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ABSTRACT

Helical Piles are increasingly being used to support and rehabilitate structures subjected to
compressive axial loads. Traditionally, empirical correlations between installation torque and load
capacity of helical screw piles are used as the field quality control. Load tests, however, are always
recommended to validate the installation process and design methodology.

This paper describes a test program performed on helical piles installed at the National Geotechnical
Experimentation Site of the University of Massachusetts - Amherst campus (UMass-Amherst), well
known for its deep varved clay deposit. Seven of these piles were submitted to Dynamic Load Tests
using the Pile Driving Analyzer® (PDA), and also to Static Load Tests. Good agreements were obtained
between the results of the dynamic and static load tests, encouraging the use of the former testing
method as a viable alternative to the latter for determining the compressive load capacity of helical
piles installed in cohesive soils. The results of the load tests were also compared to the predictions
based on torque correlations, resulting in correlation coefficients which were higher than the ones

traditionally used.

INTRODUCTION

Helical piles were invented by Alexander
Mitchell in 1836 and have been used mainly to
resist tension as anchor foundation elements. In
the last decade, however, they have increasingly
been used to support and rehabilitate structures
subjected to compressive axial loads.

Helical piles consist of one or more circular
helical plates affixed to a central shaft of
smaller diameter. They are fabricated from steel
and the helices are generally attached to the
shaft by welding and then galvanized for extra
protection against corrosion.

There are several advantages associated with
the use of helical piles. For example, they can
be installed using lightweight, sometimes
hand-operated equipment, in small and limited
spaces; also, the installation does not produce
residues, excessive vibrations, or disruptive
noise, and is unaffected by the groundwater
table. The ease and flexibility of their
installation and the cost effectiveness of the
solution spurred the growth of the helical pile
industry.

The works of Wilson (1950), Robison & Taylor
(1969), Hoyt & Clemence (1989), Ghaly &
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Hanna (1991) and Perko (2000), among others,
established the theoretical background for the
design of Helical Piles. To verify the bearing
capacity of those piles the industry relies mainly
on torque correlations. The use of empirical
torque correlations, however, is viewed with
reservation by some engineers, who see a
dependency of the procedures adopted by the
installer on the results. Also, some engineers
have misgivings about determining the capacity
of helical piles using only torque measurements,
without taking into consideration geotechnical
parameters (Cannon, 2000).

It is recognized that the use of traditional
geotechnical design methods, such as individual
bearing and cylindrical shear methods, can
predict the helical pile capacity (Perko, 2009).
Load tests, however, are necessary to establish
the pile capacity to torque ratio (Kt), used to
control the capacity of the production piles.

This requirement motivated the present
research project, which submitted Helical Piles
to both Dynamic Load Tests (DLT) and to Static
Load Tests (SLT). The results of the two kinds of
load tests were compared, and the correlation
of the load tests with torque measurements was
also investigated.




DESCRIPTION OF THE SITE

The National Geotechnical Experimentation

Site (NGES) of the University of Massachusetts

- Amherst campus (UMass-Amherst) is situated
in the Connecticut River Valley and within the
region of the former glacial Lake Hitchcock. The
lacustrine sediment deposits originated as a
result of an ice-wall dam, which formed across
the valley in northern Connecticut creating
seasonal deposition and settling of fine-grained
particles over the coarser glacial till for a period
of approximately 4000 years. This soil is locally
known as Connecticut Valley Varved Clay
(CVVC) and extends from Northern Vermont to
Central Connecticut in the present Connecticut
River Valley. The individual varves of the CVVC
are on the order of 2 to 8 mm (0.08 to 0.31 in) in
thickness and are generally horizontally layered.

One of the reasons for choosing this particular
site was that its stratigraphy and soil properties
have been extensively studied and are very
well documented (Lutenegger, 2000). The tests
were performed in Area B, which consists of
approximately 1.5 m (5 ft) of stiff silty-clay

fill overlaying a thick 30-m (98 ft) deposit

of late Pleistocene lacustrine varved clay.

The fill consists of CVVC placed about 30
years ago after excavations at the Town of
Ambherst Wastewater Treatment plant, which
is adjacent to the site. Below the fill, the CVVC
has a well-developed stiff over-consolidated
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crust that was formed as a result of surface
erosion, desiccation, ground water fluctuations
and other physical and chemical processes
(Lutenegger and Dearth, 2004).

Fig. 1 shows the results of seismic piezocone
tests with dissipations, termed SCPTu (NCHRP,
2007), performed in the upper 15 m at the NGES
of the University of Massachusetts - Amherst
campus.

The CPTU profile in Fig. 1 clearly shows the
upper silty-clay fill and the underlying stiff
clay crust to approximately 4 m (13 ft). A sharp
decrease in soil strength can be seen below
this depth, which marks the boundary with the
underlying soft lacustrine varved clay. Typical
index properties of the natural soft clay are:
liquid limit ~ 58, plasticity index ~ 32, natural
water content = 65, clay fraction (CF < 2p) =

50 and OCR = 2 (Mayne et al 1999). The mean
annual ground water level in the NGES site is
about 1.3 m (4.3 ft) (Lutenegger and Dearth
2004). The exact water level depth at the time of
the tests was not measured.

DESCRIPTION OF THE PILES

All piles have the same helices and shaft
configuration. The shaft is a circular steel tube
with 73.0 mm (2-7/8 in) outside diameter and
5.5 mm (0.217 in) wall thickness. The 2.13 m
(7 ft) long bottom sections have three circular
pitched bearing plates (helices), the first one
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[FIG 1] Seismic piezocone results at NGES in AmherJt, Massachusetts (after DeGroot and Lutenegger 1994)

DF JOURNAL Val. & Ho. 1 July 2012 [59]




with a diameter of 203.2 mm (8 in) welded

152 mm (6 in) above the tip, the second with

a diameter of 254 mm (10 in) welded 610 mm
(24 in) above the first, and the third one with

a diameter of 305 mm (12 in) welded 762 mm
(30 in) above the second. The space between the
helices is therefore three times their diameter,
as is usual practice. The pitch distance of the
helices is 76.2 mm (3 in), and the thickness

of the helix plates is 12.7 mm (1/2 in). The
extensions are 2.13 m (7 ft) long, with 0.15 m (6
in) overlap connections, resulting in 1.98 m (6.5
ft) effective extension length. Because of the
temporary function of the piles the steel was
not galvanized, as would be the usual practice.

Three piles (HP-5, HP-10 and HP-15) were
installed to a depth of 3.7 m (12 ft) below grade,
and consisted of one bottom section and one
extension. Five piles (HP-4, HP-7, HP-9, HP-12
and HP-14) were installed to a depth of 5.5 m
(18 ft) and consisted of one bottom section and
two extensions. It was expected that the shorter
piles would show more resistance than the
longer ones, due to the drop in soil resistance at
4 m (13 fr).

INSTALLATION

A total of 18 piles were installed at the NGES
of UMass-Amherst on the 2nd and 3rd of July
of 2010. Ten piles were used to verify differ-
ent procedures of installation and to serve as
reaction piles. Eight piles were designated as
test piles: one of them was used as a control
pile with only a SLT performed, and the other
7 helical piles were subjected to both DLT and
SLT. The relative location of the different piles
is shown in the pile installation plan of Fig. 2.
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[FIG. 2] Pile installation plan

The installation of helical piles consists of em-
bedding them into the soil by applying a torque
to the head of the central shaft, which causes
the helix or helices to penetrate the ground in a
“screwing” motion. A downward force may also
be applied to the helical pile during installation
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to facilitate the helices in “biting” into the soil
and advancing the downward movement of the
pile. To minimize the disturbance to the soil
during installation, the helical pile should be
advanced into the ground at a rate of one pitch
distance per revolution, and multiple helices
should be spaced along the shaft in multiples of
the pitch, such that subsequent helices follow
the same path as the initial helix when penetrat-
ing the ground (Ghaly et al., 1991).

A field control installation log was recorded re-
lating the pile depth to the torque and the num-
ber of revolutions for every 0.3 m (1 ft) penetra-
tion; this is the typical inspection procedure for
helical pile projects. Fig. 3 shows the graphs of
the torque measured during installation of the
test piles (including that of control pile HP-4),
versus depth.
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[FIG. 3] Torque measured during installation versus depth

TORQUE CORRELATIONS

The concept of correlating installation torque
to axial capacity for helical piles is analogous to
the relationship between the pile driving effort
and pile capacity. Indeed, several authors have
attempted to express such an empirical torque
to capacity relationship (Hoyt and Clemence,
1989; Narasimha Rao et al., 1989; Ghaly and
Hanna, 1991; Perko, 2000; 2009). Those torque
formulas have been used in the helical pile in-
dustry for many years; however, they do not ex-
plicitly consider soil profile or soil parameters
and therefore are too crude for advanced design
requirements. Once calibrated by load testing,
however, the torque formulas are a convenient
and accepted Quality Control procedure for
production piles.

The widely used acceptance criteria for heli-
cal piles AC-358 (ICC Evaluation Service, 2007),
includes a formula, initially proposed by Hoyt
and Clemence (1989), relating the final instal-
lation torque (T) to the ultimate axial capacity




(Q), and defines a torque correlation factor (Kt)
such that:

Q=K T [1]

The K, factor is an empirically developed quan-
tity which typically ranges from 23 m to 32.8
m (7 ft! to 10 ft!). For the 73.0 mm (2-7/8 in)
outside diameter round shaft (considered a
“conforming” system) AC-358 suggests a K, of
29.5 m! (9 ft'); however, AC-358 also states that
the parameter K, shall be verified by full-scale
field installation and load tests.

It should also be noted that only tension tests
were analyzed by Hoyt and Clemence (1989), as
a basis for the torque correlation currently in
use. More compressive tests on piles installed
in various types of soil are necessary so that
statistical analyses can be performed to obtain
correlations between the tension and compres-
sion capacity of helical piles.

DYNAMIC LOAD TESTS

DLTs are performed by installing strain gages
and accelerometers close to the top of the pile,
and recording the resulting force and veloc-

ity signals while the pile is impacted by a pile
driving hammer or similar device (Rausche

et at., 1972). It is now extensively used with
most kinds of foundation piles, and has the
advantage over SLTs of being much faster and
of lower cost. Although numerous good agree-
ments between the results of SLTs and DLTs on
other kinds of piles have been published (Likins,
Rausche, 2004), the use of DLTs with helical
piles had little application to date. One of the
objectives of this work was therefore to verify
the viability of using DLTs as a routine way of
determining the bearing capacity of helical piles.

The DLTs were performed on September 15,
2010, about 2 % months after installation of
the piles. Because of the small diameter of the
shaft, the conventional bolted strain transduc-
ers normally used for dynamic pile testing
could not be employed in this case. A calibrated
1.07 m (3.5 ft)-long piece of extension rod with
bonded strain-gages was used instead. Two
conventional piezo-resistive (PR) accelerom-
eters were bolted to the rod, and the strain and
acceleration signals were sent to a Pile Driving
Analyzer (PDA) by means of radio transmitters.
Fig. 4 shows the instrumented rod with sensors
and radio transmitters attached to the top of
the pile. It also shows the type of bolted overlap
connector used to assemble the rod string.
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[FIG. 4] Dynamic Load Test sensors arrangement

The tests consisted of a few blows applied by
a truck-mounted cathead SPT rig fitted with

a 1336 N (300 Ibs) weight, dropped from a
maximum height of 0.9 m (3 ft). Fig. 5 shows
the setup used. The ideal ram weight and drop
height is a function of the test load, shaft size
and failure criterion, among other parameters,
and can be determined for example by wave
equation analyses (Rausche, 2000).
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[FIG.5] Dynamic Load Test setup

A CAPWAP® analysis (Rausche et al., 2010) was
performed for each pile, using the data from
the blow with the highest energy. CAPWAP uses
signal matching procedure, based on a modified
and extended Smith soil model, to determine
the static and dynamic soil resistance param-
eters; it also provides a simulated static pile-top
load versus displacement curve which can be
directly compared with the corresponding curve
from a SLT.

The pile was modeled as a uniform rod, with a
cross-sectional area corresponding to that of
the 73.0 mm (2-7/8 in) shaft. The impedance
increases caused by the helices were neglected,
since they would be very small for the 1 m (3.3
ft) long pile segments of the numerical model.
Small reductions in impedance or the use of
“slacks” were necessary to model the joints
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along the shaft. No additional end bear-
ing was modeled to account for the upper
two helices. The good signal matching and
good agreements of DLT and SLT results
obtained using this model suggest that, at
least for this type of soil, there was mini-
mal soil resistance developed at the bot-
tom of the two upper helices. Practically
all soil resistance above the lower helix
apparently originated from shearing of
the soil plug trapped between the helices.
This is in agreement with the method for
predicting the axial compressive capacity
of helical piles proposed by Livneh and El
Naggar (2008).

A shaft radiation damping model (Likins

CAPWAP SUMMARY RESULTS

Total CAPWAP Capacity: 44.0; along Shaft 16.9; at Toe 27.1 kN
Soil Dist. Depth Ru Force Sum Unit Unit Smi th Quake
Sgmnt Below Below in Pile of Resist. Resist. Damping
No. Gages Grade Ru  (Depth) (Area) Factor
m m kN kN kN kN/m kpa s/m mm
4.0
1 2:2 11 0.0 44.0 0.0 0.00 0.00 0.000 3.432
2 3.3 2.2 0.9 43.1 0.9 0.82 3.56 1.098 3.437
3 4.4 3.3 3.6 39.5 4.5 3.27 14.24 1.098 3.437
4 5.5 4.4 5.3 34.2 9.8 4.81 20.96 1.098 3.437
5 6.6 5.5 7.1 27.1 16.9 6.44 28.07 1.098 3.437
Avg. Shaft 3.4 3.08 13.43 1.098 3.437

Toe 27.1

Soil Model Parameters/Extensions

Shaft

6470.48

Toe

0.459

8.860

Case Damping Factor
Unloading Quake
Reloading Level (% of Ru)
Unloading Level (% of Ru)
Resistance Gap (included in Toe Quake) (nm)

(% of loading cquake)

0.447
297
100

50

0.300
103
100

0.283

et al., 1996) was used in the CAPWAP

analyses. In order to obtain good agree-
ment with the static load test results, how-
ever, lower values for the damper had to

be used, compared to those recommended
in the CAPWAP documentation. This was
attributed to the fact that the effective
circumference of the skin friction behavior,
controlled by the helix diameters, was larger
than the value entered of the outside perim- *
eter of the 73.0 mm (2-7/8 in) pipe.

Force

160 —kN
’_

Fig. 6 shows the summary table of .

Soil Plug Weight (k) 0.10

Soil Support Dashpot 0.310  0.000

Soil Support Weight (k) 1.26 0.00

max. Top Comp. Stress = 126.0 MPa (r= 22.7 ms, max= 1.000 x Top)

max. Comp. Stress = 126.0 MPa (z= 0.6m, T= 22.7 ms)

max. Tens. Stress = -3.51 MPa (zZ= 4.4m, T= 53.7 ms)

max. Energy (EMX) = 0.71 kJ; max. Measured Top Displ. (DMX)=10.01 mm

[FIG.6] CAPWAP Summary Table for HP-7
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CAPWAP results for pile HP-7, taken as 0
an example, and Fig. 7 shows the measured
force and velocity records, together with a

pedance decreases at the joint locations.

STATICLOADTESTS

The SLT is the traditional way of verifying the
bearing capacity and displacement behavior of
deep foundations; however, it requires a rela-
tively large reaction system and long prepara-
tion time, which may have unfavorable economi-
cal impact on the construction. On the other
hand, SLTs are still the standard with which
other test methods are compared, so they were

The SLTs were performed between October 10
and 15, 2010, i.e., 25 to 30 days after the DLTs.
They were carried out according to Procedure A
(Quick Test) specified by ASTM D1143/D1143M
- 07, with measurement of displacements for
load increments of 5% of the anticipated failure
load. Each increment was kept constant for 15
minutes, until what was perceived as plunging
failure was achieved in all cases. Fig. 8 shows
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diagram of the pile model showing the im- |

performed in this case for comparison purposes.

Velocity

[FIG. 7] Force-Velocity record for pile HP-7,and pile model
showing impedance decreases at joint locations
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[FIG. 8] Static Load Test setup

the typical SLT setup, including reference beam,
dial gages and hydraulic pressure gage as em-
ployed for all piles.

The results of the SLTs are discussed below,
together with those of the DLTs.




RESULTS

Figs. 9 to 15 show the comparison for each pile
between the load-displacement curve of the
SLT and the corresponding curve simulated by
the CAPWAP program. The figures also show
the Davisson offset limit (Davisson, 1972). This
method defines the failure load as that cor-
responding to the movement that exceeds the
elastic deformation of the pile by a value of 3.8
mm (0.15 inch) plus the diameter of the pile

(in the present case taken as that of the largest
helix, that is, 305 mm or 12 inches) divided by
120. The elastic deformation of the pile is calcu-
lated using the expression:

D=PL/AE [2]

Where D is the deformation for the applied load
P, L is the length, A is the cross-sectional area
of the shaft and E is the elastic modulus of the
pile material. Table 1 summarizes all results in
numerical form.
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[FIG. 9] Results for HP5 (3.7 m)
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[FIG. 10] Results for HP10 (3.7 m)
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[FIG. 1 1] Results for HPI5 (3.7 m)
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[FIG. 12] Results for HP7 (5.5 m)
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[FIG. 13] Results for HP9 (5.5 m)
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[FIG. 15] Results for HP14 (5.5 m)

[TABLE 1] Summary of results

=—Davisson

The Davisson criterion was chosen since most
comparisons of DLT and SLT results available in
the literature were obtained using this method

(Likins and Rausche 2004), and it is also one of
the most widely used methods in North America
(Fellenius, 2001). In order to guarantee the

best comparisons between DLT and SLT results
interpreted by the Davisson criterion, the usual
DLT practice requires that the energy applied
is sufficiently large to produce a set per blow
of 2.5 mm (0.1 in) or more (Likins et al, 2000).
For the shorter higher capacity piles, however,
the sets were of the order of only about 2

mm (0.08 in) , and the results shown in Figs.

9 to 11 are clearly indicating that the energy
applied was not sufficient to mobilize the full
static capacity. This explains the somewhat
conservative DLT results for piles HP10 and
HP15. The SLT simulation curves predicted by
the CAPWAP analysis of the DLT data, however,
are in good agreement with the actual SLT, up
to the point of the maximum DLT displacement
achieved. A higher applied energy would have
been recommended for the 3.7 m (12 ft) piles,
by using a heavier weight and/or increasing the
drop height.

Besides the Davisson criterion, several other
definitions of pile capacity evaluated from
load-movement records of SLTs can be found
in the literature (Fellenius, 2001). A criterion
specifically for helical piles has been proposed
by Livneh and El Naggar (2008), defining the
failure load as that corresponding to the
movement that exceeds the elastic deformation
of the pile (calculated using expression 2 above)
by 8% of the largest helical diameter. For drilled
shafts, the Federal Highway Administration
(FHWA) for example defines the failure load as
that corresponding to a gross settlement of 5%
of the diameter (O’Neill and Reese, 1999). Fig.
16 below shows the Load-Displacement curves

HP12 ‘ HP14

Depth (m)

Torque (kN-m) 1.9 2.1 2.3 1.5 1.2 1.2 1.2 1.5
SLT - Davisson (kN) 102.8 97.9 101.9 50.0 38.3 48.5 52.0 56.5
DLT - Davisson (kN) 100.5 85.9 81.0 38.3 49.8 49.4 56.5

SLT/DLT 1.02 1.14 1.26 - 1.00 0.97 1.05 1.00

K, static (m™) 53.1 46.8 44.2 33.3 32.5 41.2 43.1 37.9

K, dynamic (m) 51.9 41.0 35.2 - 32.5 42.3 40.9 37.9
Average K, static (m) 48.0 37.6
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[FIG. 16] Results of the Static Load Tests

of the SLTs, and the thresholds corresponding
to three failure criteria: Davisson, FHWA (5% of
largest helical diameter) and Livneh-El Naggar.

It can be seen that in this case the Davisson
criterion produced more conservative results
than the two other criteria. For longer piles and/
or smaller diameter helices, it is possible that
the FHWA criterion produces similar or even
more conservative results than the Davisson
criterion. The Livneh-El Naggar criterion, on
the other hand, calls for extending the load
application to much larger displacements. In
any event, if the results of the SLTs are to be
analyzed using a less conservative criterion,
like the Livneh-El Naggar, the energies applied
in the DLT would have to be increased, so that
permanent sets larger than 2.5 mm (0.1 in) are
produced.

The question of the failure criterion that should
be adopted for DLTs on helical piles is one that
requires further investigation. For drilled shafts
and augercast piles, for example, an alternative
criterion to the 2.5 mm (0.1 in) minimum set has
been proposed based on the total accumulated
toe displacement caused by successive blows
with increasing energy (Rausche et al., 2008).

A suitable criterion will have to be developed
for helical piles, considering their particular
characteristics and installation method.

Additional research is also necessary to verify
the agreement of SLT and DLT results for

piles in non-cohesive soils. At least one case
study presented in the literature (Cannon,
2000) suggests that for moderately dense to
dense medium sands the skin friction shows
resistance concentrations at the helix locations,

whereas the model used in the analyses
presented herein only shows a resistance
concentration at the location of the leading
helix (included in the end bearing as, for
example, shown in the CAPWAP summary
table of Fig. 6).

CONCLUSIONS

Dynamic and Static Load Tests were
performed on seven helical piles installed
in the NGES at Amherst, Massachusetts.
Good agreements were obtained between
the results of the SLTs interpreted by the
Davisson criterion and the results of the
DLTs, and the general shapes of the load-
displacement curves are similar for both
tests. This shows that DLT is a viable alternative
to determine the compressive load capacity

of Helical Piles, at least in cohesive soils, with
added advantages of lower cost and execution
time.

Although AC-358 suggests a torque to capacity
correlation factor K, of 29.5 m™! (9.0 ft") for the
size of piles tested, the results obtained in this
research show that for compressive loads on
CVVC this factor proved to be too low, leading
to overly-conservative design. This confirms the
necessity of executing one or more load tests on
each site for determining the best correlating
value of K. It should also be noted that torque
correlations depend on the particular pile

size and configuration and also on the type

and condition of the soil where the piles are
installed. This was also shown in the present
study, where substantially different values of K,
were obtained for piles installed in the different
bearing strata.
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