 

in this regard range from 0 to 11.2 D, with mean and median distances of 1.5 D and D, respectively. 272 

As noted previously, the length of a traditional sister bar gauge will prevent its placement within 0.5 273 

m of the base; this can be alleviated by selecting reduced-length sister bars with end flanges or else 274 

by using embedded strain gauges. Unfortunately, placement of strain gauges too close to the base of 275 

the cage will increase the risk of over-stressing and damage during installation, particularly where 276 

the cage is plunged after concreting. 277 

Gauge Orientation 278 

The instrumented pile database (Table 2) identified the following typical instrumentation 279 

configurations, illustrated in Figure 8: 280 

(i) A single gauge in the centre of the pile. 281 

(ii) Two gauges placed diametrically (180o) apart on either the main or shear reinforcement. 282 

(iii) Three gauges orientated at 120o. 283 

(iv) Four gauges, comprising two pairs of gauges placed at 90o to each other. 284 

The use of a single gauge per level is generally limited to micropiles, in which strain gauges are 285 

typically spot-welded directly to a central reinforcement bar. However, a single strain gauge per 286 

level provides no redundancy in the event of gauge malfunction during installation, curing and/or 287 

loading. 288 

Whilst multiple gauges per level are primarily chosen for redundancy purposes, they also serve to 289 

minimise the influence of pile bending during loading on the measured strain. This phenomenon 290 



results from inevitable eccentricities in the applied axial load which can be significant in certain 291 

circumstances. Significant variations in mobilised strain in individual sensors in the upper portions 292 

of instrumented piles under compression load were reported by Bersan et al. (2018) and Kania and 293 

Katoka Sørensen (2018), both of whom used DFOS systems. Inspection of the ground profiles 294 

presented in these studies suggests that poor confinement from the surrounding soil promoted 295 

lateral deflection of the pile head as the eccentric load was applied, leading to the aforementioned 296 

deviations in strain.  297 

Multiple strain gauges were used per level in the majority of case histories in Table 2. Of these, 298 

50% of studies used pairs of gauges orientated at 180o to each other, 14% had three gauges at 299 

intervals of 120o, while 28% utilised two pairs of gauges placed at right angles to one another. The 300 

use of two gauges allows instrumentation costs to be minimised; however, should a gauge 301 

malfunction, the strain reading from the sole remaining gauge will be affected by bending (the 302 

extent of which can no longer be quantified) and should be treated with extreme caution when 303 

interpreting the test results (Siegel, 2010; Fellenius and Tan, 2012). Practitioners may be tempted to 304 

use three gauges arranged at angles of 120o to provide additional redundancy; however, in the event 305 

of a gauge malfunction, the average of the remaining gauges still cannot compensate for bending 306 

effects, as the gauges are not orientated at 180o to one another (Sinnreich, 2021). As such, two pairs 307 

of gauges located at 90o to each other provides the most reliable strain gauge arrangement. As 308 

demonstrated by Flynn and McCabe (2021), the influence of bending is most significant near the 309 

head of a concrete pile under compression loading and hence, there may be scope to reduce the 310 

instrumentation arrangement to 2 No. gauges at 180o at sections of the pile where the effects of 311 

bending are minimal. In fact, such gauge arrangements have been utilised in several studies 312 

involving instrumented concrete piles (e.g. Hai and Dai (2013), Kim et al. (2004) Mullins et al. 313 

(2003) and Vipulanandan et al. (2012)). 314 

INSTALLATION 315 



For precast piles, the process of instrumenting the reinforcement is performed during pile 316 

construction in the casting yard, whereas installation of instrumentation for cast-in-situ types is 317 

normally carried out on site due to the risk of gauge damage during transportation of an 318 

instrumented cage from an off-site location.  319 

For cast-in-situ piles, the instrumented cage must be carefully lifted into a vertical position for 320 

insertion into the ground. The reinforcement cage for a bored pile is usually installed in the bore 321 

prior to casting (requiring the use of a tremie pipe to prevent damage to the gauges), whereas for 322 

CFA, DCIS and other cast-in-situ types such as micropiles, the instrumented cage must be plunged 323 

into the freshly-cast concrete. The cage is usually plunged under its self-weight; where refusal 324 

occurs, the cage can be pushed to the base of the pile using an excavator bucket. For excessively 325 

long piles (typically greater than 14m embedment), the use of a low-frequency vibrator may be 326 

considered, exercising extreme caution due to the risk of disturbance and damage to the gauges. The 327 

installation process can be challenging for the following reasons: 328 

(i) The use of high strength concrete grades can result in the mix hardening prematurely, 329 

leading to premature refusal of the reinforcement cage. This may be mitigated somewhat by 330 

using a mix with ground granulated blast furnace slag (GGBS) to achieve slower early 331 

strength gain or plasticizers to improve workability. 332 

(ii) The large compression forces in a preliminary test typically require the pile to be heavily 333 

reinforced; the resulting congestion of steel can restrict concrete flow during cage insertion. 334 

(iii) A loss in verticality of the cage during plunging, particularly in thick layers of soft 335 

compressible soil, can prevent insertion of the cage into an underlying stiffer stratum. Flynn 336 

(2014) describes such a problem with a DCIS pile constructed through over 8 m of very soft 337 

to soft alluvial clays into underlying dense gravels. The loss of verticality resulted in the 338 

base of the cage coming in contact the sides of the gravel socket and damaging several strain 339 

gauges in the lower section of the cage.  340 



Following completion of concreting and installation of reinforcement, a concrete pile cap is 341 

constructed at the head of each test pile for load application and to accommodate the egress of 342 

instrumentation cables through the side. The cap must be sufficiently reinforced to prevent bursting 343 

stresses resulting in premature termination of the test and curtailing the benefits of the 344 

instrumentation. Consideration should also be given to the dimensions of the pile cap; circular caps 345 

formed using steel casing are typically utilised (Figure 9a), although square pile caps may be 346 

preferable where several hydraulic jacks are required to apply large loads to the pile (Figure 9b).  347 

Several of the case histories in Table 2 used temporary steel or plastic casings to minimise the shaft 348 

resistance of bored piles during loading. The use of double-sleeved casings, described by Zhan and 349 

Yin (2000), isolates the ground from the pile using an enlarged outer diameter casing, with the pile 350 

cast within an inner casing (Figure 10a). To restrict lateral movement of the pile during loading, the 351 

annulus between the casings is typically filled with a low strength cement-bentonite grout. Where a 352 

reduction in base resistance during loading is desired (e.g. to facilitate higher applied loads for 353 

mobilising shaft resistance), consideration can be given to the use of compressible high-density 354 

polystyrene to create a soft toe at the base of bored piles, as successfully implemented for an 355 

instrumented bored pile undertaken by AGL Consulting (Figure 10b). An alternative method 356 

reported by Unwin and Jessep (2004) involves placing a water-filled polyurethane bag at the base of 357 

the bore.  358 

CURING AND RESIDUAL LOADS 359 

Unlike preformed piles, cast-in-situ piles must cure in the ground and will therefore undergo 360 

changes in volume as the concrete sets and cures. Moreover, the installation of a pile, regardless of 361 

type, will disturb the surrounding soil (from lateral or vertical soil movements) and the excess pore 362 

pressures generated in cohesive soils will induce downdrag on the pile as they dissipate (Fellenius, 363 

2002). Therefore, the assumption of a load-free pile as the initial condition for a load test is 364 

questionable. A limited number of recent studies have considered the processes which occur within 365 



the concrete and soil after the installation of a cast-in-situ pile to gain a better understanding of 366 

residual load development. The scope of these tests is summarised in Table 4, which includes 367 

details of pile type, pile dimensions, instrumentation used and duration of curing, and highlights the 368 

individual processes for which measurements were made within the concrete and soil. The level of 369 

detail in these studies varies from basic two-point tests (i.e. strains recorded immediately post-370 

installation and just before the load test) to more detailed studies in which strain and temperature 371 

were monitored over part or all of this period. This section provides commentary on each process in 372 

terms of strain and temperature (where relevant), as these can be measured using the 373 

instrumentation incorporated in the pile prior to casting. 374 

Initial concrete set and hydration 375 

Once a concrete pile is constructed, the mixture of the cement binder and water results in an 376 

exothermic chemical reaction. The level of heat generated during hydration varies with the 377 

properties of the binder and the insulating medium outside the pile. In the case of a precast pile, the 378 

insulating material prior to installation is air (once the formwork is stripped) which is a poor 379 

insulator, so the heat generated dissipates quickly. In the case of a cast-in-situ pile, the process is 380 

prolonged as soil is a superior insulator. As the reaction proceeds, the hydration temperatures will 381 

continue to rise for several hours after casting, and the concrete will begin to harden or ‘set’ during 382 

this period (Figure 11a). Initial set is assumed to be complete at peak temperature Tpeak (Neville and 383 

Brooks, 1987). 384 

The authors have compiled temperature data from relevant case histories in Table 4 (as well as 385 

unpublished records from the first author) to investigate hydration temperature behaviour during 386 

initial set and curing. Only hydration temperature profiles at or close to the mid-depth of each pile 387 

were used in the study, as temperatures at the distal pile sections are likely to be influenced by 388 

three-dimensional effects. On this basis, data from 19 piles were collated for initial set. The 389 

resulting variation in Tpeak with pile diameter, D, is presented in Figure 12a where no correlation is 390 



apparent; this is to be expected however, as the absolute hydration temperature is likely to be 391 

influenced by factors such as concrete mix, ground temperatures, construction methods and gauge 392 

position within the pile cross-section. However, when the time to peak temperature tpeak is plotted 393 

against D in Figure 12b, a near-linear relationship is obtained (although several piles in the dataset 394 

with diameters between 0.5 and 1.0 m have tpeak values which are greater than the overall linear 395 

trend). Figure 12b serves as a useful first-order approximation for estimating the time to peak 396 

temperature tpeak (and hence initial set) when assessing residual load development methods, as 397 

discussed by Flynn and McCabe (2021). 398 

The case histories in Table 4 where strain behaviour was reported during initial set and hydration 399 

were noted to be conflicting. Several studies (Pennington 1995, Siegel and McGillivray 2009, 400 

Fellenius et al. 2009 and Lam and Jefferis 2011) did not attempt to correct for thermal strain during 401 

this phase and hence reported measured or ‘total’ strain εtotal. As the hydration temperatures 402 

increased, compressive εtotal values were observed in these studies. Such observations conflict with 403 

the expectation that a rise in temperature will cause thermal expansion of a pile. Hence, correction 404 

for thermal strains is warranted. The level of thermal strain εthermal present in a pile at a particular 405 

instance after casting can be determined using Equation 4: 406 

𝜀 = 𝛼𝛥𝑇 =  𝛼(𝑇 − 𝑇 )       (4) 407 

where α is the coefficient of thermal expansion of the material in question, ΔT is the change in 408 

temperature, T0 is the initial temperature and T is the current temperature. The ‘mechanical’ strain 409 

εmech during initial set and hydration can be inferred as follows:  410 

𝜀 = 𝜀 − 𝜀         (5) 411 

The majority of studies in Table 4 used VSWGs to measure axial strains during the curing process. 412 

Given that these gauges comprise a pretensioned steel wire, the α value in Equation 4 is assumed to 413 

be that of steel (i.e. ≈ 12 με/oC). Using Equations 4 and 5 with α =12 με/oC resulted in εmech values 414 

which were tensile at peak temperature in the studies by Farrell and Lawler (2008) and Pennington 415 



(1995), which is in line with expectations for pile behaviour at peak temperature discussed above 416 

and in agreement with the tensile strain response during initial set of a 1.5m diameter bored pile in 417 

London, UK reported by Kister et al. (2007) using FBG sensors. Given that the studies in which the 418 

uncorrected compressive strains were reported during initial set were obtained using VWSGs, the 419 

compressive εtotal measurements are most likely explained by the tensioned steel wire within the 420 

gauge casing expanding at a greater rate (α ≈ 12 με/oC) than the surrounding casing (which is 421 

bonded to the concrete with α ≈ 7 to 10 με/oC) during the hydration process, resulting in an 422 

‘apparent’ compression strain as the wire slackens (Bicocchi 2011; Fellenius et al. 2009; McCartney 423 

and Murphy, 2012).  424 

Curing and strength development 425 

After hydration temperatures have peaked, the pile will experience a gradual reduction in 426 

temperature with time. The durations for full decay of hydration temperatures to ambient Tambient for 427 

the studies in Table 4 were typically 8-10 days, although a period of 30 days was required for 428 

temperatures to stabilise within a 2.6 m diameter bored pile in Vancouver, Canada (Fellenius et al., 429 

2009). The authors have used relevant temperature data from the studies in Table 4 to produce 430 

Figure 12(c) which shows that the time taken for 90% dissipation in hydration temperatures, t90, i.e. 431 

from Tpeak to Tambient+0.1(Tpeak-Tambient), is a function of square of the pile diameter, D2, in a similar 432 

manner to the dissipation of excess pore pressures following driven pile installation. Note that only 433 

15 of the studies represented in Figures 12(a) and (b) could be included in Figure 12(c) as 90% 434 

dissipation was either not achieved or could not be reliably extrapolated in all cases. As a result, 435 

thermal strains will have a prolonged effect on the measured strain profile for large diameter piles 436 

during curing. Figures 12b and 12c combined serve as a useful means of estimating the duration of 437 

excess hydration temperatures, after which time the thermal strains can be assumed to be due to (the 438 

minor) variations in ambient ground temperature only. 439 



As the curing phase is characterised by a reduction in hydration temperature, contraction of the 440 

concrete pile would also be expected. However, conflicting strain behaviour during curing was 441 

again apparent for the studies in Table 4. Where strains were not corrected from thermal effects 442 

(Pennington (1995), Siegel and McGillivray (2009), Fellenius et al. (2009) and Lam and Jefferis 443 

(2011)), reported profiles of εtotal which trended towards a tensile state as hydration temperatures 444 

receded. Plausible reasons noted in the literature for such behaviour include swelling of the pile due 445 

to the absorption of moisture from the surrounding soil (Fellenius et al. 2009), drying shrinkage 446 

(Hayes and Simmonds 2002) and external restraint from shear stresses acting on the shaft of the pile 447 

(Sinnreich, 2012). On the other hand, compressive εmech profiles which increased with curing time 448 

were observed by Farrell and Lawler (2008) and Vipulanandan et al. (2007) for VWSGs. It is clear 449 

that the uncertainties regarding the appropriate α-value to apply to the εtotal data obtained using 450 

VWSGs when correcting for thermal strains has hampered the interpretation of pile behaviour 451 

during this phase, leading to conflicting conclusions. Such uncertainties can be eliminated through 452 

the use of fibre optics to investigate strain behaviour during curing. In this regard, Kister et al. 453 

(2007) reported profiles of εmech that were compressive, in line with the expected contractile 454 

behaviour of a pile undergoing cooling following peak hydration. To date, the use of DFOS during 455 

curing of cast-in-situ piles has been primarily limited to thermal profiling (e.g. de Battista et al. 456 

2016; Rui et al. 2017); corresponding measurements of curing strain using this technology are 457 

welcomed so as to provide more comprehensive insights in the behaviour of cast-in-situ piles during 458 

this phase. 459 

Pile installation and soil consolidation effects 460 

Preformed piles may develop residual loads due to elastic rebound during driving. As already 461 

mentioned, downdrag or negative skin friction may arise after pile driving in cohesive soils. These 462 

phenomena will occur independently of and in parallel with the processes within the concrete as 463 

described above. The development of such residual loads is typically characterised by an increase in 464 

compressive strain with time at various sections of the pile, as reported by Siegel and McGillivray 465 



(2009) in CFA piles and Fellenius et al. (2009) in precast post-grouted concrete cylinder piles in 466 

soft marine clay after concrete-related effects had diminished. For both studies, the strains near the 467 

head of the pile remained relatively constant during this period, which is in general a useful 468 

benchmark against which residual load processes elsewhere within the pile can be assessed. 469 

In summary, the effects of the curing process on the development of residual loads in cast-in-situ 470 

piles is complicated by the effect of hydration temperatures, particularly in relation to the separation 471 

of total and mechanical strains using VWSGs. The various methods for interpreting the magnitude 472 

of residual load from these curing strains are critically reviewed by Flynn and McCabe (2021) in the 473 

context of curing records. 474 

LOAD TESTING 475 

Following a suitable equalisation or curing period, for which Figure 12 could be used as a guide, an 476 

instrumented concrete pile is typically subjected to axial load testing. The predominant type of test 477 

used is the maintained compression load test (incorporated in the test programmes of 74% of the 478 

case histories in Table 2), with tension and rapid load testing featuring in only 4% and 8% of case 479 

histories respectively. The use of bi-directional load tests using an Osterberg cell or ‘O-cell’ is 480 

popular for large diameter bored piles where the size and number of reaction piles otherwise needed 481 

becomes cost-prohibitive; these tests arise in 20% of case histories in Table 2.  482 

Test Arrangement 483 

Figure 13a shows the typical arrangement for a static compression load test on an instrumented 484 

concrete pile, comprising a hydraulic jack centred over the pile cap which is loaded against a steel 485 

reaction frame in turn connected to tension piles using high-strength steel bars. Alternatively, 486 

kentledge (e.g. precast concrete blocks or soil) may be utilised to generate the applied load, 487 

although this method is falling out of favour due to health and safety concerns, prompted by 488 

kentledge failures.  489 



The applied load is measured using a load cell placed between the jack and the reaction frame 490 

(Figure 13b), with the pile head displacement determined using linear variable differential 491 

transformers (LVDT) connected to an independently-supported reference beam. A minimum of 4 492 

No. LVDTs, orientated at right angles, should be used to capture the effects of rotation of the cap 493 

due to eccentricities in the applied load. It is crucial that logging of strain from each gauge during 494 

the load test is carried out at the same frequency as the applied load and pile head displacement in 495 

order to expedite the strain interpretation process. Further details of static load testing procedures 496 

are presented by Bica et al. (2014). 497 

Load schedule 498 

For routine commercial projects, the load schedule for an instrumented load test typically comprises 499 

an extended version of that specified for working piles but these can vary considerably from region 500 

to region. In the United States, for example, piles are typically tested in accordance with a ‘quick’ 501 

method specified in ASTM D1143 (ASTM, 2020) whereby a series of axial load increments 502 

equivalent to 5-10% of the maximum applied load are applied for a maximum hold periods of 15 503 

minutes. In contrast, the Institution of Civil Engineers (ICE) Specification for Piling and Embedded 504 

Retaining Walls or SPERW (ICE, 2017), the industry standard method for pile testing in the United 505 

Kingdom and Ireland, requires compression loads to be applied in increments corresponding to 10-506 

25% of the pile’s specified working load (SWL), with unload-reload cycles performed at SWL and 507 

1.5 × SWL. Furthermore, ICE SPERW specifies minimum hold periods ranging from 10 minutes to 508 

6 hours to permit the effects of concrete creep displacement to be assessed.  509 

To highlight these contrasting load schedules, Figure 14 illustrates a generic example of the applied 510 

load variation with elapsed time for a maintained compression load test on a pile with a maximum 511 

applied load corresponding to 3.0 × SWL. For a test undertaken in accordance with ASTM D1143, 512 

the test duration will be 6 hours, whereas ICE SPERW yields a minimum test duration of over 30 513 

hours (assuming that pile displacements stabilise at the minimum hold period, which is unlikely). 514 



The load test performed in accordance with ICE SPERW will undoubtedly result in a more 515 

challenging strain interpretation process due to the effects of creep within the pile during each hold 516 

on the measured strains (Lam and Jefferis, 2011), as well as complexities arising from the unload-517 

reload cycles which induce additional residual loads in the pile. As such, performing unload-reload 518 

cycles prior to achieving geotechnical pile failure is discouraged (Fellenius, 2020; Fellenius and 519 

Ruban, 2020; Siegel 2010). 520 

CONCLUSIONS 521 

This paper provides a detailed review of methodologies employed for the successful execution of an 522 

instrumented concrete pile test, including selection of appropriate strain gauges, their arrangement 523 

within a pile, issues associated with installation and curing, as well as static load testing. A database 524 

of over 100 published case histories on instrumented piles was collated to inform this review. Key 525 

takeaway points from the review include the following: 526 

 VWSGs are the dominant gauge type in the literature, although DFOS are becoming more 527 

prevalent due to their ability to provide continuous profiles of strain which enhance the 528 

interpretation of pile behaviour. 529 

 Four gauges per level at 90o separation should be used to account for the effects of bending 530 

during the load test, as well as for redundancy purposes. The use of a one or three gauge 531 

strategy per level is discouraged due to the inability of these configurations to compensate 532 

for malfunctioning gauges. Two gauges per level may be appropriate as a cost-saving 533 

measure at locations away from the head of a pile (where bending effects are greatest). The 534 

location of changes in strata should be identified carefully (using continuous profiling) 535 

before siting gauges at these levels. 536 

 Plunging of the reinforcement cage after concreting (for CFA and DCIS piles) can result in 537 

significant damage to the strain gauge instrumentation due to issues with early-set in 538 

concrete, steel congestion and non-verticality. 539 



 In-situ curing results in changes in temperature due to concrete hydration. The time to peak 540 

temperature is a function of the pile diameter, whereas the time from peak temperature to 541 

the time at which only 10% of excess temperature remains is proportional to the square of 542 

the pile diameter. The data presented in this paper enable the duration of the hydration 543 

process to be estimated, which is helpful in determining when the load test might be 544 

conducted. 545 

 The variations in strain during curing reported in the literature are highly conflicting, 546 

primarily due to inconsistencies in the choice of α-value for thermal strain correction in 547 

VWSGs. 548 

 Whilst the static load test arrangement is relatively common worldwide, load test schedules 549 

vary considerably. Excessive hold durations promote creep displacements which complicate 550 

the strain interpretation process. The benefits of unload-reload cycles prior to reaching the 551 

maximum pile load are questionable, particularly as these cycles induce additional residual 552 

loads which are complex to interpret from the instrumentation. 553 

The companion paper guides the reader through the strain interpretation process using case 554 

histories, in light of the challenges highlighted in this paper. 555 
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Notation 

Apile = pile cross-sectional area 

D = pile diameter 

Epile = pile modulus 

EA = axial rigidity 

GFER = electrical resistance gauge factor 

GFVW = vibrating wire gauge factor 

P = load 

R0 = initial resistance 

T = temperature 

Tambient = ambient temperature 

Tpeak = peak temperature 

f0 = initial frequency 

f1 = current frequency  

tpeak = time to peak hydration temperature 

t90 = time for 90% dissipation of temperature from Tpeak to Tambient 

α = coefficient of thermal expansion 

ΔR = change in resistance 

ΔT = change in temperature 

ΔλB = change in Bragg wavelength 

λB = Bragg wavelength 

εelastic = elastic strain 

εmech = mechanical strain 

εthermal = thermal strain 

εtotal = total (measured) strain 
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List of Figure Captions 
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Figure 1. Schematic of (a) bonded foil electrical resistance strain gauge, (b) vibrating wire sister bar and (c) 
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Figure 2. Electrical resistance strain gauges mounted on sister bars (protective sealing shown in inset) 

(reproduced with permission from Galbraith, 2011)
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Figure 3. Vibrating wire strain (a) standard sister bar gauges and (b) reduced-length sister bar with 

flanges
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Figure 4. Typical attachment details for vibrating wire (a) sister bars, (b) embedment gauges using 

wooden mounts and (b) embedment gauges using welded steel ties
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Figure 5. (a) Typical optical fibre structure, (b) temperature sensing fibre optic cable, (c) fibre Bragg grating, (d) 

extrinsic Fabry-Perot Interferometer, (e) Optical Frequency-Domain Reflectometry, (f) Brillouin Optical Time-

Domain Analysis and (g) Brillouin Optical Time-Domain Reflectometry
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Figure 6. Distributed fibre optic sensor cables (reproduced with permission from de Battista et al. 2016)
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Figure 7. Examples of typical strain gauge levels
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(c) (d)(a) (b)

Figure 8. Typical strain instrumentation arrangements – (a) 1 No. central, (b) 2 No. at 180
o
, (c) 3 No. at 120

o
 and (d) 4 No. at 90

o



(a)

(b)

Figure 9. Pile test cap configurations – (a) circular and (b) square



(a) (b)

Figure 10. (a) Installation of double pile sleeve to minimise shaft resistance and (b) use of a polystyrene to create a soft toe ((reproduced with permission from Drs 

David Gill and Eric Farrell, AGL Consulting)

Inner casing

Outer casing

Polystyrene



(a)

(b)

Figure 11. Variation with time after casting of (a) temperature and (b) strain for cast-in-situ concrete 
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Figure 12. Variation with pile shaft diameter of (a) peak temperature, (b) time to peak temperature and 

(c) time between peak and 10% excess temperature - see Table 4 for legend reference
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(a)

(b)

(c)

Figure 13. Typical arrangement for (a) static load test with reaction piles, (b) load test instrumentation 

and (c) multiple hydraulic jacks
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Figure 14. Comparison of load schedules specified by ASTM D1143 and ICE SPERW
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