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ABSTRACT:  8 

The incorporation of strain gauges (traditionally electrical resistance and vibrating wire gauges but 9 

increasingly fibre optic sensors) within concrete piles provides a valuable opportunity for enhanced 10 

understanding of shear stress distribution along the pile shaft and bearing resistance at the pile base. 11 

This paper provides a much-needed roadmap for practitioners to negotiate the challenges associated 12 

with strain interpretation in concrete piles. Key learnings from the paper relate to residual loads, 13 

temperature effects during curing, pile bending, strain-dependent modulus, unload-reload loops and 14 

creep strains during loading. Guidance is drawn from a combination of techniques advocated in the 15 

literature, examples from the authors' experiences from various instrumented concrete pile types, as 16 

well as case histories published by others.  17 
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INTRODUCTION 19 

The advent of cost-effective, commercially-available instrumentation offers possibilities for more 20 

judicious use of load tests on concrete piles. However, interpretation of strain measurements from 21 

the instrumentation can be challenging, often hampered by pile installation and curing effects, 22 

bending and concrete modulus issues, load testing procedures and malfunctioned gauges. 23 

Unfortunately, the literature on strain interpretation in concrete piles is relatively sparse and, in 24 

certain instances, contradictory, and there is no single resource that practitioners can resort to for 25 

guidance. Drawing on some literature for data interpretation, in addition to specific examples from 26 

the authors' experiences of various instrumented cast-in-situ types and some published by others, 27 

this paper aims to bring clarity to the strain interpretation process through a step-by-step guide. This 28 

paper is best studied in conjunction with the companion paper (Flynn and McCabe 2021b) covering 29 

a review of instrumentation types and procedures. The intention of the paper is to equip the 30 

practitioner with an understanding that will ultimately espouse the more widespread use of 31 

instrumented piles.  32 

BACKGROUND AND DATABASE 33 

The magnitude of load (P) at a specific level within an instrumented concrete pile is given by: 34 

P = EpileApileεelastic        (1) 35 

where Epile is the pile’s elastic modulus, Apile is the pile cross-sectional area and εelastic is the 36 

mobilised elastic strain. Flynn and McCabe (2021b) discuss suitable instrumentation for accurate 37 

measurement (and inference of axial load using Equation 1); these measure total strain εtotal, 38 

comprising the following components: 39 

εtotal = εmech + εthermal = εelastic + εcreep + εthermal     (2) 40 



where εmech is mechanical strain within the pile, which comprises the elastic strain εelastic and 41 

(irreversible) creep strain εcreep, and εthermal is strain induced by temperature changes. The following 42 

sections provide insights into the strain interpretation process for an instrumented concrete pile, 43 

commencing with installation, followed by concrete curing for cast-in-situ piles and soil 44 

consolidation/setup effects for driven piles, and finally, axial static/maintained load testing.  45 

Table 1 comprises a series of instrumented concrete pile tests collated from the authors’ records, the 46 

results of which are drawn upon in this paper to highlight various elements of the strain 47 

interpretation process. All piles were instrumented with vibrating wire strain gauges. In addition to 48 

pile type, length and diameter, the table also provides summary ground conditions, instrumentation 49 

type, strain gauge levels, and net change in strain and continuous measurements made between 50 

casting and axial load tests.  51 

INSTALLATION AND CURING  52 

Installation 53 

For concrete piles, gauges are usually affixed to the pile reinforcement, either on site for cast-in-situ 54 

pile types, or in a casting yard for precast piles. As described in Flynn and McCabe (2021b), 55 

plunging of the reinforcement cage presents the greatest risk to the strain gauges for a cast-in-situ 56 

pile, whereas large driving stresses generated in precast piles can lead to cracking of the concrete, 57 

resulting in a loss of strain compatibility and erroneous strain output. As such, gauge readings taken 58 

after attachment to the cage and after installation is complete should be compared to assess if any 59 

damage has occurred. 60 

Curing 61 

The process of concrete curing may lead to the development of residual loads in cast-in-situ and 62 

driven piles between installation and load testing, while soil consolidation may also contribute in 63 



driven piles. A limited number of case histories have been reported in the literature and these are 64 

reviewed in Flynn and McCabe (2021b). Given the observed strain profiles, three approaches to 65 

interpreting residual loads in a cast-in-situ pile have been proposed. In this section, these methods 66 

are appraised using examples of curing behaviour obtained from the authors’ records of 67 

instrumented driven cast-in-situ (DCIS) piles, the details of which are presented in Table 1.   68 

The most basic method of interpretation, described by Kim et al. (2004), assumes that the net 69 

change in total strain between casting and conducting a load test is solely due to residual load. 70 

Designated Method 1 in this paper, this ‘two-point’ method is convenient as strain readings are only 71 

required immediately after casting and immediately prior to commencing a load test. The limitation 72 

of the simplified method lies in its inability to relate this ‘lumped’ change in strain to the 73 

component processes which occur prior to load testing.  74 

To overcome this, the variation in strain and temperature over time can be obtained in a near-75 

continuous manner using a datalogger (or an optical spectrum analyser for fibre optic sensors). Two 76 

interpretation methods based on such intermediate measurements have been proposed, with the 77 

main difference between them relating to the times at which residual load is assumed to develop: 78 

 Pennington (1995) proposed calculating the change in temperature-corrected (i.e. 79 

mechanical) strain between peak temperature and load testing to represent the residual load 80 

in a cast-in-situ pile (Figure 1a), on the basis that the pile is in a stress-free state at peak 81 

temperature. This method is herein designated Method 2.  82 

 Kim et al. (2011) propose a correction procedure, referred to herein Method 3, based on the 83 

assumption that residual loads are negligible at or near the head of the pile. By placing a set 84 

of strain gauges at this reference level, a strain profile which is independent of residual load 85 

can be obtained that can be compared to the profiles at the remaining sections of the pile. 86 

The instance at which a strain profile at a particular section begins to deviate from the trend 87 



at the reference level is deemed to be the time at which residual loads begin to develop. The 88 

change in strain at each gauge level after this instance represents the strain due to residual 89 

load, as illustrated in Figure 1b. Note that the method does not require corrections for the 90 

effect of temperature on the measured strains. 91 

Two of the test piles in Table 1 (D1 and P1) were constructed in mixed ground conditions, 92 

including layers of highly-compressible alluvial soils where negative skin friction was anticipated 93 

due to upfilling of ground levels, as well as excess pore pressures generated by tube installation. 94 

The remaining four piles (R1, R2, R3 and S1) were installed in uniform sand where downdrag loads 95 

were expected to be minimal. The net change in εtotal between casting and static load testing for the 96 

six piles is presented in Figure 2 (note that a positive sign convention has been used for 97 

compressive strains). It is apparent that tensile εtotal (≈ 45 to 85 με) developed at the uppermost 98 

gauge level in all piles. Piles R1 to R3 and S1 in sand exhibited a near-constant tensile state 99 

throughout their embedded length. These tensile states imply that internal processes (e.g. internal 100 

restraint arising from shrinkage or swelling from moisture absorption) were influential. On the other 101 

hand, Piles D1 and P1 in layered soil demonstrated a reduction in tensile strain with depth, reaching 102 

a maximum compressive strain at the interface of the alluvial soils and underlying granular layer in 103 

which the piles were founded. These profiles resemble the classical distribution of dragload with 104 

depth with the neutral plane at the interface of the layers, suggesting that external processes (i.e. 105 

negative skin friction) had a dominant effect on these strains during curing. It is plausible that the 106 

larger compressive strain mobilised in Pile D1 in comparison to P1 is due to the greater thickness of 107 

soft soil (and hence dragload); however, the absence of continuous strain measurements during 108 

curing of Pile P1 precludes definitive conclusions in this regard.  109 

To investigate how internal and external processes contribute to the development of residual loads 110 

in contrasting ground conditions, Piles D1 and S1 were connected to a datalogger for the entire 111 

curing period (approximately a fortnight, see Table 1), with measurements of strain and temperature 112 



logged at intervals of 15 minutes for the initial 24 hours and at hourly intervals thereafter. The 113 

resulting temperature and total (measured) strain profiles for Piles S1 and D1 are presented in 114 

Figures 3 and 4 respectively. The following points are noteworthy: 115 

 At both sites, compressive total strains developed during initial set, with peak hydration 116 

temperatures occurring ~9 to 15 hours after casting, in keeping with previous findings 117 

summarised in Flynn and McCabe (2021b). Peak compressive total strains and temperatures 118 

were considerably greater at the uppermost gauge level in Pile S1 than at other levels, which 119 

was attributed to the larger cross-sectional area of the 0.6 m square pile cap in which the 120 

gauges were inadvertently cast. 121 

 Compressive total strains subsequently reduced at all gauge levels after hydration 122 

temperatures had peaked and began to stabilise during the curing phase. The largest 123 

reduction in compressive strain occurred near the head of both test piles, in keeping with the 124 

observations of curing behaviour reported by Fellenius et al. (2009) and Kim et al. (2011). 125 

 As the pile temperatures reached equilibrium, the total strains in Pile S1 were tensile 126 

throughout (Figure 3). In contrast, compressive strains began to develop in Pile D1 once 127 

again after 60-80 hours and continued to increase slowly for the remainder of the 128 

measurement period (Figure 4); this was attributed to the effect of dragload due to 129 

settlement in the alluvial soils induced by a combination of upfilling and dissipation of 130 

excess pore pressures generated by driving. These observations are again in keeping with 131 

previous research referenced in the companion paper. 132 

 Cyclic variations in strain and temperature at the uppermost gauge level in Pile S1 were 133 

attributed to contraction and expansion of the pile cap due to the diurnal variation in air 134 

temperature. This effect could have been reduced or eliminated by ensuring that these 135 

gauges were within the pile (i.e. below ground level) rather than the pile cap.  136 



Conversion of curing strains to load using Equation 1 is not a straightforward process, primarily 137 

because the pile modulus is time-dependent and hence is expected to be lower during the initial 138 

stages of curing when the concrete is in a semi-solid state (Neville and Brooks, 1987). The limited 139 

studies of residual load in the literature adopted a constant pile modulus based on empirical 140 

relationships with concrete strengths (Kim et al. 2004) or used direct measurements from the 141 

instrumentation in the subsequent static load test (Pennington, 1995; Siegel and McGillivary, 2009). 142 

For the examples presented herein, the authors have chosen the latter method for calculating 143 

residual load from the interpreted strains. 144 

Figure 5 compares the derived residual load distributions for the two case histories using the 145 

aforementioned Methods 1 to 3, with Method 2 calculations based on temperature-corrected strain 146 

profiles using a coefficient of thermal expansion α = 12 με/oC (as per Pennington (1995) and Farrell 147 

and Lawler (2008)). The addition of these residual loads to those measured during the subsequent 148 

static load test resulted in the load distributions (also shown in Figure 5) which increase with depth 149 

for Method 1 over a portion of the pile length and are greater than the applied load at the pile head 150 

for Method 2; see Figure 5b. These distributions would appear to be unrealistic, as the magnitude of 151 

displacement (>10 % of the pile diameter) induced during the static load test would be sufficient to 152 

reverse any negative shear stresses acting along the shaft of the piles.  153 

On the basis of the above, Method 3 provides the most realistic load distributions, whereby the load 154 

reduces systematically with depth, with no erratic variations in load apparent. As such, this method 155 

has been advocated by Fellenius et al. (2009) and Kim et al. (2011) for interpreting residual load in 156 

cast-in-situ piles during curing. It is important to note, however, that these three methods have been 157 

developed from case histories involving the use of vibrating wire strain gauges to measure strain 158 

behaviour during curing. As highlighted by Flynn and McCabe (2021b), considerable uncertainty 159 

exists in the choice of an appropriate α-value for this gauge type, leading to contrasting strain 160 

profiles during curing. As such, further research into the curing behaviour of concrete piles using a 161 



combination of sensor types (e.g. VWSG and Distributed Fibre Optic Sensing or DFOS) is 162 

encouraged to provide greater insight into residual load development in cast-in-situ piles).  163 

INTERPRETATION OF STATIC LOAD TEST STRAINS 164 

The static load test is typically carried out once the pile concrete has reached sufficient compressive 165 

strength (typically 7 to 28 days, depending on the maximum applied load). Thermal strains may still 166 

persist if the hydration temperatures have yet to equalise. However, the relationship between time to 167 

peak temperature versus diameter, and time from peak temperature to 10 % excess temperature 168 

versus pile diameter squared in Flynn and McCabe (2021b) can be used to choose the earliest time 169 

for load tests such that their interpretation will not be complicated by thermal strains. At this stage, 170 

it is standard practice to re-zero the gauge readings so that any further changes in strain relate to the 171 

static load test only, with any residual loads mobilised during curing added to the load distribution 172 

at the end of the interpretation process. It should be noted that excess pore pressures due to pile 173 

driving, where relevant, may still be in existence once curing temperatures have decayed, and these 174 

may also impact upon the pile’s performance under load. 175 

The interpretation process commences with a review of the εtotal data. This is best performed in a 176 

visual manner initially by plotting the variation in (i) εtotal and applied load, P, with elapsed time, (ii) 177 

εtotal with pile head displacement and (iii) εtotal with P. An example of these plots is illustrated in 178 

Figure 6 for an array of four strain gauges at the uppermost level orientated at 90o to each other 179 

(labelled 1 to 4 in a clockwise manner) in Pile D1. It is apparent that: 180 

 The application of compression load results in a corresponding immediate increase in total 181 

strain in each gauge. Further gradual increases in strain occur during each load hold period 182 

due to creep within the concrete (Figure 6a). 183 



 The strains in the four gauges begin to diverge from each other at an early stage in the load 184 

test due to pile bending, with the difference in strain continuing to increase as the applied 185 

load increased. 186 

 Permanent tensile strains prevail when the pile was unloaded. 187 

Thermal strains may also affect a concrete pile during a static load test, particularly in gauges near 188 

the ground surface where the influence of ambient air temperatures is greatest. These should be 189 

deducted from total strain to obtain mechanical strain using the same procedure as that for hydration 190 

temperatures during curing described previously.   191 

Figure 7 illustrates an example of two malfunctioning gauges within a group of four at a given level 192 

in a 450mm diameter CFA pile (Pile C1) in layered soil; sudden reductions in strain occur during 193 

the hold period, possibly due to cracking of concrete or debonding of the gauge. Correction may not 194 

be possible in this instance, as a loss of strain compatibility is likely to have occurred, rendering the 195 

measured strains beyond this point unusable.  196 

Creep 197 

Creep is defined as permanent deformation of a material under constant load. For concrete, the 198 

process is considered long-term and hence is sometimes overlooked when performing short-199 

duration instrumented concrete pile tests. Creep in concrete will increase as the applied stress 200 

reaches a greater proportion of the concrete’s compressive strength (Neville and Brooks, 1987). 201 

This has greatest implications for preliminary concrete pile tests, where, unlike working pile load 202 

tests, the primary objective is to induce failure by subjecting the pile to a large compression load. 203 

As noted in Flynn and McCabe (2021b), pile testing specifications typically mandate that loads are 204 

held for an extended period of time (6 hours or greater) and such durations will undoubtedly 205 

promote the development of creep within a concrete pile, especially approaching the calculated 206 

ultimate pile resistance. 207 



Figure 8a shows the variation in mechanical strain with time at the uppermost gauge level of a 600 208 

mm diameter continuous flight auger (CFA) pile (Pile C2) during a maintained compression load 209 

test in accordance with the Institution of Civil Engineers (ICE) Specification for Piling and 210 

Embedded Retaining Walls or SPERW (ICE, 2017). The application of load at 13.4 hours resulted 211 

in an accompanying increase in strain (~100 με). However, the strain continued to increase (albeit at 212 

a significantly reduced rate) during the proceeding 3 hour hold period until the rate of settlement 213 

reduced to the minimum required by SPERW (resulting an additional 42 με). The strain behaviour 214 

during the next load increment was similar, with 100 με mobilised very quickly, followed by ~75 με 215 

more gradually during the 6.5 hour hold. Lam and Jefferis (2011) advocate that strains mobilised 216 

during the hold periods are due to creep within the concrete. The increases in strain immediately 217 

following application of load represent the true elastic responses which should be used to determine 218 

the elastic pile modulus; inclusion of creep in this process would lead to gross errors in the derived 219 

load at sections of the pile where creep was minimal. Separation of the mechanical strain into 220 

elastic and creep components is, at best, approximate, but is typically assumed to occur within 10 221 

minutes after commencement of load application which is not instantaneous, taking several minutes 222 

to perform (Lam and Jefferis, 2011).  223 

The elastic and creep strains for each load increment are assessed for each strain gauge using the 224 

procedure illustrated in Figure 8a, with the overall elastic response of the pile obtained by summing 225 

the individual elastic strain components for each stage (Lam and Jefferis, 2011; 2012). Figure 8b 226 

shows the resulting variation in mechanical (i.e. elastic plus creep) and cumulative elastic strains 227 

with time, where it is evident that creep accounts for a substantial portion of the mechanical strain at 228 

peak load. It is noteworthy that the elastic strain reduces to 0 με when the pile is fully unloaded at 229 

the end of the test; this is expected as the gauge in question was located close to the ground surface 230 

where residual loads are expected to be minimal (Kim et al. 2011). Interestingly, ignoring the effect 231 

of creep would result in a net compression strain of 500 με at the end of the test, implying that a 232 



large net compression load was present at the pile head after unloading, which is illogical. Hence, 233 

the correction for creep is warranted. 234 

Pile bending 235 

Following correction of the mechanical strains for creep, the next step is to assess the effect of pile 236 

bending during loading. Eccentricities inevitably occur during the application of axial load, 237 

resulting in bending which may increase significantly in the latter stages of a preliminary load test. 238 

The response of a pile to bending can be examined visually by plotting the measured strain with 239 

depth for a given orientation (e.g.  90o, 180o, 270o and 360o, when four gauges are placed per level). 240 

This procedure is illustrated in Figure 9a to c for cast-in-situ piles concrete piles at their maximum 241 

applied load in a maintained compression load test; commentary on each case is provided below.  242 

The first example (Figure 9a) relates to the aforementioned 380 mm diameter DCIS pile in a highly-243 

layered stratigraphy of low strength and stiffness (Pile P1). Variations in elastic strain were 244 

apparent at each gauge level, but particularly in the upper half of the pile where lateral fixity was 245 

reduced due to the presence of soft clay with bands of peat. The variation in elastic strain with depth 246 

for a 450 mm diameter continuous flight auger (CFA), designated Pile C1, is shown in Figure 9b. 247 

The variations in elastic strains at each level in this case are slightly lower, but could be considered 248 

less significant in relative terms given that larger average strains were mobilised; the only exception 249 

to this trend was at the uppermost gauge level within poorly-placed fill which allowed the pile head 250 

to rotate during loading due to the eccentricity in applied load during the test. Figure 9c represents a 251 

1.5 m diameter bored pile (Pile F1) installed through Boulder Clay and into siltstone bedrock. The 252 

pile was double sleeved with outer and inner steel casings to the top of rock to minimise shaft 253 

resistance within the overburden during loading. The annulus between the casings was plugged with 254 

a weak cement-bentonite grout. The variation in elastic strain at maximum applied load shows 255 

significant variations at several gauge levels (including levels within the reduced-diameter rock 256 



socket), indicating that the pile was heavily influenced by bending throughout. The discrepancies in 257 

strain were most apparent at the uppermost gauge level, implying that the confinement provided by 258 

the weak bentonite grout within the annulus of the casings was insufficient to prevent lateral 259 

movements of the inner casing induced by eccentricities during loading.   260 

In theory, the effect of pile bending in any axial plane can be minimised by placing only a pair of 261 

strain gauges at 180o to each other, as the average strain of the two strain readings will be 262 

representative of that at the pile centroid (Fellenius and Tan, 2012; Sinnreich, 2021). However, the 263 

impact of utilising an additional pair of gauges at 90o to the other pair is examined in Figures 10a to 264 

c for the uppermost gauge level of the three examples shown in Figure 9; these present the variation 265 

in average strain for each 180o–spaced gauge pair (i.e. 1-3 and 2-4), as well as all four gauges (1-2-266 

3-4) during loading. For Pile P1, shown in Figure 10a, the averages of each pair and all four gauges 267 

are virtually identical throughout the load test. In the second example (Figure 10b), the average 268 

strains obtained from each gauge pair in Pile C1 begin to diverge from the average of the four 269 

gauges when the applied load is approximately one third of the maximum strain. This indicates that 270 

biaxial bending has developed due to the eccentricity in applied load occurring at a location 271 

between the axes of the strain gauge pairs. The divergence continues as the eccentricity in applied 272 

load exacerbates the bending moment. In Figure 10c, the lack of confinement within the double-273 

sleeved casings of Pile F1 resulted in divergence in strain at < 10 % of the maximum applied load, 274 

although the rate of divergence began to slow as the applied load increased. Based on these 275 

examples, a case emerges for the use of four gauges at 90o where greatest bending is anticipated 276 

(crucial for modulus determination) and two gauges at 180o at other levels, in order to help 277 

minimise costs. However, selection of the depth along the pile at which a transition from four to 278 

two gauges is appropriate is by no means straight-forward and requires engineering judgement for 279 

the particular scenario under consideration. 280 



If a gauge malfunctions during loading, it is standard practice to ignore the readings of the opposite 281 

gauge to prevent a biased estimate of average strain from the three remaining gauges (Sinnreich 282 

2021). However, from inspection of Figures 10b and c, the remaining pair of strain gauges may 283 

have insufficient ability to compensate for biaxial bending when the eccentricity is located between 284 

the axes of the strain gauge pairs. This has significant implications for the derivation of the pile 285 

modulus using the uppermost gauge level (as described in the following section), as the examples 286 

demonstrate that this level is most vulnerable to bending effects. Such effects may be alleviated to 287 

some extent by the use of steel casing to enhance the pile’s flexural resistance between the cap and 288 

the first gauge level (as reported by Lam and Jefferis, 2011). The examples in Figures 9 and 10 289 

demonstrate that the majority of bending occurs near the pile head, primarily due to poor lateral 290 

confinement under axial load (either from the surrounding soil of poor strength or the use of weak 291 

bentonite grout within the annulus of the double-sleeved casings), with discrepancies in strain 292 

output significantly reducing with depth.  293 

Pile modulus 294 

The derivation of the pile modulus is arguably the most challenging stage in the interpretation 295 

process due to the non-linear behaviour of concrete, and the use of an erroneous modulus can result 296 

in gross errors in the interpreted load distribution. Various methods for deriving the pile modulus 297 

have been proposed and readers are referred to a comprehensive review of these methods by Lam 298 

and Jefferis (2011). Table 2 (adapted from Lam and Jefferis, 2011) summarises the key equations 299 

and parameters of each method.  300 

The pile modulus can be ascertained using (i) direct methods based on the strain readings from the 301 

pile instrumentation during loading, e.g. tangent modulus (Fellenius, 1989), secant modulus (Lam 302 

and Jefferis, 2011) and time-dependent secant modulus (Lehane et al., 2003) methods, or (ii) 303 

indirect methods whereby the pile modulus is assumed to correspond to laboratory measurements of 304 



concrete modulus (using instrumented concrete specimens or dummy piles) or by empirical 305 

relationships with compressive strength presented in design codes (e.g. CEN, 2004).  306 

The popularity of pile modulus interpretation methods was appraised by the authors using the pile 307 

test database presented in Flynn and McCabe (2021b). Unfortunately, 34 % of sites in the database 308 

did not report the pile modulus method used and consequently, a reduced database of 77 case 309 

histories is presented in Table 3. Of these, 70 % of the studies derived the pile modulus using direct 310 

methods, with the tangent and secant methods equally represented. The transformed area, 311 

uncorrected area and dummy pile indirect methods accounted for only 15, 12 and 3 of the sites in 312 

the database, respectively; this outcome reflects the poor reliability of these methods in estimating 313 

the pile modulus (and hence load) in comparison to the direct methods, as reported by several 314 

authors (Patel, 2010; Siegel, 2010; Lam and Jefferis, 2011; Sahajda, 2013). Their use as the primary 315 

method for derivation of the pile modulus is therefore discouraged. 316 

For direct methods, the primary purpose of the uppermost gauge level is to serve as a direct 317 

calibration of strain with the applied load. As such, this level should be placed as close to the head 318 

of the pile as possible in order to minimise intervening shaft resistance which would inhibit 319 

comparability; further guidance on this is presented in Flynn and McCabe (2021b). Particular 320 

attention should be given to the dimensions of the pile cap, as an enlarged cap area relative to the 321 

pile may lead to end-bearing resistance on the underside of the pile cap during loading and 322 

unrepresentative strains. 323 

As noted previously, the modulus of concrete is a non-linear (second order) function of strain. 324 

Fellenius (1989), however, noted that the relationship between tangent modulus Epile,tangent = 325 

Δσ/Δεelastic (where Δσ and Δεelastic are the respective changes in stress and elastic strain between 326 

each load increment) and elastic strain becomes linear when the shaft resistance is fully mobilised. 327 



By means of linear regression, the relationship between Epile,tangent and strain can be obtained using 328 

Equation 4: 329 

  Epile,tangent = Atangentεelastic + Btangent      (4) 330 

where Atangent is the slope of the tangent modulus line and Btangent is the Epile,tangent–axis intercept. 331 

These constants are subsequently used to obtain the equivalent secant modulus Epile,secant, as follows: 332 

Epile,secant = 0.5Atangentεelastic + Btangent      (5) 333 

In the secant method, the pile modulus is determined directly from the measured stress-strain 334 

response using the secant slope, as follows: 335 

   Epile,secant = P/Apileεelastic        (6) 336 

The resulting relationship between Epile,secant and εelastic is ascertained by fitting an appropriate 337 

trendline (e.g. polynomial, exponential, or logarithmic) to the data.  338 

For precast concrete piles, the Apile term in Equation 1 is known in advance of the load test 339 

(provided no breakages occur during driving). In the case of cast-in-situ piles, the true diameter 340 

(and hence area) of the pile may differ from the nominal diameter due to the complex interaction 341 

between the fluid concrete and surrounding ground. In most instances, extraction of the test pile will 342 

be prohibitive for both cost and health and safety reasons; only 3 of the case histories in Table 3 343 

report an as-constructed diameter for cast-in-situ variants. As such (based on the case histories 344 

collated in Table 3), it is common to assume that that the pile diameter corresponds to the diameter 345 

of the auger for CFA and drilled displacement piles, the outer diameter of the casing and/or drilling 346 

tool for bored piles and the diameter of the sacrificial driving shoe for DCIS piles. Ideally, the 347 

sensitivities in shaft and base resistances to the assumed pile diameter should also be assessed, as 348 

demonstrated by Flynn and McCabe (2021a) for DCIS piles. Nonetheless, measurement of the pile 349 

cross-sectional area is not strictly necessary, as the lumped EpileApile term (known as axial rigidity 350 



(Marinucci et al. (2021)) can be determined from measured load-strain response. Lam and Jefferis 351 

(2011) provide guidance on interpreting axial rigidity for a composite pile (e.g. a bored pile with a 352 

reduced-diameter rock socket). Further commentary on the merits of comparing the moduli or axial 353 

rigidities derived using the secant and tangent methods as part of the interpretation process is given 354 

by Fellenius (2012) and Lam and Jefferis (2012). 355 

Figure 11 shows a comparison of the secant and tangent methods applied to a 380 mm diameter 356 

DCIS pile (Pile D1). The tangent axial rigidity (Epile,tangentApile) is plotted against elastic strain in 357 

Figure 11a for all gauge levels during loading. A near-linear variation in Epile,tangentApile is apparent 358 

for the uppermost gauge level (1.3 m) throughout the test, whereas the remaining gauges become 359 

linear after approximately 250 με, as the shaft resistance becomes fully mobilised along the 360 

embedded pile length (note that shaft resistance also results in the data plotting above the trendline 361 

in Figure 11a, as the true load at these levels is less than the applied load). A linear trendline has 362 

been fitted to the data for 1.3 m and the equivalent strain-dependent Epile,secantApile obtained using 363 

Equations 4 and 5. The resulting relationship is illustrated in Figure 11b, together with the data 364 

ascertained by direct calculation of the secant axial rigidity using Equation 6. The methods show 365 

reasonable agreement, although some variability is apparent for the secant method, as the axial 366 

rigidity was deduced directly from the data, rather than by linear regression. The range of EpileApile 367 

values are consistent with a modulus of 26 to 28 GPa for a nominal diameter of 380 mm, which is 368 

plausible for a concrete pile tested approximately 13 days after casting.  369 

Figure 12a illustrates two examples (using Piles P1 and S1) of how multiple unload-reload cycles 370 

(with unequal load increments) complicate the tangent and secant rigidity derivations. In these 371 

scenarios, the back-figured rigidities for the uppermost gauge levels exhibited more variability in 372 

comparison to Figure 11, with the tangent rigidity being particularly sensitive to changes in strain 373 

(due to the use of differentiation, as noted by Fellenius (2012)). Unloading will induce additional 374 

residual loads which may affect the response of the pile, as illustrated by the higher tangent 375 



rigidities in the proceeding cycle. As such, the EpileApile-εelastic relationship must be considered 376 

separately for each cycle, rather than deduced from a continuous dataset for the entire test. 377 

However, load increments often differ for the reload phase, with ICE SPERW, for example, 378 

specifying an initial reload increment corresponding to the peak load from the previous cycle, 379 

followed by two additional increments and then unloading. As shown in Figure 12, there are only 380 

three datapoints available with which to determine the rigidity for the second cycle and these are 381 

located within a relatively narrow strain range (100 to 150 με and 300 to 450 με in Figure 12a and 382 

b, respectively). Furthermore, the strains at the remaining levels are likely to be outside of the lower 383 

end of this range and the resulting extrapolation of rigidity may introduce further errors into the 384 

interpretation process. The axial rigidity is shown to increase with strain for the third load cycle in 385 

Figure 12b; this phenomenon has been experienced by the authors on occasion, and has also been 386 

noted in the literature (e.g. Fellenius 2020). It is attributed to post-peak reductions in shaft 387 

resistance at this level (2.5 mbgl) arising from the two load cycles and may also indicate that some 388 

shaft resistance was present between the pile head and the gauge level. Several authors (Lam and 389 

Jefferis 2011, 2012; Fellenius 2012) have questioned the need to carry out such loading cycles in 390 

instrumented load tests and the examples presented herein serve to highlight the associated 391 

interpretation difficulties that may arise when these are performed. 392 

The effect of bending on the mobilised elastic strain during loading can be significant, leading to 393 

further difficulties in the interpretation of pile rigidity. Figure 13 illustrates the secant axial rigidity -394 

elastic strain response obtained from the uppermost gauge level of the example presented in Figure 395 

10b (where bending was significant during the test). A divergence in derived axial rigidity from 396 

each of the two gauge pairs (1-3 and 2-4) develops when εelastic exceeds 200 με, with large increases 397 

in rigidity derived from the first gauge pair (1-3) most apparent. The remaining pair (2-4) exhibits a 398 

more realistic response, with EpileApile reducing with εelastic at a gradual rate. It is likely that the 399 



rigidity obtained using all four gauges is biased to some extent due to the behaviour of the first 400 

gauge pair. 401 

Load Distribution 402 

The final step in the interpretation process is to convert the elastic strains to pile loads. The load at 403 

each level is calculated using Equation 1 in conjunction with the strain-dependent secant modulus at 404 

the uppermost gauge level. First, the variation in average strain with applied load should be plotted 405 

for each gauge level, as shown in Figure 14 for Piles S1 and P1. The load-strain response at all 406 

levels become parallel to one another in the latter stages of the test on Pile S1 in Figure 14a, which 407 

indicates that the shaft resistance was fully mobilised. This is not the case for the Pile P1 dataset in 408 

Figure 14b, however, where the resistances continue to increase and show no sign of reaching peak 409 

values at the maximum applied load. 410 

Where residual loads were measured during the curing process, these should be added to obtain the 411 

true load distribution (Selemetas and Standing, 2017). The resulting loads should be plotted with 412 

depth as illustrated in Figure 15a for Pile D1. The plots should be scrutinized for signs of abnormal 413 

variations, such as the increase in load between 3.5 m and 6.5 m in Figure 15a. In this instance, the 414 

strain gauges at 3.5 m were located within a section of the pile shaft where a layer of very soft peat 415 

was encountered during the ground investigation and it was suspected that significant concrete 416 

overbreak occurred at this depth during concreting, resulting in an enlarged pile cross-section. As a 417 

result, the axial rigidity was under-estimated, leading to an apparent shedding of load across this 418 

layer inconsistent with its very soft to soft undrained shear strength. Therefore, these readings were 419 

ignored and the estimated true distribution is illustrated by the dashed lines in Figure 15a. 420 

Shaft resistance 421 



The shear stress τs between two successive gauge levels is derived from the load distribution using 422 

Equation 6: 423 

  𝜏 =
∆

        (6) 424 

where ΔQs and Li are the change in shaft load and the distance between successive gauge levels, 425 

respectively, and Ds is the pile shaft diameter. Strain gauges enable the change in load between 426 

successive levels to be determined and hence the shear stress across this distance is considered to 427 

represent of the average shear stress, rather than a local measurement obtainable using surface stress 428 

transducers (e.g. Lehane et al. 2012; Royston et al. 2021). As such, plotting the distribution of shear 429 

stress with depth as single datapoints at the midpoint between gauges and joined by a line can be 430 

deceptive if the distance between levels is large. Presentation of the data as illustrated in Figure 15b, 431 

i.e. as constant values between gauge levels, may be more appropriate in this instance. 432 

Base resistance 433 

The lowermost level of discrete-type strain gauges should ideally be placed within 250 mm of the 434 

base of the test pile to enable accurate estimation of the base resistance during loading. However, 435 

the lowermost gauge level of the piles in the database of Flynn and McCabe (2021b) ranged from 0 436 

to 7.9 m and hence, extrapolation is typically relied upon to derive the base resistance.  437 

Figure 16 shows the base resistance-displacement response of Pile C1 derived by extrapolating the 438 

load distribution linearly from the lowermost gauge level (~200 mm from the base). The next 439 

lowest gauge level was situated 1.6 m from the base; extrapolation from this level (see inset) results 440 

in the base resistance being grossly over-estimated. It is therefore crucial that strain gauges are 441 

placed as close to the base as possible in order to minimise errors associated with extrapolation. 442 

Increased use of DFOS systems in the future, rather than discrete strain measurement systems, will 443 

enable more accurate assessments of pile base loads, obviating the need for extrapolation.   444 



CONCLUSIONS 445 

The interpretation of data from an instrumented concrete pile is not a simple process, with factors 446 

such as installation and curing effects, creep, bending and testing procedures influencing the 447 

measured strains. Various techniques advocated in the literature for interpreting data from 448 

instrumented concrete piles have been demonstrated and appraised with the help of case histories, in 449 

an attempt to reduce such uncertainties for practitioners. Key conclusions from this process 450 

included: 451 

 Assessment of residual loads in cast-in-situ piles during curing is enhanced by continuous 452 

monitoring of strain and temperature during this period. Uncertainties in correction for 453 

thermal-related effects hampers this assessment when using vibrating wire strain gauges, 454 

with fibre optic sensors expected to provide more definitive interpretations. 455 

 Prolonged hold periods promote the development of irreversible creep strains within the 456 

concrete, which must be deducted from total strains to derive elastic strains. 457 

 The effects of bending on the measured strains are most prevalent at the upper sections of 458 

the pile (where confinement from the soil may be reduced). However, these effects can be 459 

mitigated to some extent by using four gauges at the uppermost level. 460 

 The strain-dependent pile modulus should be derived using the creep-corrected strain data 461 

from the uppermost gauge level in conjunction with the tangent and secant modulus 462 

methods. 463 

 Unload-reload cycles have an unhelpful impact on the interpretation process and should be 464 

discouraged for instrumented pile tests. 465 

 Discrete-type strain gauges (i.e. electrical resistance, vibrating wire and fibre Bragg grating) 466 

should be placed as close as possible to the base to minimise errors due to extrapolation in 467 

calculating the base resistance. 468 



It is hoped that this paper, in conjunction with the companion paper by Flynn and McCabe (2021b), 469 

will support an increased uptake and a more meaningful interpretation of instrumented load tests on 470 

preliminary piles. 471 
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Notation 

Atangent, Btangent = regression parameters for tangent method 

Apile = pile cross-sectional area 

D = pile diameter 

Ds = pile shaft diameter 

Epile = pile modulus 

Epile,secant = secant pile modulus 

Epile,tangent = tangent pile modulus 

EpileApile = pile axial rigidity 

EpileAsecant = secant axial rigidity 

EpileAtangent = tangent axial rigidity 

GFVW = vibration wire gauge factor 

Li = distance between successive gauges 

P = load 

T = temperature 

Tambient = ambient temperature 

Tpeak = peak hydration temperature 

ΔQs= change in shaft load 

Δσ = change in stress 

Δεelastic = change in elastic strain 

α = coefficient of thermal expansion 

ε = total strain 

εcreep = creep strain 

εelastic = elastic strain 

εthermal = thermal strain 

εtotal = total (measured) strain 

τs = shear stress 
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C1 in layered soil 

Figure 8. (a) Elastic and creep strains during maintained compression load test and (b) 
measured and creep-corrected strain response of Pile C2 in uniform sand 
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in layered soil and (c) Pile F1 in rock with double sleeved casings in overburden 

Figure 10. Effect of pile bending on average strains during loading for (a) Pile P1 in layered 
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overburden 
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Figure 13. Effect of pile bending on secant pile axial rigidity of Pile C1 in layered soil 

Figure 14. Variation in average elastic strain at each gauge level with applied load, 
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partial mobilisation of shaft resistance for Pile P1 in layered soil 

Figure 15. Variation with depth of (a) load and (b) shear stress for Pile D1 in layered soil 

Figure 16. Effect of gauge distance from pile base on extrapolation for determining base 
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(a)

(b)

Figure 1. Interpretation of residual loads during curing using continuous strain measurements – (a) 

Method 2 and (b) Method 3
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Figure 2. Net change in total strain between casting and commencing static load test for selected DCIS 

piles in Table 1
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(a)

(b)

Figure 3. Variation with time after casting of (a) temperature and (b) strain – Pile S1 in uniform medium 

dense to dense sand
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(a)

(b)

Figure 4. Variation with time after casting of (a) temperature and (b) strain – Pile D1 in layered soil

-75

-50

-25

0

25

50

75

100

125

150

0 50 100 150 200 250 300 350

T
o
ta

l 
s
tr

a
in

, 
ε t

o
ta

l
(μ
ε)

Time after casting (hours)

1.3 m

3.55 m

6.5 m

7.5 m

Pile D1
Diameter = 380 mm
Length = 7.7 m
Layered soil

Gauge levels

Tension

Compression

15

20

25

30

35

40

0 50 100 150 200 250 300 350

T
e
m

p
e
ra

tu
re

, 
T

 (
o
C

)

Time after casting (hours)

1.3 m
3.55 m
6.5 m
7.5 m

Pile D1
Diameter = 380 mm
Length = 7.7 m
Layered soil

Gauge levels

Medium Dense
to Dense Sand 
& Gravel (Fill)

Very Soft 
to Soft 
Clay & 
Peat

Loose 
becoming Very 
Dense Sand & 

Gravel

0.6 m circular x 
0.4 m deep pile 
cap

3.4 m

7.0 m



(a)

(b)

Figure 5. Interpreted residual load distribution during curing and ultimate load distribution during static 

load testing for (a) Pile S1 in uniform sand and (b) Pile D1 in layered soil
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(a)

(b)

(c)

Figure 6. Variation of (a) strain and applied load with time, (b) strain with displacement and (c) strain 

with applied load during static compression load test at uppermost gauge level of Pile D1 in layered soil
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Figure 7. Example of malfunctioning strain gauges during static compression load test on Pile C1 in 

layered soil
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(a)

(b)

Figure 8. (a) Elastic and creep strains during maintained compression load test and (b) mechanical and 

creep-corrected strain response of Pile C2 in uniform sand
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(a) (b) (c)

Figure 9. Examples of strain distribution with depth at maximum applied load for (a) Pile P1 in layered soil, (b) Pile C1 in layered soil and (c) Pile F1 in rock with 

double sleeved casings in overburden
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(a)

(b)

(c)

Figure 10. Effect of pile bending on average strains at uppermost gauge level during loading for (a) Pile 

P1 in layered soil, (b) Pile C1 in layered soil and (c) Pile F1 in rock with double sleeved casings in 

overburden
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(a)

(b)

Figure 11. Variation with elastic strain of (a) tangent axial rigidity and (b) secant axial rigidity for Pile P1 

in layered soil
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(a) (b)

Figure 12. Influence on tangent and secant axial rigidities of (a) multiple load cycles for Pile P1 in layered soil and (b) strain hardening during 

loading of Pile S1 in uniform sand
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Figure 13. Effect of pile bending on secant pile axial rigidity of Pile C1 in layered soil
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(a)

(b)

Figure 14. Variation in average elastic strain at each gauge level with applied load, highlighting (a) full 

mobilisation of shaft resistance for Pile S1 in uniform sand and (b) partial mobilisation of shaft resistance 

for Pile P1 in layered soil
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(a) (b)

Figure 15. Variation with depth of (a) load and (b) shear stress for Pile D1 in layered soil
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Figure 16. Effect of gauge distance from pile base on extrapolation for determining base resistance during 

maintained compression loading of Pile  C1 in layered soil
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