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Abstract
Bidirectional static loading tests were conducted on two strain-gage instrumented barrettes installed to 72 m depth in Ho Chi

Minh City, Vietnam. The barrettes were to support a 16-storey building with 5 basements. The soil profile comprised layers of
medium coarse to fine sand, medium clay, firm to stiff clayey soil, and dense sandy silt. The region is experiencing an ongoing
land subsidence affecting the upper about 40 m of soil and, on average in the city, the ground surface is currently settling
16 mm/year. The test records were processed by means of effective stress analysis to provide the axial pile force distribution,
load transfer functions, and equivalent head-down load–movement curve. The analysis was then used to obtain the equivalent
pile-head load–movement response adjusted to the planned 22 m deep basement excavation. Load transfer functions were
back-calculated from the test records and indicate that the construction will show somewhat large load-transfer movement.
However, because the equilibrium plane will be below the subsiding layers, below 40 m depth, downdrag is not expected to
affect the building. The load response of the barrettes is compared to the results of a bidirectional (BD) loading test on a 1.8 m
diameter bored pile at an adjacent project.

Key words: stiffness evaluation, effective stress analysis, equivalent head-down test, load transfer function, impact of different
pile geometry

Introduction
Ho Chi Minh City has lately seen an increase in the number

of high-rise buildings and long-span bridges, requiring large-
diameter bored piles or barrette piles. Due to the complex
soil profile and length of piles, the design requires reference
to full-scale static loading tests on instrumented piles. This
paper reports the results and back-analysis of tests on two
barrettes carried out in November 2020. To verify that the test
response of the rectangular piles does not differ from that on
a circular pile, the results are compared to those of a static
loading test on a 1.8 m bored pile carried out in March 2017.

The tests employed the bidirectional method (Elisio 1986;
Osterberg 1989; ASTM D8169 2018) due to the costs of an ex-
ternal reaction system for the large maximum test loads. A
bidirectional loading test applies loads by means of a bidi-
rectional cell assembly, ideally placed at a depth where the
applied load will fully engage the pile resistance both above
and below the BD assembly. For other than piles shorter than
about 12 m, test piles are usually instrumented for the pur-
pose of determining the force distribution imposed by the
applied test loads by locating pairs of strain gages at various
depths.

Back-analysis of records from a conventional head-down
test on an instrumented pile is affected by the uncertainty
of the Young’s modulus (E), and of the cross-section (A) of the
test pile, which makes the determination imprecise of the

pile EA-parameter needed for obtaining the axial force dis-
tribution. Moreover, the potential presence of residual force
and its distribution at the start of the test makes the actual
force values uncertain. This causes the back-calculated force
distribution to be inexact in particular in regard to the shaft
resistance along the lower depths and the toe resistance. In
contrast, the BD-force is independent of both the uncertainty
of pile modulus and cross-section and the potential presence
of residual force.

The shaft and toe resistances of a pile are proportional to
the effective stress distribution and movement relative to the
soil. Therefore, an effective-stress back-analysis is necessary
for evaluating the response of the result of static loading tests
(Fellenius et al. 1999). Moreover, the results of an effective-
stress back-analysis can be used to evaluate the effects due to
a changed site condition, such as an excavation for basement
placement, changes to the groundwater table, etc., which is
not possible to do from a stress-independent analysis. If the
calculation is carried out in terms of ultimate resistance val-
ues of shaft shear and toe stress, the results become addition-
ally distorted as the influence of relative movement is then
disregarded.

The objectives of this study are: (i) to present a case study
on the static loading tests on two barrettes: TB1 and TB2 (in-
tended to test to a maximum of 65 MN, but terminated at 55
and 58 MN because the movements at these maximum loads
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exceeded the BD-cells opening limit), (ii) to compare the re-
sponse of the barrettes to that of a circular pile, (iii) to address
the load–displacement response of the barrettes under vari-
ous scenarios, such as regional subsidence, and (iv) to eval-
uate the effect on the foundation response to the planned
excavation for a five-storey basement.

Soil profile
The geotechnical site investigation included drilling four

boreholes about 50 m apart to 100 m depth with a standard
penetration test at every 2.0 m depth. The area was level, vary-
ing about 1 m from an average elevation of about +6 m. The
soil profile is summarized in Table 1 and Figs. 1 and 2. The
groundwater table was located at about 8 m depth and the
pore pressure distribution was assumed hydrostatic. Due to
mining of groundwater in the area, it is likely that the pore
pressure distribution has a slight downward gradient. Layer
4 is indicated as “sand” in the project borehole descriptions.
However, this layer is also reported to have a water content
of 25% and a compressibility (Cc-e0) that converts to a Janbu
modulus number of 50, which are values not usually found
for saturated clean compact sand.

Minh et al. (2015) and Tay et al. (2022) reported that the
land subsidence in Ho Chi Minh City is about 16 mm/year. The
subsidence occurs mostly in layers above 40 m depth, which
include materials ranging from very loose to loose, fine to
medium sand, very soft to soft clay, and medium silty clay
(Thoang and Giao 2015). The project does not include raising
the ground by adding fill or any other site work that could
add to the future general subsidence.

Building and foundations
The building proposed for the site comprises 16 storeys

above ground and 5 basement floors. The basement foun-
dation level will be at 22.1 m depth. The outer wall will be
supported on a 46 m deep, 1.2–1.5 m thick diaphragm wall.
Figure 3 shows the layout of the building and its two elevator
towers. The foundation design comprises a total of 32 bar-
rettes, each with a cross-sectional size of 1.5 by 6.0 m and
50 m height, i.e., to 72 m depth. Four additional barrettes
support a low-rise area extension. These barrettes also mea-
sure 1.5 by 6.0 m in cross-section, but the height is reduced
to 33 m; i.e., the toe is at 55 m depth.

The barrette piles were cast using polymer stabilizing
slurry with viscosity ranging from 40 to 80 (s) measured by
Marsh Funnel Viscometer 1500/976cc, and the PH ranged
from 8 to 11. Two test barrettes, TB1 and TB2, were provided
to assist the foundation design. The test barrettes were pro-
vided with a single-level bidirectional cell assembly at depths
of 59 and 58 m in TB1 and TB2, respectively. The drilled shafts
were cleaned twice using air-lift reverse-circulation method.

The concrete in the barrettes was grade of B45 con-
crete with 25 MPa compressive strength and 1.45 MPa ten-
sile strength. The reinforcement steel was CB500-V (tensile
strength of 435 MPa). The reinforcement consisted of 88 bars,
36 mm in diameter, distributed uniformly along the barrette
perimeter. The reinforcement percentage was 1.1%. Ta
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Table 1. Soil profile 

Soil layers  Layer 1 Layer 2 Layer 3 Layer 4 Layer 

5a 

Layer 

5b 

Layer 6 Layer 7 Layer 8 

Description Soft 

CLAY 

Soft to 

stiff 

CLAY 

with 

laterite 

gravel  

Soft 

CLAY 

with little 

fine sand 

and 

gravel 

Stiff to 

very stiff, 

fine to 

coarse 

SAND 

with little 

gravel  

Hard 

CLAY 

Sandy 

CLAY 

Fine to 

coarse 

SAND 

and 

SILT  

Hard 

sandy 

CLAY,  

Fine to 

medium 

SAND 

and 

SILT 

Thickness 

(m) 

1 2- 5 3 30 10-14 2-6 24-28 11-12 10 + 

Depth (m) 1 ≈6 ≈9 ≈37 ≈50 ≈56 ≈80 ≈90 100+ 

Color yellow-

gray 

red-

brown 

yellow-

gray 

gray-

yellow 

brown-

red,  

brown-red 

gray-white, 

brown-red 

red-

brown 

and 

yellow-

brown  

brown-

yellow 

yellow-

red-

brown 

blue-

gray-

yellow-

brown 

yellow 

brown 

N-SPT 

[bl/0.3m] 

6 6-27 5-7 8-29 30-47 19-29 30-59 31-72 51-78 

 
[Readable copy as per manuscript] 
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Fig. 1. Soil profile. (A) Soil type and (B) BH2 N-indices.

The Vietnam standard 10304-2014 determined the bearing
capacity of the barrettes to 130 MN based on the compres-
sive capacity of reinforced concrete. The capacity calculated
according to Vietnam standard 10304-2014 from the soil type
and SPT N-indices was stated to result in the same capacity.
In accordance with the standard, the allowable load was ob-
tained by applying a factor of safety of 2.0. This gave an allow-
able load (unfactored total load) of 65 MN, subject to confir-
mation in a static loading test——a bidirectional test. The sus-
tained load assigned to the four shorter barrettes supporting
the low-rise area was 36 MN.

According to Vietnam standard 10304-2014, the maximum
permitted settlement of the foundations is 100 mm, all con-
ditions considered and, in addition, the maximum unfac-
tored total load must not exceed the test load (head-down
test) that resulted in a 40 mm pile head movement. Conven-
tionally, for a bidirectional test, the latter requirement ap-
plies to the equivalent head-down test calculated from the
results of the bidirectional test (the requirement is addressed
below).

The two test barrettes, TB1 and TB2, were constructed from
22 m (the depth of the basement foundation) to 78 m depth
in locations indicated in Fig. 3. TB2 will be part of the actual
foundation (the space created by the bidirectional test will be
grouted on completion of the test). TB1 was not a part.

The vertical movement of the barrette head was measured
by LVDTs installed at the pile head and the compression and
toe movement were measured using telltales. Vibrating wire-
strain gages Geokon Model 4150 and 4120 were placed at
eight levels, six at each level. Figure 4 shows the soil profiles
and the depths of the strain-gage levels in respect to the bore-
hole profiles.

Ideally, a BD assembly should be placed so that the down-
ward toe movement is at least about 30 mm and the upward
pile head movement is at least 5 mm to ensure that the pile
resistance is fully engaged. As long as the BD is designed for
sufficient movement (travel) and has a margin of force, when
allowing a test to continue until both ideal movements have
been produced, the BD placement has quite a bit of leeway.
Experience of previous tests in the general area in reference
to the borehole information led the design to position the
BD assemblies for barrettes TB1 and TB2 at 59 m and at 58 m
depths, respectively.

Test schedule
The bidirectional tests were carried out in November 2020,

21 days following the completion of pile construction (ac-
cording to Vietnam standard 9393-2012, a loading test is not
permitted to be conducted earlier than 21 days after com-
pleted construction). The test method followed Vietnamese

http://dx.doi.org/10.1139/cgj-2023-0098
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Fig. 2. Distributions of (A) density, (B) water content, and (C) liquid limit and UU.

Fig. 3. Site plan and locations of test barrettes TB1 and TB2.

standard 9393-2012, which is similar to ASTM D1143-81, re-
quiring the use of a “maintained-load” method comprising a
series of equal load increments and holding each load level
steady for certain length of time.

As is frequently the practice in Vietnam, the test sched-
ule included unloading and reloading events and also ap-
plying an initial load, 5% of the intended total load to sup-

port, held for 10 min, this, ostensibly, to check the oper-
ation of test equipment. Such actions build in changes to
the strain measurements and adversely affect the interpre-
tation and back-analysis of the test records. Yet, they pro-
vide nothing useful for the assessment of the pile response to
the applied load (Fellenius and Nguyen 2019; Fellenius 2021,
2024).

http://dx.doi.org/10.1139/cgj-2023-0098
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Fig. 4. Soil layers with respect to boreholes BH2 (closest to TB2) and BH3 (closest to TB1), pile embedment, and strain gage
instrumentation.

The test schedule and movement-time response of the test
barrettes are shown in Fig. 5. Both tests were carried out in
two stages: a first stage comprising five equal increments of
about 8 MN to a maximum BD load of about 38 MN (half the
65 MN unfactored foundation load to support) followed by
unloading and, then, a second stage, omitting the first 8 MN
increment and, starting at 8 MN, applying six increments of
about 8 MN to a maximum load of about 55 and 59 MN, when
the tests were terminated because the movements exceeded
the BD-cell opening limit. The load-holding duration was 2 h
for Stage 1 and 0.5 h for Stage 2, but for the last two load lev-
els, when the loads were held longer (the maximum load was
held for about 20 h, although it kept dropping for TB1, but
without increase of movement, indicating pump issues). The
unloading–reloading events, uneven loads, and load-holding
durations are regrettable. Not applying equal increments of
load, maintaining equal load-holding duration, and includ-
ing unloading–reloading events impair the quality of the test
records and make the back-analysis less precise (Fellenius
2017; Fellenius and Nguyen 2019; Fellenius and Ruban
2020).

Test results
Figure 6 shows the measured load–movement response of

the tests. The downward curves are plotted per the full BD
load and the upward curves are plotted after subtracting the
buoyant weight of the barrette. The curves show the move-
ment during each load-holding event. The holding time was
at first 30 min and, then, changed to 2 h. Movement increased
for TB1 during the holding time, but not for TB2, but no ex-
planation was provided for this difference in the field records.
The results are very similar for the two test barrettes. The
slightly smaller upward movement of TB1 and slightly larger
downward movement as compared to TB2 are likely due to
the 1.0 m difference in the depths to the BD-cell assembly.
The recorded compression of the barrettes for the load was
small, at maximum load about 3 mm both downward and
upward. The labels “L2-4” and “2L-5” refer to the second test
stage and fourth and fifth load levels, respectively. The load–
movement of TB1 after L2-6 was erratic and is not plotted.

The strains imposed during the test were measured and can
be converted to force by multiplication with the barrette EA-
parameter (E is the material modulus and A is the pile cross-

http://dx.doi.org/10.1139/cgj-2023-0098
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Fig. 5. The load increments and BD-cell movements during the tests.

Fig. 6. TB1 and TB2 load–movements (N.B. movement scales
differ for upward and downward graphs).

sectional area). It is likely that the actual barrette breadth and
width deviated from the nominal values and A is not quite the
nominal 9.0 m2 value. As the barrettes were reinforced, the
modulus is a combination of the E-modulus of the steel and
concrete. Moreover, while the E-modulus of the steel is well
known, the modulus of the concrete can vary within a wide
range and, furthermore, it may also vary with the stress level.
More important, the modulus can differ significantly from a
value determined from the concrete properties, notably, the

strength. According to ACI318-19 (22), the E-modulus (MPa)
of ordinary weight concrete is 4700

√
f′c (thus, a modulus of

23.5 GPa and an EA-parameter of 210 GN). Other standards in-
dicate slightly different relations for determining E-modulus
from concrete strength.

For a head-down test, the stiffness can be determined from
the actual load–strain measurements obtained for a strain
level close to the pile head, where the load–strain response is
unaffected by shaft resistance. In contrast, a gage level close
to the BD assembly is affected by shaft resistance. However,
when the relative movement between the shaft and the soil
has been large enough, usually just a few millimetres, for the
load–strain curve to become approximately linear, and pro-
vided that the shaft resistance exhibits a plastic response, the
slope is then the axial stiffness. Also for other strain-gage lev-
els, once the shaft response has been mobilized to a plastic
state, the load–strain slope may provide the EA-parameter as
an expression of the pile stiffness. However, when the shaft
shear response is nonplastic, i.e., when strain-hardening or
strain-softening, the slope of the stress–strain curve becomes
steeper or less steep than true, respectively. The back-analysis
of pile axial stiffness from the test records is then difficult
(Fellenius 2024).

Whether or not the shaft shear response is plastic can be
estimated from a plot of the “tangent EA-parameter”, which
is the change of load divided by the change of strain plotted
versus the strain for the load increments. For an ideally plas-
tic shaft resistance, the tangent EA-parameter after full mo-
bilization of the shaft resistance will be an essentially hor-
izontal line, sometimes with a slight slope due to a reduc-
tion of concrete modulus with increasing strain (Fellenius
1989, 2024). The tangent EA-parameter, being a differentia-
tion method, requires accurate records of load and strain. A

http://dx.doi.org/10.1139/cgj-2023-0098
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Fig. 7. TB1 and TB2 load–strain and tangent EA-parameter.

Fig. 8. TB1 and TB2 distributions of beta-coefficient.

tangent modulus increasing with increasing strain is an indi-
cation of strain-hardening and vice versa for decreasing slope.
This is more pronounced the longer the distance is between

the generating force (BD-cell assembly or jack) and the strain-
gage level.

The fact is, however, that many soils do not exhibit plas-
tic response and, therefore, what actual EA-parameter to use
for the conversion is often uncertain (Fellenius 1989, 2024).
Moreover, the EA-parameter is also affected by the testing
schedule. Tests that include unloading and reloading events
or load-holding durations that are not constant for levels of
applied load will have strain records that cannot be converted
to force as reliably as for tests carried out not using an incon-
sistent schedule (Fellenius 2017, 2018).

Figure 7 shows the load–strain and tangent EA-parameter
graphs plotted from the records. The load–strain slopes are
nearly linear toward the end of the test, but the slopes are
far from parallel. The line marked 150 GN would, theoreti-
cally, imply an E-modulus of 16 MPa for the barrette mate-
rial, which is not likely true for the concrete used in the bar-
rettes. The slope of the load–strain lines marked EA = 250
GN is reasonable. An EA of 250 GN would represent an E-
modulus of 28 GPa of the barrette, including the effect of
the reinforcement. However, the fact that the tangent EA-
parameter graphs show no trend toward a steady stiffness,
which would be indicated by a horizontal or only slightly
sloping line, indicates that either the strain records are af-
fected by the unloading–reloading events and/or the shaft re-
sistance response did not show a plastic state in one or more

http://dx.doi.org/10.1139/cgj-2023-0098
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Fig. 9. TB1 and TB2 force distributions in Stage 2 for EA = 250 GN.

Fig. 10. Measured and simulated load–movement curves (N.B.
movement scales differ for upward and downward graphs).

of the soil layers between the BD-cell assembly and the strain-
gage level. For details about methods of assessing pile ax-
ial stiffness, see Lam and Jefferis (2011) and Fellenius (2012,
2024).

The authors prefer to apply an innovative alternative op-
tion for determining the axial stiffness. The method com-
prises designating one or two of the applied loads as target
load and calculating the force distribution above and below
the BD-cell assembly for the target loads from the strain-gage

records, applying an EA-parameter that provided the best
match to the force distribution between the pile head and
the BD load, the latter being a true axial force and the dis-
tribution below the BD assembly. The target BD loads were
chosen to be for about 5 mm movement, Stage 2, Load 5 (L2-
5) upward and 2L-4 and 2L-5 downward. The fitting aimed to
produce a realistic distribution between the BD load, which
is true load, and the pile head, where the force is zero, of
course, also a true load. The process recognizes the soil layer-
ing by coupling the calculations by assigning a specific beta-
coefficient to each soil layer and performing the fitting pro-
cess in an effective stress calculation incorporating the den-
sity of each soil layer and the depth to the groundwater ta-
ble assuming hydrostatic pore pressure distribution. For each
soil layer, the assigned beta-coefficient was adjusted to fit
the applied BD load and to produce a realistic force distri-
bution between the BD load and the zero load at the pile
head. The calculation method to achieve the distributions is
a straight-forward, though laborious, effective-stress analysis
performed in a spreadsheet.

The procedure of matching the target BD load resulted in
distributions of beta-coefficients and unit toe resistance, rt,
shown in Fig. 8 for 5 mm pile element movement. Figure
9 shows the axial force distributions (heavy lines) calculated
from the fitted parameters.

The distributions were then related to the strain-gage
records for the target load and an average EA-parameter that
best fitted the distribution was determined. For TB1, the EA-
parameters were 290 GN for the length above and 240 GN
below the BD assembly, correlating to E-moduli of 32 and
27 GPa, respectively, for the nominal barrette cross-section.
For TB2, the values were 225 and 240 GN for the lengths
above and below the BD assembly, respectively, correlating
to E-moduli of 25 and 27 GPa, respectively, for the nominal
barrette cross-section. The so calibrated EA-parameters were
then used to calculate the axial forces from the strain-gage

http://dx.doi.org/10.1139/cgj-2023-0098
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Fig. 11. The t-z and q-z curves used for the load–movement simulations.

records produced by the other applied loads, as shown by the
fans of thin curves.

Figure 10 shows the measured load–movements (curves
with symbols) together with the simulated curves (curves
with no symbols) applying t-z and q-z functions obtained
by the described fitting approach. Two simulated curves are
shown because the simulation was made for two different
depths to the BD assembly, 58 and 59 m, respectively. Because
of the uncertainty of measured values caused by the variable
testing schedule, the same beta-coefficients, average of those
fitted to the force distribution, and the same t-z and q-z func-
tions were applied to both tests. It would have been entirely
possible to produce simulated curves that fitted each test
perfectly. However, the fine fit of that analysis would have
been mainly cosmetic. The results of the two tests are essen-
tially identical. The difference between the results is mostly
due to the loose testing schedule and to the 1 m difference
in depth to the BD assembly. The fit between the calculated

load–movement curves to the measured curves was made us-
ing the UniPile software (Goudreault and Fellenius 2014).

Figure 11 shows the t-z and q-z functions developed for the
fit of simulated load–movement curves to the mean of the
measured curves. The curves have been supplemented with
identification of beta-coefficients and unit toe resistance ver-
sus and pile-element movement. They also include values for
ß and rt for movements larger than 5 mm. The simulation
fit enabled estimating the beta-coefficients for movements
smaller as well as larger than those measured for the target
load. The results show that the measured soil response was
strain-hardening as opposed to the usually assumed plastic
response.

The function curves shown in the figure could also have
been expressed in terms of unit shaft resistance within each
of the soil layers, which, then, would have varied from the
upper to the lower boundaries of the layers, or as an average
value for each layer, which, if correlated to a beta-coefficient,

http://dx.doi.org/10.1139/cgj-2023-0098
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Fig. 12. Equivalent head-down load–movement curves.

would have shown them to vary from the upper to the lower
boundaries of the layer. The important realization is that nei-
ther the unit shaft resistances nor the beta-coefficients repre-
sent an ultimate resistance. The values are governed by the
relative movement between the pile and the soil.

It is common to produce an “equivalent head-down test”
from the results of a bidirectional test. The conventional
procedure consists of adding the applied upward and down-
ward loads for equal values of measured movements. The so-
determined load–movement curve is then adjusted by adding
the calculated shortening of the pile to account for the fact
that the head-down test involves transmitting the load act-
ing below the BD assembly from the pile head through
the length of the pile above the BD assembly. The adjusted
load–movement curve is conventionally considered to be the
“equivalent head-down curve”. However, in the BD test, the
elements nearest above the BD level are engaged first, while
in a head-down test, they are engaged later in the test. There-
fore, where the soil response for the pile elements nearest
the ground is softer than for those nearest the BD, the cal-
culated equivalent head-down curve will show a stiffer than
true response. The difference can be significant and result in
an overestimation of the pile capacity (“failure load”), when
applied to the equivalent head-down curve.

Figure 12 shows the equivalent head-down load–movement
curves determined by applying the t-z and q-z functions ob-
tained from fitting theoretical calculation to the measured
response of the pile. The initial rise shown by the conven-
tional method implies a stiffer response than the slightly
softer response shown by the “true curve” that considers
the fact that the head-down curve engages the upper layers
first.

Most important is that the future actual conditions at the
site for the foundation barrettes will include a 22 m deep
excavation, which will reduce the effective stress and, there-
fore, reduce the stiffness of the barrette response. This is fre-
quently not recognized by foundation designers, in only con-
sidering the future excavation either by not having the pile
constructed above the depth of the excavation (as here) or by
subtracting the resistance between the ground surface and
the excavation depth. The “After excavation” curve in Fig.
12 shows the results when the unloading effect of the ex-
cavation is considered. It would seem that the load-transfer
movement of the barrette foundations for the intended sus-
tained load (65 MN) might be rather large. However, the
pile head movement is still only half of that permitted
by the Vietnam standard, as mentioned. We recommended
that the settlement of the foundations be monitored during
the construction. The recommendation was not considered
persuasive.

The post-excavation load–movement curve is an extrapo-
lation of the test analysis and, therefore, less certain than
the actual test. Moreover, the excavation will have turned the
soil from being normally consolidated into a preconsolidated
state, which might increase the foundation stiffness to the
applied load.

The back-analysis of the tests shows that the toe of the
barrettes provided a good response. In the long term, there-
fore, the equilibrium plane (force and settlement equilibri-
ums) will likely be below about 50 m depth, i.e., below the
layers generating the general subsidence at the site and the
barrettes will move down to mobilize the toe bearing asso-
ciated with increased toe movement. Thus, the foundations
will settle in addition to the load-transfer movement.
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Fig. 13. N-index diagram and soil profile of TP1 at the adja-
cent building.

Comparison to the response of a bored pile
The site adjacent to the subject site included a static load-

ing bidirectional test on an 1800 mm diameter, 66 m long
bored pile (TP1), constructed under polymer slurry at an
about 100 m distance from the current site, which gave an
opportunity to compare the response of the barrettes to that
of a bored pile. The concrete cube strength was reported
as 60 MPa, considerably more than the concrete strength
(25 MPa) reported for the barrettes. According to the ACI re-
lation, the concrete E-modulus would have been 36 MPa and
the parameter, EA, 90 GN. The soil profile at the adjacent site
is very similar to that at the subject site. Figure 13 shows the
soil profile and a diagram of N-indices from a borehole (HK3)
at the adjacent site supplemented with the N-indices from
BH2 at the current site. The “BD” indicates the location of
the bidirectional cell assembly.

The loading test (January 2017) followed the same schedule
as used for the barrette tests. Figure 14 shows the schedule
(load vs. time) and measured upward and downward move-
ments versus time for the BD plates. The label “2L-8” indi-
cates the applied load chosen as target for the back-analysis,
i.e., Stage 2, Load 8.

The strain-gage records were similarly affected by the un-
suitable loading schedule and three gage levels were very
off. The back-analysis of the pile axial stiffness was there-
fore made according to the same innovative approach as
used for the barrettes. The stiffness analysis produced an EA-
parameter of 44 GN for the strain-gage conversion to axial
force, but for the mentioned three gage records (c.f., Fig. 15A).
Applying a stiffness calculated according to the ACI relation
would have considerably overestimated the axial forces. The
strain values converted to force showed a good agreement
with the distribution for the target load. However, an EA of
44 GN represents an E-modulus of a mere 17 GPa for the nom-
inal pile cross-section (2.55 m2), about half of the expected
value. It is outside the scope of this paper to determine why
this overly low value would appear.

Figure 15B shows a comparison between the measured
load–movement curves and the curves produced by fitting t-z
and q-z functions to the measured curves. The fits were ob-
tained using the same t-z functions as shown in Fig. 10. The
toe response, however, required using a Gwizdala function
coefficient of 0.70 as opposed to 0.45.

Comparing the analysis results of the barrettes and the cir-
cular pile shows that there was no fundamental difference
in response between the rectangular and circular shapes.
The effective stress parameters back-analyzed from the test
records were very similar and the shaft resistance was strain-
hardening for both the barrettes and the bored pile.

Summary and conclusions
1. The back-analysis of the load and strain records showed

that the unloading–reloading event included in the test
schedule and the strain-hardening soil response pre-
vented obtaining a good value of the pile EA-parameter
from the slope of the load–strain versus strain records or
from the tangent modulus method.

2. The alternative of determining the pile stiffness using
the ACI relation to the concrete strength did not result
in a realistic distribution of axial pile force.

3. The pile stiffness was instead determined from a novel
method that (A) relies on the fact that the bidirectional
cell load is true load unaffected by variation in the testing
schedule, residual force, recording issues, etc., which en-
abled establishing a realistic force distribution between
the BD assembly level and the pile head with reference to
the soil profile, and (B) fitting an axial stiffness common
for the full length of the pile to the force distribution
for a chosen applied load, a target load, excluding values
with obvious error.

4. A target load was chosen as the applied load that resulted
in an average of about 5 mm movement between the pile
elements and the soil. The force distribution for the tar-
get load was then correlated to distribution of shaft re-
sistance in terms of beta-coefficients (ß) and unit shaft
resistances.

5. The shaft resistances for 5 mm movement in the soil lay-
ers were then used as pivot point for relation of shaft
resistance to relative movement of the pile elements ex-
pressed in t-z and q-z functions, which, when fitted to
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Fig. 14. Load–time schedule and measured BD movement versus time for TP1 test.

Fig. 15. (A) Force distribution for 2L-8 and (B) movement versus load as measured and as produced by fitting t-z and q-z functions
to produce simulated test curves.

the measured upward and downward load–movement
curves, established the function parameters.

6. The good agreement between the measured and sim-
ulated test results enabled a simulation of the load–
movement curve for the “equivalent head-down test”.
This was compared to the conventional method for de-
termining the equivalent head-down test and confirmed
the conclusion that the conventional method results in
an unrealistically stiff curve.

7. The similar analysis of the results of the pile test at the
adjacent site showed that the pile shape, i.e., rectangular
or circular, had no effect on the soil response in terms
of ß-coefficients, unit shaft resistances, and t-z and q-z
principles.

8. Performing the analyses applying effective stress param-
eters (σ ′

v and ß) enabled simulating the head-down load–
movement after basement excavation, showing reduc-
tion of bearing. The conclusion from the so-determined

curve is that the fully constructed building might expe-
rience excessive movement——settlement.

9. It is concluded that the back-analysis approach and the
novel analysis method can be used to estimate the re-
sponse of other foundations and piles for adjacent foun-
dations.

10. It is concluded that the general subsidence at the site
will result in downdrag that will cause the pile toe to
move until sufficient toe resistance has developed to
move the equilibrium plane to below the subsiding soil
layers.
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