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Case Study

Analysis of strain-gage records from a static loading test 
on a CFA pile
Bengt H. Fellenius1* and Tony Ruban2

Abstract: A static test was performed on a 610-mm diameter, 10 m long CFA pile installed through 3 m 
of clay and sand and into a thick deposit of lacustrine clay. The loading procedure included prolonged 
load-holding and an unloading-reloading event, which adversely affected the interpretations of the strain 
records and demonstrated the inadvisability of not performing a test with equal load-increments and equal 
load-holding durations and avoiding all unloading-reloading sequences. The pile was strain-gage instru-
mented at three levels and the recorded strains were used to calculate the pile axial stiffness and deter-
mine the load distributions for the applied load. Back-calculations using effective stress analysis were 
fitted to strain-gage determined load distributions and were then used in simulating the measured pile-head 
load-movement of the test pile.
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Introduction
In the early geotechnical years, static loading tests often includ-
ed one or more long load-holding duration followed by an un-
loading-reloading sequence. It was generally believed that the 
“net” movement after unloading indicated the pile toe move-
ment for the load applied before the unloading—recognizing 
that the pile toe movement is a key information of a loading 
test. Over the past few decades, the geotechnical profession 
has come to recognize that the unloading-reloading does not 
provide information on the toe response and that meaningful 
results of a static loading test requires instrumentation. Unfor-
tunately, the old test procedure is still often the one pursued. 
The profession has not yet fully recognized that the test sched-
ule of a static loading test on an instrumented pile must apply 
constant load increments, each held a constant for equal length 
of time, and that no unloading and reloading sequences should 
be included. Particularly, an unloading-reloading event will 
adversely affect the strain records and impair a proper analy-
sis because the associated double reversal of the shear forces 
along the pile builds in a significant hysteresis effect on the 
strain records. The presented case history is an illustration of 
the consequence of the such interruption and serves to caution 
about intentionally including unloading-reloading events in a 
static loading test programme. Moreover, the interpretation of 

the strain-gage records is not just a matter of multiplying meas-
ured strain with an E-modulus and pile area.

Soil Profile and Test Pile Arrangement
The site is located northeast of Edmonton, Alberta, and com-
prised about 3 m of loose silty sand overlying a thick deposit 
of firm to stiff lacustrine clay. The groundwater table was at 
1.5 m depth and the natural water contents of the sand and 
clay till were 20 and 30 %, respectively. The sand relative 
density condition was loose to compact, and the clay consist-
ency was firm to stiff. 

The test pile was a 610-mm diameter 10 m long CFA pile 
instrumented with a vibrating-wire strain gage pair at three 
depths (3.26, 6.76, and 9.56 m below ground) and subjected to 
a head-down test seven days after concrete placement. N.B., the 
lowest gage level, SGL 1, is uncomfortably close to the pile toe.

The maximum test load was 1,080 kN and the test sched-
ule called for applying a series of 40-kN load increments nom-
inally every 10 minutes. Actual load increments were applied 
about every 8 to 9 minutes, measuring the induced pile head 
movements until reaching a maximum movement of 25 mm. 
The load was applied by use of a manually controlled pump 
and all measurements of movement and strain were recorded 
using a data collector. The 800-kN load level was maintained 
for 1 hour and the pile was then unloaded in four 9-minute 
steps to 58 kN, whereafter it was reloaded to 800 kN in three 
steps. After holding 800 kN for 9 minutes, the test continued 
by applying 40-kN increments every 9 minutes. On increasing 
the load from 1,040 kN to 1,080 kN, after 1 minute 30 sec-
onds of holding the load, the pile head movement reached the 
scheduled 25 mm and the test was terminated. Had the load 
been maintained to the full nine minutes and, in particular, if 
the test had been continued by adding increments, addition-
al useful information would have been obtained. There was 
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Figure 1. Load-time history

gage room and time to stay with the scheduled holding time 
and capacity of the loading system. Figures 1 and 2 show the 
load-time and load-movement records of the test, respective-
ly. There seem to have been some initial difficulty. Consistent 
records were only obtained from the start of the fourth load 
level (166 kN, rather than the 160 kN scheduled).

Measurement Results
Figure 3 shows the load versus strain measured at the start 
and end of each load level for the three gage levels (the levels 
are numbered from the lowest to the highest and only the 
records from the fourth load level onward are shown in the 
load-time and load-movement graphs). The maximum strain 
measured at SGL 2 is about 40 με, which is quite small. For 
detailed analysis, the strain imposed at a gage level should 
preferably be at least about 300 με and larger. However, the 
measured strains are consistent, and the gage pairs indicate 
that no bending affected the pile. The records are therefore 
amenable for analysis.

Ordinarily, the load-strain curves should trend to become 
parallel (and about linear) for loads beyond when the shaft re-
sistance has become fully mobilized between the gage levels. 
However, as indicated by the straight-line extension of the 
linear portion of the curves, they are not parallel. This could, 
of course, be due to the pile cross section being different at 
the gage levels. However, if so, the extensions of straight line 
for the gage levels down the pile (SGL 1 and SGL 2) should 
still cross the ordinate above the origin—the more above, the 
more shaft resistance between the gage and the pile head. 
(This notwithstanding that lines derived from records of 
equal cross sections, thus parallel, from gage levels affected 
by residual force in the pile will tend to plot lower than from 
gage levels unaffected by residual force). It is probable that 
despite the larger movement relative to the soil—larger than 
20 mm—the shaft resistance was not been mobilized to a 
plastic response at gage levels SGL 2 and SGL 1, or the shaft 
resistance was strain-hardening.
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Figure 2. Load-movement history

Figure 3. Load-strain records

The slope of the SGL 3, being from a gage level close 
to the pile head and with minimal influence of shaft resist-
ance and, therefore, having no residual force, represents an 
approximate value of the pile axial stiffness, EA. In contrast, 
the slopes of the SGL 1 and SGL 2 curves do not represent 
the true stiffness of the pile at the gage level. This will be 
discussed further below.

Determining the pile stiffness from records of axial strain 
can be performed by the secant-stiffness method (Fellenius 
2020). Because this method only applies to gage levels essen-
tially unaffected by shaft resistance from the pile head down 
to that level, instrumented test piles are for this reason usually 
supplied with a strain-gage level near the pile head (though not 
too close, strains are not truly representative of a plane stress 
surface until about two to three pile diameters below the pile 
head). The secant-stiffness method consists of plotting all loads, 
Q, divided by the strain, ε, versus strain and its veracity depends 
on the reference to zero strain being accurate. The secant stiff-
ness, EsA, is the slope of the so-plotted line. The line is only 
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horizontal for pile material that have constant E-modulus, such 
as steel piles. Concrete piles normally exhibit a sloping stiffness 
line due to having an E-modulus that diminishes with increas-
ing stress (and strain). Typically, the low-strain modulus of con-
crete pile can be about 20 % larger than that at large test loads, 
which impose strains in the range of 200 to 400 με. A strain 
measurement multiplied by its secant-stiffness relation is then 
the load evaluated from that measurement. Strain records from 
gage levels affected by shaft resistance, that is, gage levels fur-
ther down the pile, cannot be analyzed by the secant-stiffness 
method, but require using the tangent stiffness (incremental 
stiffness) method (Fellenius 1989; 2020). The tangent stiffness 
method consists of plotting an increase of load, ΔQ, divided by 
associated increase of strain, Δε, versus strain. The tangent stiff-
ness, EtA, is the slope of the so-plotted line and it slopes twice 
as much as the secant stiffness line. Thus, the tangent stiffness 
line establishes the axial secant relation of the test pile.

The tangent-stiffness method is a differentiation method 
and it is independent of the accuracy of the records’ “zero” 
reading. However, it depends very much on the accuracy of 
the specific values of load and strain; rather, the accuracy of 
each increment of applied load and increment of measured 
strain. The main assumption (sometimes presumption) behind 
the tangent method is that after full mobilization of the shaft 
resistance above and at the gage level, the shaft shear is plas-
tic and, thus, each additional increment of load reaches the 
gage level undiminished by shaft resistance. Once the shaft 
resistance is fully mobilized, the line is straight, and its slope 
is equal to the axial tangent stiffness of the pile. If the soil 
response is not plastic, but strain-softening or strain-hard-
ening, the slope changes. If the soil above the gage level is 
strain-softening, the load increment, ΔQ, reaching the gage 
level is increased due to the loss of shaft resistance above the 
gage level. The measured increase of strain will then be larger 
than for the true quotient, ΔQ/Δε, and the slope of the line will 
trend downward. If the soil instead is strain-hardening above 

the gage level, then, the measured increase of strain will be 
smaller than for the true quotient, ΔQ/Δε, and the slope of the 
line will be steeper; trend toward larger stiffness.

Figure 4 shows that the secant stiffness, EsA, determined by 
linear regression of the Phase 1 strain records of the uppermost 
gage level, SGL 3 (3.6 m below the pile head), is 13.7 GN (and 
constant within the rather low range measured in the test). Note 
however, that the initial part of the secant plot for Phase 1 is 
curved. This is an indication of imprecise value of “zero” strain 
in the pile. Not surprising, since even a very small error of the 
“zero” strain is a rather large portion of the applied load to meas-
ured strain in the subject test. Indeed, the secant method is very 
sensitive to error in the zero reading. For example, adjusting all 
measured strains by subtracting or adding a mere 2 με, would 
induce a huge shift of the initial secant stiffness to 16 and 12 GN, 
respectively. Thus, the “.7” decimal implies an excessive pre-
cision not representative of the accuracy of the stiffness value.

The Phase 2 secant-stiffness plot shows an unacceptable 
slope in reloading before 60 × 10-6 strain surpassing the maxi-
mum strain in Phase 1. It is a bit surprising that the secant stiff-
ness from Phase 2 (i.e., that after the recovery from the unload-
ing-reloading event; from records beyond the maximum load of 
Phase 1) is just about the same as that determined from Phase 1. 
Usually, the secant stiffness is larger for reloading conditions.

Figure 5 shows the tangent stiffness of all three gage lev-
els. For the uppermost gage level, SGL 3, the tangent stiffness 
values, EtA, for the end of Phases 1 and 2 is about 13.0 GN. 
However, the tangent-stiffness method for SGL 2, Phase 2, 
while at first aiming toward a similar response to that of SGL 
3, at about 20 με, it changes to an upward trend. This is con-
sistent with the shaft resistance becoming strain-hardening 
after full mobilization.

The analysis of strain records will apply an axial pile 
stiffness, EA, of 13 GN. For the 610-mm nominal pile diam-
eter, this indicates an E-modulus of 44 GPa, which is a rather 
large value even for a pile with steel reinforcement, but is 

Figure 4. Secant stiffness Figure 5. Tangent stiffness
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Figure 6. Secant stiffness vs. strain

probably due to the actual pile diameter being larger than the 
nominal; a diameter about 50 mm larger than the nominal 
610 mm would bring the E-modulus to a more reasonable 
value. However, the actual pile size and E-modulus are not 
important as the calculation of the axial force in the pile relies 
on the stiffness, EA, which is a consistent value determined 
from the test records.

To additionally illustrate the adverse effect of including 
an unloading-reloading event in a static loading test, the eval-
uation of the relatively marginal values of strain measured in 
the subject case is compared to the similar analysis of a larger 
pile subjected much larger strains as illustrated in Figures 6 
and 7. The records are from a static head-down loading test 
on a 1,200 mm diameter, 55 m long bored pile constructed 
in Vietnam (Fellenius and Nguyen 2019). Similar to the sub-
ject test, the test scheduled included an unloading-reloading 
event, Phases 1 and 2. The load-holding duration was 60 min-
utes and the extra holding time at the end of Phase 1 was 
24 hours. Phase 1 comprised loads up to 24.7 MN and Phase 
2 up to 34.6 MN, which loads imposed about ten times larger 
strains than the 800 and 1,040 kN loads in the subject 610-
mm pile. 

Figure 6 shows the secant stiffness (EsA) of the two 
phases, EsA = 50 – 0.015ε. The figure shows that a secant 
stiffness line developed also for the reloading phase. How-
ever, the stiffness was significantly larger for the reloading 
phase of the test, EsA = 55 – 0.010ε.

As mentioned, the tangent-stiffness method is quite sen-
sitive to small variations of load. Because the loads were ap-
plied manually and poorly maintained—the loads recorded 
are the assigned loads, which probably deviated somewhat 
from the actually applied loads—the tangent stiffness num-
bers from both Phases 1 and 2 show a considerable scatter 
of values. The scatter does not allow determining the tan-
gent-stiffness lines of either phase. An approximate compari-
son between the methods is indicated by adding to the figure 
the secant stiffness lines converted to tangent stiffness lines 
(by doubling the ε-coefficient).

Load Distribution
The strains measured at the three gage levels, SGL 1, SGL 
2, and SGL 3, were multiplied with a 13-GN axial pile stiff-
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Figure 7. Tangent stiffness vs. strain

Figure 8. Load distribution for the applied loads

Table 1. Analysis parameters

Depth (m)
σ’

600 kN 800 kN 1,040 kN

ß rs ß rs ß rs

(kPa) (–) (kPa) (–) (kPa) (–) (kPa)

MOVEMENT (mm) 5 10 20

0.0  0 0.20  0 0.24  0 0.24  0

3.00  48.0 0.20 9.6 0.24 10.6 0.24 11.5

3.00  48.0 0.30 14.4 0.45 21.6 0.84 40.3

3.26 (SGL 3)  50.6 0.31 15.6 0.46 23.1 0.84 42.2

6.76 (SGL 1)  85.6 0.41 34.9 0.56 47.7 0.77 65.5

9.56 (SGL 1) 113.2 0.49 55.4 0.64 72.4 0.71 80.5

10.0 118.0 0.50 59.0 0.65 76.7 0.70 82.6

10.0 (Toe) 118.0 400(rt) 500(rt) 550(rt)

ness to obtain the load generate at the respective gage level 
for each load applied to the pile head. Figure 8 shows the 
loads plotted in a load distribution diagram. The pile toe load 
was estimated by extrapolating the curves. The diagram also 
shows distributions at 600, 800, and 1,040 kN target loads 
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back-calculated in an effective stress analysis. The figure in-
cludes the pile-head load-movement curve for reference.

Table 1 presents the effective stress parameters, ß and 
corresponding unit shaft shear (rs), that fitted the measured 
distributions at the 600, 800, and 1,040 kN target loads. The 
movement for the applied load is also listed in the table. Al-
though the increase of shaft resistance with depth became 
less pronounced with increasing load, there is no indication 
of it becoming smaller with increasing load and movement. 
In fact, the back-calculation indicated that the clay is slightly 
strain-hardening

Simulation of Load-Movement Curve
The measured pile-head load-distribution can be simulated 
in an analysis, modeling the soil response by applying t-z 
functions (q-z for the pile toe response). Such functions are 
based on simple stress-movement relations where the input 
is the shaft shear in percent of a target value determined in 
a back-calculation from a strain-gage level coupled with the 
movement measured for the target load. A pile can be consid-
ered composed of a series of short elements, each with a soil 
response described by a t-z function and the specific load and 
movement of the gage level. When combined with a series of 
loads applied to the pile head, the pile head movement can be 
calculated for each load to show a simulated load-movement 
diagram. The calculations are made by trial-and-error efforts 
that are simple enough for being carried out in a spread-
sheet—although this effort would be very time-consuming. 
The simulations of the current case were performed using the 
UniPile5 software (Goudreault and Fellenius 2014). 

Figure 9 shows the measured and simulated curves each 
fitted to the measured curve and movement at three points on 
the test curve: the end-of-load-level readings for the 600-kN 
and 800 kN load levels of Phase 1 and the 1,040 kN load level 
of Phase 2.

Figure 10 shows the t-z and q-z functions applied to 
1.0-m pile elements in the simulations for the three target 
loads (600, 800, and 1,040 kN). The same functions were 
used for all three analyses.

Figure 9. Measured and simulated pile-head load-movement curves

Figure 10. T-z and q-z curves employed in fitting of load-movement 
response

The back-calculations and simulations established the 
load-movement response of the pile and the so-calibrated 
calculation parameters can now be employed in calculations 
of a similar pile, be it shorter or longer, wider or thinner, with 
a range of working loads to establish the probable settlement 
of a foundation supported on the pile or a group. If a static 
loading test is carried out on an instrumented pile, particular-
ly if without unloading-reloading events and by not varying 
load-holding duration, while maintaining accurate control of 
the applied loading, the test results can be used to determine 
the extent of foundation settlement and an optimum of safe 
working load. The approach does not preclude also assess-
ing a pile by means of a safety factor applied to a “capacity” 
defined one way or another, but it allows for a much more 
confident decision of the expected pile response as a founda-
tion member.

Conclusions
The unloading-reloading event has affected the evaluation of 
the pile axial stiffness and demonstrated the desirability of 
performing a static loading test on an instrumented pile is 
a single series of load increments, with same load-holding 
duration for all load levels. The analysis of the strain records 
enabled the pile axial stiffness and the load distributions 
to be determined, which were used in simulating the static 
pile-head load-movement curve. The knowledge of the pile 
load-movement response with depth makes the results of the 
test applicable to other slightly different piles at the project 
site in a much more reliable way than if the test had been 
used to assess a capacity from the pile-head load-movement 
curve and deciding on a working load from applying a factor 
of safety to the capacity value.
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