AXIAL LOAD TESTS IN DRILLED SHAFTS AND PILES IN A REFINERY:
COMPARISON BETWEEN DESIGN AND EXPERIMENTAL RESULTS

Walter I. Paniagua, Pilotec, Mexico
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Drilled shafts and precast concrete piles were installed for the foundation of several
structures in a reconfiguration project of a refinery in Minatitlan, Veracruz, in the Gulf
of Mexico. The soils are alluvial deposits of flat land from the Coatzacoalcos River,
which are embedded with layers of sand, soft clay, and peat. As part of a QC/QA
program, load tests, both static and dynamic, axial and lateral, were performed. In
this paper results of 32 axial tests are presented, in which typical load-displacement
curves were measured at the top of the foundation elements; from the interpretation
of these plots, data were recorded for ultimate side shear and in some cases for end
bearing capacities, which are compared with the theoretical results of the final stage
of the foundation design. The comparison shows that under allowable loads, side
shear determines the bearing capacity of piles, even when the tip is embedded in a
hard layer. Underestimation of the side shear is evident; therefore design criteria, as

well as the methods used for obtaining soil parameters, should be reviewed.

INTRODUCTION
Project information

PEMEX developed the reconfiguration of a refinery
located in Minatitlan, Veracruz (Fig. 1).

Coatzacoalcos River

Fig 1. Project location

The main purpose of this project is to increase the
production of processed Maya oil, for which the
facilities were to be expanded to 72 Ha.

The structures for which the deep foundations were
designed were: great-diameter vertical tanks, cooling
towers, burners, pipe racks and turbo-generators,
among others.

The main foundation solution for the heavier
structures Tor structures sensitive to differential
settlementsi was of precast concrete piles or drilled
shafts cast in place, placing the tip into a hard
stratum. Diameters of drilled shafts vary from 0.8 to
1.0 m, with lengths between 14 and 45 m; precast
concrete piles were built with a square section of 0.4
to 0.5 m, with length varying between 27 and 48 m.

Soil conditions

The work site is on the left margin of the
Coatzacoalcos River (near the Gulf of Mexico) and is
located beside the old refinery. The soil is formed
with embedding of clay and sand deposits, in a
marginal lagoon, where recent granular fills were
placed, to raise new platforms. The area was
extensively studied in different phases; general
conditions are as follows:

Unit 1. Recent granular fill (0.0 to 2.0m)

Unit 2. Old granular fill (2.0 to 5.2m)

Units 3,4 and 5. Alluvial cohesive soils (5.2 to 12.6m)
Unit 6. Alluvial granular soils (12.6 a 31.6m)

Unit 7. Deep granular deposits (31.6 to > 60m)

The water table was found at an average depth of
2m. Figures 2 and 3 show a plan view and a
stratigraphic profile of the entire working area.
Although this was the typical stratigraphy, notable
variations of depth were found at Unit 7. Figure 2
also shows the location of the 32 load tests. Table 1
presents a synthesis of soil properties in each test
site.
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Fig 2. Plan of general view, with locations of test sites
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Fig 3. General stratigraphic profile



Table 1 Soil properties in test sites

UNIT | PROP. SITES LOCATIONS
1 2 3| 45 6 7 18,910,111 12 |13,14,15|16,17| 18,19 20,21| 22 | 23 | 24,25,26 | 27 |28,29] 30 | 31 | 32
dh(m) |05 30]16| 15 ] 16| 26 [ 11| 00 | 20 14 40 | 00 24 | 20| 20 4.0 12| 15 | 0o ] o00] 00
N 22| 11|20 20 | 28 | 28 | 20 - 26 | 2050 |[2050[ - 12-30 |25-43]10-50 |  12-20 27 | 20 - - -
1 qc (MPa) | - - - - - - - - - 17.7 20.4 - - 7] - 20.4 - - - - -
(SP,SP-| w®) 20| 15| 20| 26 | 15 5 14 - 14 16 23 - 50 18 | 20 23 18 18 - - -
SC) |[y&nNm3)| 180 17.1|175] 175 [ 180] 179183 - |173] 172 17.7 - 173 | 17.2] 17.2 16.9 17.3| 181 - - -
Cu(kPa)| 0.0 | 00| 00| 00 | 00| 00 [ 98 - 0.0 0.0 9.8 - 00 | 00| 00 0.0 00| 00 - - -
$() |36.0]315]|250] 300|360 36.0]|250] - |340]| 300 36.0 - 27.0 | 30.0] 30.0 280 |37.0] 300 - - -
dh(m) | 23| 20| 00| 05 | 64| 40 [ 33| 22 | 13 37 19 | 209 32 | 55| 60 3.2 00| 00 | 30|50/ 40
N 1418 6 - 10 |20-25| 39 [10-18] 20 | 15 16 20-30 | 12-20 |12-15 |5-24 | 4-17 8-10 - - 9 6 -
2 qc (MPa) | - - - - - - - - - - 139 | 5.9 2.5 - - 13.9 - - - - | 39
(SP,SP-| w(®) 23| 15 | - 41 | 17 8 22| 14 | 14 24 26 18 20 22 | 30 26 - 0 20 | 15| -
SC) y(kN/m3) [ 17.7| 165| - | 165 | 17.9] 182 | 193] 190 | 166| 177 167 | 175 | 168 | 17.7] 17.7 16.7 - - 17.4 | 165] 175
Cu(kPa) [ 172] 00| - | 00 | 00| 00 [ 18| 15 | 0.0 0.0 98 | 00 00 | 00| 00 19.6 - - 00 | 00] 00
() |200]285] - | 280(350]385]|305] 33.0|300] 290 26.0 | 300 | 245 | 29.0] 29.0 21.0 - - 295 | 285 29.0
dh (m) 0 |28]14| 13]26]| 0 [52] 70 3 0.0 00 | 16 1.2 | 00| 00 0.0 3.2 4 30 | 28] 15
N - 7| 4 7 |22-38] - [535) 310 2 - - 7 8 - - - 6 | 410 5 7 -
3 qc (MPa) | - - - - - - - - - - - 25 15 - | o8 - - - - - | o8
(CH, w (%) - | 3| - | 10] 34 - 18| 28 | 50 - - 20 54 - - - 48 | 48 59 | 30| -
MH) | ykNm3) [ - [17.4]164| 173 |175| - |19.1] 196 | 157 - - 173 | 170 | - - - 17.8| 168 | 17.2|17.4|17.3
Cu(kPa)| - |103]|417| 196] 98| - | 88| 169|147 - - 196 | 196 | - - - 29.4| 128 | 147|103 14.7
b () - | 28.0]19.0| 230 |285| - |[200| 220|235 - - 230 | 230 | - - - 245| 185 | 17.0|28.0| 17.0
dh(m) | 23| 1.6 | 40| 35 | 00| 44 | 32| 48 | 30 48 140 | 15 42 | 40| 50 5.0 3.8 2 20| 16| 55
N 6 | w0 1| 37] - 2 |911f 411 ] 2 5-9 2-9 6 69 |4-10] 210 5-8 2 3 6 | 10] -
4 qc (MPa) | - - - - - - - - - - 13018 15 0.5 - | o5 | 1301787 | - - - - | 04
(CH, w() | 41| 160| 127 202 | - | 347 | 109 95 | 202 175 42 40 291 | 100 | 100 42 137 137 | s0 | 60| -
OH) | vkN/m3) [ 153 15.1]|135] 164 | - | 140177 187 | 135| 159 172 | 162 | 16.4 | 18.7] 187 16.1 15.7| 165 | 160|151 16.7
Cu (kPa) | 22.1] 137|110 137 | - | 245[17.2| 186 | 0.0 19.6 392 | 172 | 196 | 186 186 245 17.2| 589 | 49 [137] 98
() |185]|26.0]| 48] 200 - [220]235] 270|265 205 25 | 210 | 220 | 27.0] 27.0 21.0 18.0| 12.0 | 15.0 | 26.0{ 20.0
dh(m) | 15| 34| 23| 12 | o0| 90 [ 62| 44 |103 3.0 32 | 50 22 | 50| 40 0.0 56| 80 | 40| 34|115
N 35| 6| 4] 12 - 2 |37-50| 28-44 | 3-8 7 318 | 36 | 4-11 [10-38] 5-32 - 3| 24 | 37] 6 -
5 qc (MPa) | - - - - - - - - - - 21 | 05 15 - | o8 - - - - - | o5
(CH, w(%) | 36 | 10| 28 | 54 - 32 | 48] 30 | 33 48 43 15 50 | 35 | 44 - 44 | 44 40 | 110 -
MH) | 4(kN/m3) | 18.1] 16.8|16.6] 17.2| - | 165|17.0| 183 [162]| 167 178 | 16,7 | 171 | 16.7] 167 - 156| 157 | 157 | 16.8] 17.7
Cu (kPa) | 41.2| 21.4|46.6| 31.9 | - | 304 [433| 515 | 98 22.6 334 | 157 | 265 | 226 226 - 12.3| 540 | 98 [21.4] 98
) |26.0]|235|80]|245| - |264]305] 250260 265 25 | 235 | 240 | 265] 265 - 245| 140 | 195|235]| 185
dh(m) |110]| 53| 70| 42 | 24| 30 [ 26| 06 | 0.0 15.7 1.8 | 00 78 | 30| 58 9.0 6 | 0o | 30]53]51
N 40-65|28-45|12-38 11-16| 48 | 31 | 43 | 50 - 1529 | 8-37 - [20-38 [14-42]|10-23 |14-18 35 - 13 |28-45|22-42
6.1 gc(MPa) | - - - - - - - - - - 10.0 - 3.9 - | 49 10.0 - - - - -
(SC) w) | 20| 27| 21| 19 [ 25| 17| 23| 20 - 26 31 - 12 | 28| 30 31 20 - 20 | 27| 20
y(kN/m3) [ 19.1| 18.2|17.1]| 163 | 184 | 182 | 184]| 185 | - 16.8 18.6 - 174 | 16.8| 16.8 17.8 169| - 17.3|18.2] 17.3
Cu(kPa)| 00| 00| 00| 00 | 00| 00 [ 02| 98 - 0.0 0.0 - 00 | 00| 00 17.7 0.0 - 00 | 00] 00
$() |356]345|284] 280 |37.0( 36.8]|375] 370 - 32.0 31.0 - 32.0 | 32.0] 32.0 270 |355] - 28.0 | 34.5( 28.0
dh(m) | 52| 37| 68| 43 |106| 30 | 63| 46 | 20 6.0 53 | 00 9.0 |130] 75 8.0 59| 155 | 170 37| 00
N 45-49| 48 | 4-8 | 14-28(34-65| 7 |62-77] 32-41| 15 13-31 21 - 10-60 [10-50| 10-44|  4-14 10 | 6-30 |12-40] 48 | -
6.2/6.3 qc (MPa) | - - - - - - - - - - 5.4 - 2.9 - - 5.4 - - - - -
(SC, CL) w() | 35| 35| 33| 16 [ 29| 41| 30| 26 | 27 42 43 - 20 | 33| 22 43 18 [ 18 25 | 35| -
y(kN/m3) | 18.3| 18.4|17.0| 17.3 | 186| 17.1 | 19.4| 189 | 175| 177 175 - 184 |17.7| 177 17.5 16.8| 17.2 | 180|184 -
Cu (kPa) | 47.1| 47.8]135| 0.0 |24.9]|12.07| 785| 54.0 | 5.9 17.2 88.3 - 25 |172] 172 343 |343]| 294 | 98 |478| -
$¢) |27.0]|275]|200| 30 |273|27.3]|300] 270|320 280 45 - 34 |280] 280 225 26 | 25.0 | 250 [275| -
dh (m) - | 10]65| 46 | 34| 40 [ 00| 10 | 00 12 21 | 50 28 | 35| 120 13.8 78| 25 | 70 | 10| 48
N - |56-68]45-81| 54-61|80-95| 38-45| - - - 45 >50 | 38-46 [73-78 [54-69|20-50 | 30-45 40 | 38 [40-46 |56-68|51-76
6.4 qc (MPa) | - - - - - - - - - - - - 14.7 - - - - - - - -
(SC, w (%) - 30 | 24| 19 | 23 | 22 - - - 24 30 16 40 22 | 20 30 18 18 18 | 30 | 18
SM) | vkn/m3) | - |18.9]19.0| 188|191 185]| - - - 18.8 186 | 18.7 | 194 | 188] 188 18.6 19.1| 180 | 18.3189) 183
CukPa)| - | 59|00 00 | 83]|275[ - - - 0.0 98 | 00 00 | 00| 00 0.0 00| 00 | 0o [59] 00
b () - | 355]37.3| 36.0 |358]| 375 - - - 36.0 343 | 34 35 |36.0] 360 315 |365] 330 | 345|355]|345
dh (m) - |s50] -|73]80] 6021 64]70 4.4 89 | 40 62 | 40| 73 6.2 65| 65 | 60 |50/ 60
N - | 80| - |42-754-10q 72-96| 58 | 71-91 |22-66| 61-100 | 50-56 | 58-67 | 66 [51-59|50-73] 26-60 68 | 45-64 |58-80| 80 |53-68
7.17.2 | gc(MPa) | - e - - - - - - - - - - - - - - - - - -
(SC, w (%) - | 18] - 23 | 20| 21 [ 28| 24 | 18 22 18 11 25 | 24 | 15 18 14 | 14 15 | 18] -
SM) | vkNim3) | - J19.0| - | 19.2]|194] 19.0]19.0] 195 | 193] 194 196 | 19.4 | 193 | 19.4] 19.4 19.1 19.4| 189 | 18.8 [ 19.0f 187
CukPa)| - |687] - | 296] 00| 00 [736] 1128|1079 0.0 98 | 00 00 | 00| 00 0.0 00| 00 | 00 [687] 0.0
b () - |285] - | 36.8 385|380 275| 315 |205| 385 360 | 36 35 |385] 385 355 38| 35 |355[285)355

Notes: dh unit thickness; N blow count, SPT; qc point resistance, CPT; w water content; y volumetric weight;
Cu non-drained shear resistance; ¢ effective angle of internal friction



GEOTECHNICAL DESIGN

To determine the bearing capacity of the deep
foundations in the final design stage, Zeevaert
(1982) theory was used i following Terzaghi criteriai ,
assuming that the elements will be working in a
combination of point bearing and side shear. The
foundation depth was appointed up to the hard
stratum, which in some cases met the upper
boundary of Unit 7; although, in other cases, was in a
substratum of Unit 6, adequate as long as it had
enough thickness and resistance.

Piles were square, reinforced concrete precast
elements with sides of 0.4 and 0.5 m, driven with
diesel and hydraulic hammers, with pre-boring;
drilled shafts were built with diameters of 0.60, 0.80
and 1.00 m; in both cases, the concrete used was of
féoc = 35 Mpa.

Soil parameters for bearing capacity were obtained
from unconfined compression tests, non-drained
unconsolidated tri-axial tests (UU), as well as
consolidated non-drained tri-axial tests (CU) with
measurement of pore pressure, and consolidated
drained tri-axial tests (CD). For some granular soils,
SPT correlations were used.

For the determination of side shear, down-drag
forces were considered, since an artificial fill was
built (Unit 1). A preload was placed to reduce the
negative side shear effect, but a residual settlement
is expected, due to secondary compression.
Definition of neutral plane, as well as calculation of
positive and negative side shear were done using
the procedure proposed by Zeevaert (1982).

The vertical bearing capacity was determined using a
safety factor of 3 for the point bearing capacity; once
the positive and negative side shear were defined,
up to the maximum pile depth, a safety factor of 2
was used for the positive side shear.

Bearing capacity for accidental loads was obtained
using a 1.3 factor for the above mentioned value.

Considering that, in certain events, deep foundations
may have to resist uplift loads, tension capacity was
calculated using similar criteria as in the calculation
of positive side shear.

CONSTRUCTION PROCEDURES
Drilled shafts

Drilled shafts were cast in place, bored with a
conventional system, wusing flight augers and

buckets; concreting was made with the tremie
procedure. In all cases, bentonite mud was used to
stabilize the holes, plus a casing of 6 m length.

Fig 4. Drilled shaft construction

Piles

Piles were driven with single action diesel hammers
of up to 149,160N-m (110,000 Ib-ft) of energy in
some areas, and using hydraulic hammers of up to
82,387N-m (60,757 Ib-ft) in others. Prior to the
driving, pre-boring was carried out, extending it up to
1 or 2 m before the pile tip, with diameters between
the side and the diagonal of the pile. For long piles,
splices were used, with plate welded unions.

Fig 5. Pile driving

LOAD TESTS

The owner6s requirements
for all driven/drilled shafts were: one static load test
per 500 piles; one dynamic test per 200 piles; one
PIT test per 50 piles. In this paper, results of the first
two types of tests will be discussed.



Static tests

Several static load tests were performed: both
compression and tension (lateral tests were also
performed, but are not included in this paper). The
reaction system for all of them was an arrangement
of four reaction drilled shafts or piles, built close to
the load test. A steel frame was used, formed of a
main beam and two secondary beams (Figs. 6 and
7). Connection between the reaction piles and
secondary beams was achieved using high strength
threaded bars, acting against a concrete cube, which
was cast with the reinforcement bars of the reaction
piles. Distance between reaction piles and test piles
was between 4 to 5 diameters.

Viga principal

Fig 6. Reaction system scheme

The reference system for the deformation
measurements included two steel channels placed
beside the test pile. They were fixed to the ground at
a distance of at least 3 diameters of the test pile.

One end of the channel was fixed, while the other
was free, allowing the free deformation of the
reference system caused by temperature changes,
without affecting measurement gauges.

Vertical displacements were measured at the top of
the piles using three dial gages, placed at 120°, plus
the typical wire and mirror arrangement. The dial
gages had a precision of 0.01 mm with a maximum
travel of 50 mm; each one was fixed to the reference
system using magnetic bases.

Load was applied using one or several hydraulic
jacks and a manual pump. All the elements (dial
gages, jacks, pumps) were calibrated. With these
items, a maximum compression load of 5 MN (~500
t) was applied.

Dynamic tests

To perform dynamic tests in piles, the same hammer
used for driving the piles was used. To test the drilled
shafts, a special device was designed and built for
this purpose, consisting in a free fall hammer, with
enough weight to mobilize the bearing capacity of
the soail, up to twice the allowable load.

To protect the top of the drilled shafts, a concrete
extension was built, within a 2 m casing. Additional
cushioning was introduced with a wood bed and
steel plates.

Present experience in dynamic testing suggests a
falling weight of between 1% to 2% of the resistance
of the soil intended to be mobilized. Thus, to test
0.8m diameter drilled shafts, a weight of 156 kN (16
t) was used. This weight was lifted with a crane, and
was let fall freely from different heights on top of the
pile (Fig. 8). To assure an axial load, a steel structure
was used as a fixed guide. With this system, loads of
up to 6.8 MN (~680 t) were applied.

Fig 8. Dynamic tests for drilled shafts



Testing methods

For static load tests in compression, the ASTM D-
1143 standard was followed, applying 8 load
increments of 25% of the allowable load, with each
increment applied when a displacement rate of less
than 0.25 mm/hr was obtained, limiting each stage
to 2 hr. Once the proper test load was reached, it
was kept for 12 hr, and then it was unloaded in four
decrements, each within one hour. For tension tests
the ASTM D-3689 standard was used, with criteria
equivalent to those in the compression tests.

Interpretation

Static tests

Load-displacement curves were analyzed for drilled
shafts, with fifteen compression tests and four
tension tests. For piles, five tests were analyzed
(four in compression, one in tension; 24 tests in all).
In general, registered curves followed the typical C
shape described by Hirany and Kulhawy (1989),
except in two tests, where type B curves were
observed, due to the proximity to failure (Fig. 9).

Max B load

Load

Displacement
Fig 9. Typical load-displacement curve shapes
(Hirany and Kulhawy, 1989)

To estimate the ultimate load of type C curves,
Chinés (1970) met hod was
displacement curve is extrapolated to an asymptotic
behavior, assuming the maximum applied load was
close to the failure point.

Fig. 10 shows a typical shape of a load-displacement
curve after Chin’s criteria; ultimate load is calculated
with the reciprocal of the slope in the final portion.
Similar analyses were made for the 24 static load
tests presented in this paper.

Ten tests presented a ratio of maximum applied load
vs. maximum extrapolated load between 70% and

90%; nine tests registered ratios between 50% to
70%, and five had ratios of less than 50%. For the
last ones, it was not possible to extrapolate clearly
the ultimate load, and some assumptions had to be
made.
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Fig 10. Chin’s method to estimate ultimate load

Load and displacement were measured only at the
top of the piles, so there are no records of a direct
measurement of the side shear, as in a full
instrumented test; however, side shear was
estimated in accordance with the shape of the
curves. Fig. 11 shows typical load-displacement
curves for point bearing, side shear and total load
(Kulwahy, 1991). It is shown that the side shear
follows an elastic-plastic behavior, and its peak is
reached with relatively small displacements,
generally within a few millimeters; meanwhile, the
point bearing curve follows an increasingly quasi-
linear trend, and the ultimate resistance mobilization
requires bigger displacements, up to 10% to 15% of
t he pil ebs di ameter .
measured at the top of the piles, and the side shear
can be located approximately between points A and
B of each record.

Butt

L ed, wher e t he |l oad

Tip

Side

Butt Load

Butt displacement

Fig 11. Load-displacement curves in drilled shafts
(Kulhawy, 1991)
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