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I.  Ductile Iron Pile Overview

Ductile Iron Piles (DIPs), manufactured by Tiroler Rohre, GmbH in Austria, are a low-vibration,
modular driven pile system utilizing high strength ductile iron pipes manufactured using a
centrifugal-casting process. Ductile Iron Piles provide a cost-effective and reliable solution for
support of foundation loads as an alternative to traditional pile systems including drilled
micropiles, helical piles, driven piles, caissons and augercast piles. Mostcommon applications
include support for building foundations including new construction, building additions and
interior renovation work at existing structures for commercial, residential, industrial and
transportation projects.

A. Description

The Ductile Iron Pile system (Figure 1) is a simple, fast and highly-effective foundation system
for load support. Ductile Iron Piles are a prefabricated driven pile system utilizing high strength
ductile cast iron pipes manufactured by the centrifugal- or spun-cast method of fabrication.
Piles are standardized in typical usable lengths of 16.4 ft (5 meters) from pile tip to the bottom
of the socket or bellend. Overall pile lengths
including the socket are slightly longer and
range from 16.9 ft (5.15 meters) to 17.2 ft
(5.25 meters) depending on pile type. Piles
are available in three different diameters: 98
mm (3.86 inches), 118 mm (4.65 inches) and
170 mm (6.69 inches). Wall thicknesses
range from 6 mm (0.24 inches) up to 13.0
mm (0.51 inches). The Series 118/7.5
(diameter/wall thickness) pile is most
commonly used for its balance of low cost,
ease of handling and moderate load-
carrying capacities (typ. 40 to 50 tons), while
the Series 170/9.0 is often a preferred higher
capacity pile option (typ. 80 to 100 tons). A
series of manufactured accessories
including driving shanks, drive shoes,

couplers, and bearing plates are also
used during installation. Figure 1: Ductile Iron Pile Installation [
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All piles have a Plug & Drive manufactured connection
(Figure 2) using a tapered socket (bell) with an internal
shoulder for full engagement at one end and a tapered
spigot at the other end. This allows the individual pile
sections to be rapidly connected to form a pile shaft of
any length without the use of special tools or dedicated
field welding. The simplicity of this Plug & Drive
installation process represents one major advantage of
Ductile Iron Pile systems over other traditional deep
foundation systems.

Piles are installed using an excavator-mounted, high-
frequency hydraulic hammer fitted with a special drive
adapter that advances the pile into the ground using a
combination of excavator crowd force and the
percussive (ramming) energy from the hammer as
necessary. Both the hydraulic hammer and the medium-
sized excavatorare commonly used pieces of equipment
in the construction industry.

=

Ductile Iron Pile systems are installed using two different
methods: 1) dry installation (no exterior grout) and 2) wet
or exterior grouted installation. These methods enable . :

the pile system to resist applied compression loads Figure 2: Plug & Drive Joint I"!
through either frictional or end-bearing resistance and

tension loads through frictional resistance. While the same Ductile Iron Piles are used in each
method, the installation process and components do vary depending on the method selected
for load resistance.

IR

Ductile Iron Piles constructed using a dry installation method start by first inserting a flat or
pointed drive shoe over the end of the hollow pile. The pile is then driven into the ground using
high-frequency impact energy (hydraulic hammer) until the Plug & Drive socket end is nearly at
the working grade. The driving resistance (time required to drive each meter increment) is
observed and recorded during driving. The spigot end of the second D/P section is then inserted
into the socket end of the existing pile and the driving process is repeated. This process
continues until the pile reaches the terminal depth. While the dry installation method can be
used to develop frictional capacity along the length of the pile shaft, itis most commonly driven
to terminate on very dense ground conditions to achieve end-bearing resistance. In this case,
piles are driven to refusal or to achieve the required driving “set” criteria (project specific but
typically 1 inch in 50 seconds). If interior grout is being used, the grout is placed after the pile
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achieves the required set. Grouting of multiple piles is often performed in series once the pile
installations are complete.

Ductile Iron Piles constructed using a wet or exterior grouted installation method start by first
inserting a specially-designed, oversized conical grout (drive) shoe over the end of the pile. The
conical drive shoe is designed specifically for grouting applications and is larger diameter than
the outside pile diameter to facilitate grouting exterior to the pile. The pile is then driven into the
ground using high-frequency impact energy from a hydraulic hammer equipped with a specially-
designed grout driving shank that enables the simultaneous pumping of grout while driving. The
grout is pumped through the interior of the pile to the pile tip and exits the pile through grout
ports in the conical grout shoe. The grout fills the annular space along the exterior of the pile
that is created by the oversized grout shoe during driving. The displacement installation and
pressurized grout compacts the adjacent soil and creates the grout/soil interface to provide
highly efficient skin friction through grout-to-ground bonding along the exterior grouted Ductile
Iron Pile. The pile is driven, and grout is pumped continuously until the Plug & Drive socket end
is near the working grade. The driving resistance (time required to drive each meter increment)
is observed and recorded along with grout usage during driving. The spigot end of the second
DIP is then inserted into the existing pile and the driving / grouting process is repeated. This
process continues until the pile extends to a sufficient design depth in the terminating layer to
develop a sufficient bond length.

Both dry and wet installation methods are completed by cutting off the excess pile material at
the appropriate cut-off elevation. The remaining pile section still includes the socket for driving
and becomes the “starter” pile section for a subsequent pile thereby eliminating nearly all waste
associated with pile cut-offs. Piles are typically finished by attaching a steel bearing plate at the
top of the pile following pile cut-off. If tension resistance is required, a high strength threadbar
is inserted (wet-set) into the interior of the grouted pile prior to the placement of the bearing
plate. Tension plates are then attached to the top of the threadbar at the specified embedment
elevation.

B. Applications

Ductile Iron Piles are primarily used for foundation and floor slab support to resist compression,
tension and lateral loads for new structures and building additions that require deep foundation
support. The system is well-suited and cost-effective for jobs 1) designed for traditional drilled
micropiles, 2) where increased DIP capacities can provide more efficiencies than low-capacity
helical piles or 3) where issues with site access, varying working grades, adjacent structures,
overhead clearance and/or pile splicing makes other forms of piles less attractive. In some
cases, Ductile Iron Piles are used as rigid inclusions to support aggregate pads and shallow
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foundations to reduce settlement. These cases typically involve the use of an oversized bearing
plate atthe top of the pile to provide a larger tributary area for aggregate pad/foundation support.

Besides foundation and slab support, Ductile Iron Piles are used for tank support and may be
used for underpinning and slope stabilization. The latter applications have been performed in
Europe but not extensively in the United States to date.

C. Advantages

Ductile Iron Piles are the FAST.SIMPLE.SAFE.® solution to deep foundations. The system
provides the following advantages compared with other foundation options.

e Cost-effective solution — Often provides cost savings of 25% to 50% or more compared
with traditional drilled micropiles.

e Rapid installations - Production rates ranging from 400 to more than 1,000 feet per crew
day to rapidly reduce project schedules.

e High load-carrying capacity — Current working capacities ranging from 25 to 120 tons in
compression and 20 to 50 tons or more in tension provide greater capacities in similar
soil conditions as helical piles.

e Lessinstallation risk — The driven installation system combined with the ability to “set”
a pile for end-bearing capacity or use exterior grouting for frictional capacity often
results in substantially reduced installation risk compared with helical piles that often
“torque up” too shallow in dense fill, under perform in loose ground conditions (not
achieve torque) or “spin-out” at soft/hard soil layer transitions resulting in unknown
capacities.

e FEasyaccess - Mobile equipment and short pile sections allow for rapid work in
constrained areas, sloping ground, and/or limited lay-down areas.

e Lowvibrations — High-frequency driving process results in low vibrations allowing
installations adjacent to or within existing structures.

e Flexibility - Easy length adjustments in the field with the Plug & Drive system that allow
for simple pile length adjustments when bearing layer depths change. This is
particularly effective on sites with highly-variable rock depths.

e Minimal waste — Each DIP is cut-off at the design depth and the cut section is used as
the starter pile for the next location, virtually eliminating waste.

e Qualityinstallation — Load-bearing capacity and pile length are determined on-site
through load testing and monitoring of penetration resistance and driving.
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[I. Materials

Ductile Iron Piles are manufactured from ductile castiron through a centrifugal- or spun-casting
process to produce the actual pile sections. In addition to the Ductile Iron Piles, a properly
constructed DIP deep-foundation consists of other materials including drive shoes, bearing and
tension plates, grout/concrete pumped on the interior or both interior and exterior of the pile,
and sometimes a high-strength reinforcing thread bar (when needed for improved structural
capacity or tension resistance.) The following sections describe the details of each of the
construction materials required for DIP construction.

A. Ductile Cast Iron Material

Historically, castiron or grey cast iron was produced in a lamellar form. The material was often
brittle and exhibited low strength and low impact resistance. This material and these properties
are what people often think about when hearing cast iron. Advancements over a half-century
ago led to the development of spheroidal or ductile cast iron by adding magnesium to the cast
iron before pouring into the molds to produce crystallization of graphite in spheroidal form
(Figure 3). The development of spheroidal graphite cast iron led to more desirable material
properties including improvements in the ultimate and yield strength, tensile and flexural
strength, and improved impact resistance for drivability and toughness, while maintaining cast
iron qualities including machinability, castability and weldability.

@

AL
_—
\

Figure 3: Illustration of Transformation of Lamellar Cast Iron to Spheroidal Cast Iron 2

f

Lamellar Cast Spheroidal Cast

Tiroler Rohre GmbH (TRM) in Austria has been manufacturing Ductile Iron Piles since the 1980s.
Ductile cast iron used in the fabrication of the piles undergoes a sophisticated centrifugal- or
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spun-casting manufacturing process to transform the raw 100% recycled material into the
finished product (Figure 4). The ductile iron piles are fabricated to precise tolerances through a
rigorous QA/QC process. Standardization results in the materials being subject to strict control
of its chemical composition and its mechanical properties throughout the fabrication process.

The manufacturing process employs a quality assurance system that is certified in compliance
with standard BS EN ISO 9001. Further, European ONCERT certification (ONR 22567 regulation)
and technical approval (ETA-07/0169) provide regular control of the product and prefabrication
process. QC and QA methods are deployed at key stages throughout the manufacturing

process:
e Incoming goods
e Melt

e Converter

e Centrifugal casting area
e Annealing furnace

e Finished pile

Figure 4: Centrifugal casting process ['-2

The ductile cast iron material used in the piles is comprised of: 90-95% scrap metal iron,
approximately 3.7% carbon, and approximately 2.7% silicon. The final chemical composition
of the ductile iron piles consist of the materials shown in Table 1.
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Table 1: Chemical Composition of Ductile Iron Piles

Carbon C Silicon Si | Manganese Mn | Phosphorous P | SulphurS | Magnesium M
[%] [%] [%] [%] [%] [%]

35-3.8 2.2-26 <0.5 <0.1 <0.01 0.03-0.05

Mechanical properties of the fabricated material are shown in Table 2.

Table 2: Mechanical Properties of Ductile Iron Piles

Material Property ksi [MPa]
Tensile Strength 60.9 [420]
Compressive Strength 130.5 [900]
Yield Strength (0.2% offset) 46.4 [320]
Modulus of Elasticity 24,656 [170,000]

The material properties as well as the standardized shape and dimensions are systematically
inspected during the process.

B. Ductile Iron Piles

Ductile Iron Piles are manufactured by TRM and employ an innovative Plug & Drive connection
system consisting of a tapered socket (or bell) with an internal shoulder for full engagement at
one end and a tapered spigot at the other end (Figure 5). This allows the individual pile sections
to be connected together to form a pile shaft of any length without the use of special tools. The
connectionis formed by elastic deformation of the ductile iron and by cold welding of the friction
surfaces as the spigotend is driven into the socket. This joint exhibits high compressive strength
and superior resistance to bending, such that the rotational stiffness of the joint is greater than
the pile material itself. This connection method eliminates the need for threads, couplers, pins
and keys and welding/splicing on the jobsite.
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Figure 5: Illustration of Ductile Iron Pile Plug & Drive Connection®

Ductile Iron piles are typically manufactured in standard usable lengths of 5 meters (16.4 feet).
Overall pile lengths are slightly longer and range from 16.9 ft (5.15 meters) to 17.2 ft (5.25
meters). The piles are available in multiple diameters and wall thicknesses to suit the project
needs. Details of the dimensional characteristics are provided in Table 3.
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Table 3: Dimensional Properties of Ductile Iron Piles

Ductile Outer Wall Area Moment of Section Weight,
Iron Pile Diame?er, Thickn'ess, mm? (i;lz) Inert.ia, Modu.lus, kg/m
Type mm (in) mm (in) cm? (in?) cm? (in3) (Ib/ft)
98/6.0 98 (3.86) 6.0 (0.24) | 1,734 (2.69) | 184.3 (4.43) 37.6 (2.30) 14.0 (9.4)
98/7.5 98 (3.86) 7.5(0.30) | 2,132(3.31) | 219.8(5.28) 44.9 (2.74) 17.2 (11.6)
118/7.5 | 118(4.65) | 7.5(0.30) | 2,604 (4.04) | 399.2 (9.59) | 67.7(4.13) | 21(14.1)
118/9.0 | 118 (4.65) | 9.0(0.35) | 3,082 (4.78) | 460.8 (11.07) | 78.1(4.77) | 24.4(16.4)
118/10.6 | 118(4.65) | 10.6 (0.42) | 3,577 (5.54) | 520.7 (12.51) | 88.3(5.39) | 28(18.8)
170/7.5 | 170(6.70) | 7.5(0.30) | 3,829 (5.94) | 1267 (30.43) | 149.0(9.09) | 33.8(22.7)
170/9.0 | 170(6.70) | 9.0(0.35) | 4,552 (7.06) | 1480 (35.55) | 174.1(10.62) | 37.2 (25.0)
170/10.6 | 170 (6.70) | 10.6 (0.42) | 5,308 (8.23) | 1693 (40.69) | 199.2 (12.16) | 42.6 (28.6)
170/13.0 | 170(6.70) | 13.0(0.51) | 6,412 (9.94) | 1,989 (47.80) | 234.0 (14.28) | 50.4 (33.9)

All sizes of Ductile Iron Piles are typically manufactured in 5 m (16.4 ft) working lengths.

C. Ductile Iron Pile Tooling & Accessories

Avariety of Ductile Iron Pile accessories are available for use as a part of the installation process
or following installation. These are described below.

1. Drive Shanks

A specially-manufactured driving shank, available from DuroTerra, is required to install the
Ductile Iron Piles. The drive shanks are manufactured from a solid piece of steel alloy and
then heat treated with a hardening process to provide exceptional wear resistance and
excellentimpactresistance characteristics. Each shankis manufactured to comply with the
hammer manufacturer’s tool specifications for proper fitting. The driving end of the shank is
manufactured with step-tapered shoulders to seat into the spigot end of all standard
diameters of DIPs.

Two types of driving shanks are available for Ductile Iron Pile installations: dry shanks (Figure
6 left) and wet (or grouting) shanks (Figure 6 right). The dry shank is a solid tool and is
intended for dry installations while the wet shank or grouting shank (and corresponding grout
box as shown) is required for exterior grouted DIP installations. Wet or grouting shanks may
also be used for dry installations. However, long-term use for dry installations particularly
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where piles are being “set” in end-bearing may increase wear of the shank due to the large
driving stresses required during setting of the pile.

M‘\f‘;\)"fi |
Figure 6: Dry Shank (left) and Wet Shank / Grout Box (right)

The wet shank has two crossing boreholes: one axially through the center and one radially
out of the side. The borehole is for pumping grout through the wet shank, while the pile is
being driven into the ground. This allows for the continuous driving and grouting operation
required for exterior grouted pile installations (See Section IlI.D).

In addition to the wet shank, a grout box is also a necessary part of the exterior grouted DIP
accessories (Figure 7). The grout box is comprised of two polyurethane half-shells secured
to the shank and completes the grouting connection between the concrete pump hoses and
the driving shank. The grout box and concrete pump hoses (2 inches or 50 mm) are
connected with standard fast couplers. A protection shroud in the lower section of the grout
box reduces grout splashing during pumping/grouting. The 2-inch grout line connects to
grout hoses via cam lock fittings. The grout box is specifically designed for use with sanded
grout mixtures. While neat cement (cement and water only) can be used, there is an
increased potential for leakage through the joints and added wear of the grout boxes

§uu BONIES

Figure 7: Grout Box and Grout Box Connection
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2. Drive Shoes

Each lead section of pile is outfitted with an end cap or driving shoe to facilitate the driving
and installation process. In general, the drive shoe performs several functions:
e Seals the pile against inflow of water that helps when post-grouting the pile,
e Reduces the potential for introduction of material (soil) into the pile during driving to
ensure that the grouting occurs continuously over the full length of pile,
e Provides an avenue to create an annular space around the pile and transmit grout
from the interior of the pile to fill the annular space (for exterior grouted DIPs).

Selection of the driving shoe depends on a few items including, 1) DIP type (dry or exterior
grouted), 2) density of material anticipated during driving, 3) type of end-bearing condition,
and 4) design diameter of exterior grouted piles.

For Ductile Iron Piles installed with the dry installation method, the drive shoes consist of
either flat (Figure 8a), flat HD (heavy duty) (Figure 8b), or rock points (Figure 8c). The flat drive
shoe is commonly used for many dry installation applications where difficult driving is not
expected. The HD shoes are a more robust design than standard flat shoes and are used in
either very loose driving conditions to maintain positioning of the shoe on the pile tip or very
dense driving conditions to avoid dislodging of the shoe. Rock points are also used in cases
with difficult (dense) driving conditions to concentrate driving energy to the tip, or when the
need exists to seat the DIP into a sloping bedrock.the rock.

ol

Figure 8: Driving Shoes for Dry Installations - a) Flat, b) Flat HD, c) Rock Point ["!
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For wet (exterior grouted) Ductile Iron Pile installations, the specialized oversized grouting
shoe is required to 1) create an annular space around the pile during driving and 2) transmit
pressurized grout from the hollow pile interior, through the ports in the grout shoe and
outside the pile to fill the annular space. Grout shoes use a patented conical tip
configuration shown in Figure 9. Grout shoes come in multiple diameters ranging from 150
mm up to 270 mm and are designed specifically for use with certain pile sizes including 98
mm, 118 mm and 170 mm pile sizes (Table 4). The size of the grout shoe is selected based
on the driving conditions (i.e. more difficult to drive a large grout shoe through dense fill) as
well as the required exterior grouted DIP diameter to develop sufficient capacity through skin
friction, since the design DIP diameter is equal to the grout shoe diameter.

Figure 9: Conical Grouting Shoe "

Table 4 contains the dimensions of the various grouting shoes. The 220 mm conical grouting
shoe may be used with both the Series 98/6.0 with an adapter ring or any of the Series 118
piles (without an adapter). The 270 mm and larger conical grouting shoes may be used with
both Series 118 and 170 piles.

Table 4: Various Grouting Shoes

Conical Grout Shoe Diameter | Diameter | Series Series Series
Type (mm) (in) 98 118 170

150 conical 150 5.9 X

180 conical 180 7.1 X

220 conical 220 8.7 X* X

270 conical 270 10.6 X X
320 conical 320 12.6 X X
370 conical 370 14.6 X X

*Requires adapter ring
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3. Couplers

In most cases, drive-on couplers are not needed because the
Plug & Drive connection on each modular pile segment forms
the mechanical connection. However, couplers may be
required in cases with low overhead clearance where the pile
needs to be cut to allow sufficient clearance for installation
access. The drive-on couplers are then used to connect two
pieces of pipe with cut ends (without the factory tapered
ends). Couplers can also be used in the rare event of pile
breakage above the ground surface. The pile can be cut below
the break and a drive-on coupler is used to connect the pile
section with another starter section of pile. The connection
that forms with a coupler is similar in nature to the spigot /
taper connection. However, couplers do not have tapered interiors like the socket, so only
cut pile sections should be used inside of a coupler. Tapered pile sections installed within a
coupler will likely lose contact between the interior of the coupler and the inserted DIP
section and not develop a proper connection. For this reason, tapered sections (full sticks)
should NOT be used in couplers. Even if using a full DIP stick, the taper must be cut off when
inserting into the coupler.

Figure 10: Coupler™

4. Extension Rings

Extension rings can be used in certain cases with exterior
grouted piles. The purpose of the extension ring is to limit
the potential for localized bearing capacity failures in very
soft soils that can result in soils squeezing back over the
grout shoe and clogging the grout ports. Each extension
ring has an interior edge designed to hold the outside
diameter of the grout shoe. The grout shoe is inserted into
the extension ring. As the grout shoe is advanced during the
driving process, it pulls the extension ring down by pushing
on the interior edge. With the extension ring in place, the
grout shoe is protected from the surrounding soil squeezing Figure 11: Extension Ring [
back in. Extension rings are currently available in 220 mm

and 270 mm though sizes for larger shoes are planned.
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D. Grout/ Concrete

As described in Section lll, Ductile Iron Piles constructed using the dry installation method are
most commonly filled with grout or concrete following installations to increase the structural
capacity and to reduce the potential for corrosion on the pile interior. Ductile Iron Piles installed
using the wet (exterior grouted) method use grout continuously during the installation process
to fill the hollow pile and the annular space around the pile created during driving. This process
forms the bond zone required to achieve geotechnical design capacity.

Grout can consist of either sanded grout or neat cement grout. Grout may be either delivered via
ready-mix trucks or can be mixed on-site with the proper equipment and materials. Mixing on-
site requires a mobile mixer or storage of materials and additional labor/equipment, but reduces
issues associated with delays in grout delivery or ready-mix trucks sitting idle on-site for long
periods of time during the installation due to limited grout usage.

The grout must exhibit specified minimum strengths to achieve the design capacities. Strengths
of 4,000 psi to 5,000 psi are most commonly required for design. Itis important when arriving at
a grout/concrete mix design that the material maintain acceptable workability and pumpability
while maintaining adequate compressive strength.

Admixtures are commonly used to improve the workability of the mix while not compromising
the compressive strength compared with the addition of too much water. Plasticizers and
retarders are used to enhance flexibility with the mix workability and duration before set.
Retarders are commonly used to improve the workability over the standard durations (2 hours)
up to 6 or 8 hours. Longer workability periods for the grout is not recommended. A colloidal
agent may also be used to improve pumpability during grouting operation and prevent
segregation and dewatering.

A commonly used mix design for sand-cement grout used for exterior grouted DIPs includes the
following:
e Cement (650 lbs min per CY)
e Fly Ash (300 lbs max. per CY)
e Total Fines —Cement + Fly Ash (950 lbs max. per CY)
e ASTM C33 Concrete Sand (2,200 - 2,300 lbs max. per CY)
o Maximum grain size: #6 (0.137 in) - #4 (0.196”)
o 95% - 100% passing #4 sieve
e Water (60 - 65 gal. per CY)
e Slump=7”-8" (ideal) but could be higher depending on design
e Additives as needed (retarder, super plasticizer, water reducing agent, etc).
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A neat cement grout (cement and water only) is commonly used to fill the interior of piles
installed using a dry method and has been used for exterior grouted DIPs, though less commonly
than a sanded grout. The neat cement mix typically consists of a 0.5 to 1.0 ratio of water to
cement on avolume basis (one 94 b bag of Portland cement and 5 gallons of water).

Although not nearly as common, a standard ready-mix concrete mix design may also be feasible
provided the concrete contains small (pea gravel-sized or smaller), rounded coarse aggregate
and suitable equipmentis used for pumping.

Grout consumption is estimated based on the type of installation (dry or wet), pile size and soil
conditions. Consumption rates for piles installed using the dry method where grout is only used
to fill the hollow center typically range from 115% to 120% of the theoretical inside volume of
the pile for both 118 mm diameter and 170 mm diameter. Consumption rates for piles using a
wet installation approach are estimated based on the diameter of the grout shoe to create the
overall diameter of the grouted pile. Consumption rates of 115% to 120% of the theoretical
volume excluding the volume contributed by the presence of the pile itself are typically used.
The consumption rates for the exterior grouted piles should also anticipate the change in grout
take attributed to impacts from the adjacent soil (outward permeation or movement of grout or
potential for inward squeezing of soil).

E. High strength Reinforcing Bars

High-strength, threaded steel reinforcing bars are often used in Ductile Iron Piles when tension
resistance is required or there is a need for greater structural capacity. A single reinforcing bar
with ultimate yield strength of 75 to 150 ksi is installed into the center of the grout-filled pile.
Depending on the bar length and annular space available between the bar and the interior of the
pile (function of bar size and pile diameter), centralizers may be used to hold the bar in place.
When used, centralizers are typically placed 2 feet from either end of the bar and every 10 feet
along the length of the bar. The length of the reinforcing bar depends on the amount of tension
resistance required and should be determined by the Ductile Iron Pile Designer. Typical high
strength reinforcing bars used in the process range from #6 to #11 bars with corresponding
diameters from 0.75 inches to 1.375 inches. Depending on the pile diameter, larger bars can be
difficult to get into the small diameter pile. Threaded couplings are often used when long bar
lengths are required. Details of reinforcing bars may be obtained from bar suppliers like Williams
Bar (www.williamsform.com), DSI-Dywidag (www.dsiunderground.com) and others.
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F. Bearing Plates

Steel bearing plates are used at the top of all Ductile Iron Piles
for load transfer from the structure through the foundation
(grade beams and/or pile caps) and into the DIPs. The bearing
plates are placed over the tops of the pile head at the correct
cutoff elevation and are then encapsulated into the footing.
Bearing plate elevations are typically a minimum of 4to 6 inches
from the bottom of the footing as specified by the structural
engineer. Deeper embedment into the foundation may be
required for enhanced fixity for lateral load resistance. Grade 50
steel plates often range from 6 to 14 inches in width and 0.5 to
1.5 inches in thickness depending on pile capacity. Plates
typically contain a center hole so that each plate can be placed
over a centralizing reinforcing bar and held in place with a nut
for ease of placement. Design checks for adequate bearing Figure 12: Bearing Plates ™
dimensions and thickness need to be performed by the DIP

Designer.

In situations where Ductile Iron Piles are used as rigid inclusions, the same type of connection
is used with bearing plates attached to the top of the pile. However, due to the need to minimize
stresses at the bearing plate / aggregate pad interface, the bearing plates are often much larger
(often ranging between 12 and 18 inches in width, depending on design requirements).

In some situations, piles are installed to working grades higher than the final cut-off elevations.
This requires piles be cutto final elevations at a time following installation. If grouting operations
have already been performed and the grout has cured, alternative top of pile preparations may
be required. Installers have elected to drill the grout to embed a short threadbar and connect to
the pile with epoxy to attach and hold the bearing plate in place. Alternatively, some installers
utilize a “T-pipe” top-of-pile connection that utilizes a pipe section welded to the bearing plate
to slide over the Ductile Iron Pile (Figure 13). This would be appropriate only for compression
connections.
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Figure 13: Example of “T-pipe” Connection Detail for Compression Only Piles Plates ¥

G. Tension Plates

In tension applications, high strength threadbar extends partially or full-length into the pile. The
threadbar needs to extend sufficient distance above the bearing plate to accommodate an
upper tension plate that is typically attached 8 to 16 inches above the top of the pile depending
on the structural design requirements. The tension plate is connected and held in place with
nuts on either side of the plate. Design checks for adequate dimensions and thickness need to
be performed by the DIP Designer and confirmed by the structural engineer.
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[1l. Construction

Ductile Iron Piles are installed using an excavator-mounted, high-frequency hydraulic hammer
fitted with a special drive adapter that advances the pile into the ground using a combination of
excavator crowd force and the percussive (ramming) energy from the hammer as necessary.
Both the hydraulic hammer and the medium-sized excavator are commonly used pieces of
equipment in the construction industry. The equipment requirements along with descriptions
of the two installation methods of Ductile Iron Pile systems — dry and wet (exterior grouted) —are
described below.

A. Equipment Requirements

One attractive feature of the Ductile Iron Pile system is that it uses conventional earthwork
equipment for installation including a medium-duty excavator, hydraulic hammer and grout
pump. The amount of specialized, purpose-built equipment and tooling is limited to only the
hammer-specific drive tools.

1. Base Excavators

Base crawler excavators used for Ductile Iron Piles are typically in the 15 to 35 ton service or
operating weight range. Common examples of excavators include CAT 320 up to CAT 335.
Alternatively, vertical-mast equipment with a hydraulic hammer may also be used for
installations. The two primary requirements for base excavator selection are 1) the need to
supply the required hydraulic power to the hammer and 2) the need to have sufficient reach
of the excavator to position the hammer on top of the pile section. Therefore, compatibility
of the base excavator with the hydraulic hammer is extremely important to both equipment
performance and pile installation. Equipment specifications for sample excavators are
provided in Attachment A.
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Figure 14: Example of Base Excavator [®

2. Hydraulic Hammer

Choosing the right hydraulic hammer is an important part of the Ductile Iron Pile installation
process. Selection of the hammer is critical to 1) ensure adequate hammer energy to drive
the piles to obtain proper “set” conditions and 2) avoid excessive hammer energy to prevent
overstressing and damaging the pile during driving. Factors that should be considered when
selecting an appropriate hammer for DIP installation include:

Pile diameter (98 mm, 118 mm or 170 mm)
Grout shoe diameter (if applicable)
Pile wall thickness (6 mm to 13 mm)
Pile length
Soil conditions (i.e. loose, dense, debris fill, etc)
Pile capacity design:

o Friction

o End-bearing with “set” criteria

Table 5 contains representative hammers and associated specifications. The most common
hammer manufacturers utilized by Ductile Iron Pile contractors around the U.S. and Canada
include Montabert/Tramac, Epiroc, Atlas Copco and CAT. DuroTerra stocks shanks for some
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of these common hammers and can acquire shanks for less commonly used hammers
through our manufacturer. An example of a typical hydraulic hammer used for DIP
installation is found in Attachment B. DuroTerra should be consulted to assist with hammer
size selection.

It is important that Ductile Iron Pile Installers match the flow requirements with the base
excavator for adequate functionality. Inadequate flow rates can result in inadequate
hammer performance. In addition, connection of the hammer to excavator will depend on
the specifics of each piece of equipment. Specialty adaptors may be required to make the
proper hammer-excavator connection and need to be investigated by the Installer.

Following manufacturer’s guidelines for hydraulic hammer
maintenance including regularly scheduled maintenance is
important to avoid an improperly functioning hammer. Use
of self-lubricating hammers or daily manual lubrication on all
grease points specified by the manufacture is
recommended. Inspection of the wear bushings located in
the lower hammer section to guide the drive shank is
important. Undetected wearing of the bushings can resultin
increased tool clearance that causes excessive lubricant
consumption and possibly even overheating / fracturing of
the drive shank at the tool insertion point. During DIP
installation, hammers need to be inspected immediately if
concern arises that the hammer is not functioning properly.
Use of an improperly functioning hammer may result in
damage to the pile, inability to install the pile or an improper
“set” condition resulting in unanticipated DIP performance.

It’s important to note that many newer hammers feature an
“AutoControl” feature that optimizes the balance between
impact energy and impact frequency and prevents heavy idle
blows. This feature is designed to reduce the load and wear
on the base machine and hammer. However, this feature
results ininconsistent hammer operation for ductile iron pile
installation making it difficult and unrepresentative to
monitor the drive rates/times as a Quality Control tool during
installations. Therefore, installers should consider turning
off the “AutoControl” or similar functions on hammers

Figure 15: Example Hammer® during DIP installation.
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Table 5: Hydraulic Hammer Models and Specifications

:Er:::f; \(I:va;:g“:\: Service Oil Flow Operating Blow W_?::;Ing
Manufacturer Model Weight Rate Pressure Frequency .
Class Class [Ibs] =V [psi] [blow/min] Diameter
[ft-1b] [t] [mm]
Atlas Copco / Epiroc MB 1500 3,500 19-32 3,307 32-41 2,320-2,610 330-680 135
Epiroc MB 1650 3,750 21-35 3,650 34-45 2,320-2,610 320-640 140
Atlas Copco / Epiroc MB 1700 3,750 19-32 3,750 34-45 2,321-2,611 320-600 140
Atlas Copco / Epiroc HB 2000 4,000 22-38 4,500 40-50 2,321-2,611 300-625 145
Atlas Copco HB 2200 5,000 26-40 4,850 37-48 2,321-2,611 280-550 150
Atlas Copco HB 2500 5,500 27-46 5,500 45-58 2,321-2,611 280-550 155
Atlas Copco HB 3000 6,500 32-50 6,614 55-71 2,321-2,611 280-540 165
CAT H120Cs 3,000 17-26 2,870 26-45 2,031 350-620 115
CAT H120Es 3,000 19-29 3,476 26-45 2,175 350-620 119
CAT H130S 4,000 19-32 3,740 31-57 2,031 320-600 130
CAT H130Es 3,500 21-35 4,158 32-58 2,175 320-600 130
CAT H140Ds 5,500 25-40 5,170 42-60 2,321 350-600 140
CAT H140Es 6,000 24-42 5,865 42-60 2,320 325-540 140
CAT H160Ds 7,500 32-55 6,946 58-82 2,321 380-560 160
CAT H160Es 8,500 32-55 7,784 58-79 2,320 400-505 160
Indeco HP4000 4,000 18-31 3,320 34-43 1,700-2,050 400-870 130
Magnum RHB 320S 4,000 17-23 3,311 26-40 2,300-2,600 340-700 125
Montabert (Tramac) V 900 3,000 17-28 2,469 26-40 1,814 400-800 118
Montabert (Tramac) V 1200 5,000 20-33 3,530 32-45 2,250 370-770 122
Montabert (Tramac) V 1800 6,000 20-30 3,915 37-58 2,393 310-500 140
Montabert (Tramac) V 1600 7,500 22-35 4,273 48-61 2,393 405-830 140
Montabert (Tramac) V 2500 8,000 27-40 5,555 46-66 2,250 350-500 160
Okada TOP200 3,500 20-29 3,870 39.5-53 2,030-2,620 465-625 124.5
Sandvik (Rammer) E 66/BR 2266 2,500 23-36 2,930 26-45 1,960-2,100 360-650 115
Sandvik (Rammer) E 68/BR 2568 4,000 21-32 3,770 32-53 1,960-2,100 330-580 130

*Reported from various online sources. Impact Energy Class is not standardized and may be estimated.
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3. Drive Shanks

Specialty drive shanks or tooling are required for
installation of the Ductile Iron Piles. A dry (solid)
drive shank is used for dry pile installations and a
wet or grouting shank is used for exterior grouted
piles installed while continuously pumping grout.
It is recommended that the wet shank only be
used for exterior grouted DIP installations to avoid
tooling damage. This is largely because the
combination of the high energy imparted during
the driving process combined with the greater Figure 16: Specialty Driving Shank &
potential for overheating of the tooling that can

occur without the presence of grout passing through the shank to act as a coolant during
installation. For more information on Drive Shanks, please refer to Section I.C.1.

4. Concrete / Grout Pump

A concrete or grout pump is required during installation of exterior grouted piles and also
following installation of piles using the dry method if the pile interior will be filled with grout
or concrete. The pump consists of a swing-tube or piston-driven concrete/grout pump
(Figure 17). Although screw pumps can deliver high rates of delivery, they are not suitable for
ductileiron pile installations because of the limited discharge pressure generated. Ballvalve
pumps should be avoided because they are often too small for the Ductile Iron Pile grout mix
and will have problems with pumping harsh grout mixes.

i
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Figure 17: Example of Concrete Pump
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Like hammer selection, it is important to select the proper grout pump. Pumps that are too
small may have insufficient pressure for introducing grout at depth in the pile. Pumps that
are too large can cause blockages in the line. Manufacturer recommendations indicate a
maximum pumping pressure up to 1,000 psi (70 bars) and with a flow rate of 12 cfm (20
m3/h). Pumps in the range of 30 to 50 CY/hour are adequate. Anything smaller could be
problematic if the grout mixture is harsh and more pressure is needed to pump it. Anything
beyond the high side of that range will be too overpowering and pump too much grout and
likely over pressurize the system during installation. Typically pump strokes in the range of
Ya- 10 Y2- cubic foot per stroke are ideal. During DIP Installation, the grout pump lines are
connected to the wet shank / grout box attached to the hammer. Since the connection to
the wet shank is a 2-inch (50 mm) connection, hose reducers may be required from the 4-
inch (100 mm) or 6-inch (150 mm) line extending from the pump.

Figure 18: Example of High Shear Colloidal Pump !

For dry installation applications using neat cement grout, alternatives to concrete pumps
include paddle mixers and high-shear colloidal mixers. Paddle mixers are acceptable to mix
the neat cement grout but may lack the ability to handle the required volume for filling the
piles. The high-shear colloidal mixer (Figure 18) provides more thoroughly mixed product
with the ability to produce high volumes of grout with high strength.

Example grout pump specifications are included in Attachment C.
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5. Cut-off Tools

As described below, piles will need to be cut at various times during installation. For
instance, cutting is required 1) to remove the taper when a full-stick is used as a starter pile
section, 2) to cut the stick-up of remaining pile once the pile is driven to the correct depth
and 3) if breakage occurs and a coupleris needed. Avariety of cutting methods are available.
Most commonly are electric band saws and gas cut-off saws (chop saws). When using
electric band saws, pile sizes must be considered. In many cases, a standard hand-held
band saw may not be large enough to fit around a Series 170 pile or a larger bell. For gas cut-
off saws, a ductile iron safety blade is recommended for maximum blade life. Desert
Diamond Industries Ductile Iron Safety Blade is commonly used by installers.

B. Site Setup and Coordination

Prior to starting Ductile Iron Pile installations, it is important to coordinate installation activities
with the General Contractor. Common coordination items include working grade elevations,
laydown areas for the Ductile Iron Pile bundles, washout areas for grout trucks/pumps/lines,
water source locations and access in and out of the job site. It is important that the General
Contractor provides detailed working grade elevations to the crew so that installation elevations
and pile cut-off elevations are known or can be properly determined for quality control reporting.

During installation of any Ductile Iron Piles, itis important to maintain location and alignment of
the pile. This can be increasingly difficult when driving in shallow debris fill where the pile can be
deflected or during grouted installation when exterior grout obscures the original pile location
marks. Itis highly recommended in all cases that offsets be established at distances between
2 and 4 feet from the pile centerline location to provide an unobscured reference that can be
measured during pile installation to verify the original pile location. Figure 19 shows examples
of offsets spray-painted/staked by the crew on the ground prior to pile installation.
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Figure 19: Example of pile offsets prior to pile installation

C. Dry Method of DIP Installation

The following steps describe the installation of Ductile Iron Piles using the dry method. This is
most commonly associated with piles driven to “set” for end-bearing applications.

1. If the starter pile is a full section, the bottom ~6 inches must be cut off this initial pile
section to remove the taper. If left in place, the reduced-thickness taper may crimp,
buckle or otherwise deform during installation and result in unanticipated performance.
No cutting is required if a partial pile section is used where the taper has already been
removed.

2. Using a sling attached to the base excavator or skid-steer loader with grab attachment,
bring a pile section to the pile location.

3. Insert a driving shoe (flat or rock point) into or (HD shoe) over the end of the hollow pile.
For HD shoes, manufacturing tolerances may require use of a sledge hammer to
completely attach the drive shoe. Alternatively, if the fit is loose, some installers may
wrap the end of the pipe in tape for temporarily securing the shoe.

4. Locate the pile in the correct pile location.
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5. Align the pile vertically (or at the correct angle if battered) in all directions.

Figure 20: Retrieving, setting, capping and aligning pile section [":24

6. Drive the pile into the ground using a combination of high-frequency hydraulic hammer
energy and excavator crowd.

7. While driving, monitor/record the rate of penetration (seconds) to drive the pile each
meter increment. An example of a QC sheet is attached.

8. Stop driving when the pile socket end is nearly at the working grade elevation.

9. A second pile section is then lifted into place so the tapered spigot end is inserted into
the socket end of the Plug & Drive connection. Cut pile sections should only be used for
starter pile sections. Cut pile sections SHOULD NOT be used for installation into a bell
to avoid the potential for overstressing of the joint.

Figure 21: Driving first pile section, setting section 2

10. Check the verticality of the pile (see Step 5).

11. Drive the pile into the ground while monitoring/recording the driving rate (Repeat Steps 6
and 7).
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12. Continue Steps 8 through 11 until the pile terminates on refusal or achieves a required
project-specific driving criteria (typically 1 inch in 50 seconds). See Section IV. Quality
Control/Assurance and Load Testing for more information on termination of the pile.The
pile is then cutoff at or above the cutoff elevation. Cut-off is typically performed with an
electric band saw or gas cut-off saw with a ductile iron blade.

13. The free section of pile remaining after driving (containing the socket end) is then used
as the starter pile for another pile location.

Figure 22: Pile cut-off ['2]

14. If interior grout is being used, the grout is placed either immediately after the pile
installation is complete or following the completion of a series of piles.

Figure 23: Post-grouting performed on DIPs installed with the dry method

15. The interior grout (if used) is typically introduced by extending a line to the bottom of the
pile and tremie grouting from the bottom to the top of the pile.
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16. If the design requires a full-length threaded reinforcing bar, the bar is lowered / pushed
into the center of the grouted pile. Depending on pile and bar sizes, centralizers may be
placed on the bar.

17. Following placement of center threadbar, a bearing plate is attached to the top of the
pile. If no center threadbar is required for the design, a short (2 to 3 ft) extension of
threaded bar (i.e. #6 or #8) is often inserted into the wet grout at the center of the pile to
hold the bearing plate in place.

18. Bearing plates fabricated with a center hole are placed over the threaded bar either by
the DIP installer or the General Contractor.

19. Tension plates (if required) are attached with nuts on the threadbar at the time of bearing
plate placement or later.

20. Coordination of the interior grouting, bar placement and bearing/tension plate
placement sequencing with the final cut-off elevation is critical so that the final pile,
bearing / tension plates and reinforcing bar elevation is accurate.

D. Wet (Grouting) Method of DIP Installation

Ductile Iron Piles installed using the wet or exterior grouted method are most associated with
friction pile applications where the grout-to-ground bonding is required to develop geotechnical
capacity. The piles are generally installed in a similar fashion as Ductile Iron Piles installed with
the dry method. One main difference is the continuous introduction of grout while driving the

Figure 24: Wet or Exterior Grouted Pile Set-up and Installation
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pile. Also note that the working grade in the pile installation area is often cut around 6 inches
lower than the footing bottom to provide additional room for any excess grout and to perform
pile cut-offs above any grout on the surface.

CAUTION - Prior to starting exterior grouted DIP installation, the grout pump should be
calibrated to verify the volume of grout pumped for each pump stroke. Alternatively, the flow
rate (i.e. gallons/minute) pumped from a colloidal mixer should be evaluated. The resulting
volume or rate is then compared with the theoretical volume of grout required for exterior
grouted DIP installation, which can be found in the DuroTerra Ductile Iron Pile Spec Sheet. The
driving rate or rate of advancement of the DIP should not exceed the ability of the pump/mixer
to provide the minimum calculated volume of grout. In other words, in situations where easy
driving is encountered, it is possible to drive the pile faster than the grout can be pumped into
the pile to fill the annular space. Inadequate grout flow can result in squeezing of adjacent soil
and infiltration of soil near the grouting shoe which can clog grout ports and further restrict grout
flow to the system. Proper checks of grout volumes and management of drive rates is critical to
minimize this potential.

The following steps describe the installation of Ductile Iron Piles in an exterior grouted approach.

If the starter pile is a full section, the bottom ~6 inches must be cut off this initial pile section to
remove the taper. If leftin place, the reduced-thickness taper may crimp, buckle or otherwise
deform during installation and result in unanticipated performance. No cutting is required if a
partial pile section is used where the taper has already been removed.

1. Using a sling attached to the base excavator or skid-steer loader with grab attachment,
bring a pile section to the pile location.

2. Insert a conical grout shoe over the end of the hollow pile. The conical grout shoe is
designed specifically for grouting applications and is larger diameter than the outside
pile diameter to facilitate grouting exterior to the pile. The grout shoe size is specified on
the job by the DIP Designer.

3. Locate the pile in the correct pile location.
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4. Align the pile vertically (or at the correct angle if battered) in all directions.

Figure 25: Wet or Exterior Grouted Pile Installation ¥

5. Drive the pile a shortdistance (approximately 1 foot) into the ground using a combination
of high-frequency hydraulic hammer energy and excavator crowd.

6. Start pumping grout through the grout pump, lines, shank and down the pile. The grout
fills the interior of the pile and travels out the conical grout shoe and alongside the DIP.

7. Pump grout until a return at the ground surface is observed. If there is a concern about
slow or limited grout return, check the grout for pumpability or clogging.

8. Continue driving while simultaneously pumping grout to maintain a head of grout (visible
grout return around pile).

9. While driving, monitor / record both the rate of penetration (seconds) to drive the pile
each meter increment and also the number of pump strokes to determine total grout
volume used. Stop driving/pumping when the pile socket end is nearly at the working
grade elevation.

10. Note that during the course of advancing the pile, the pile installation speed / hammer
operation may need to be slowed or stopped to allow time to maintain adequate grout
coverage around the pile and return. This is particularly the case if grout is permeating
into the surrounding ground (i.e. debris fill, etc). Additionally, in very soft soils,
consistent grout return at the surface may be limited if the pressurized grout pushes into
the soft soil and expanding the size of the exterior grout column rather than moving
upward. Care should be taken to ensure that proper grout volumes are being pumped.
However, grout pumping directly through the interior of the pile and out through the grout
shoe ensures proper placement of grout in the bottom of the pile and at the bond zone
even if grout return is not observed.

11. A second pile section is then lifted into place so the tapered spigot end is inserted into
the socket end of the Plug & Drive connection. Cut pile sections should only be used for
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starter pile sections. Cut pile sections SHOULD NOT be used for installation into a bell
to avoid the potential for overstressing of the joint.

12. Check the verticality of the pile (see Step 5).

13. Drive the pile into the ground while resuming grout pumping. Observation of driving rates
and pump strokes continue. (Repeat Steps 6 thru 10).

14. Continue Steps 12 through 14 until the pile tip reaches a depth corresponding to the start
of the bond zone. This is often characterized by observing increased penetration rates
consistent with penetrating into a more competent soil. Note on the QC logs the depth
defining the start of the bond zone.

15. Continue driving / pumping / monitoring / recording the pile(s) until the minimum
required bond length is met. The length of time required to develop the bond may be
recorded and compared with the length of time required to develop the bond observed
in the test pile. See Section IV. Quality Control / Assurance and Load Testing for more
information on termination of the pile.

16. The pile is then cutoff at or above the cutoff elevation. Cut-off is typically performed with
an electric band saw or gas cut-off saw with a ductile iron blade.

17. The free section of pile remaining after driving (containing the socket end) is then used
as the starter pile for another pile location.

18. If the design requires a full-length threaded reinforcing bar, the bar is lowered / pushed
into the center of the grouted pile. Depending on pile and bar sizes, centralizers may be
placed on the bar.

19. Following placement of center threadbar, a bearing plate is attached to the top of the
pile. If no center threadbar is required for the design, a short (2 to 3 ft) extension of
threaded bar (i.e. #6 or #8) is often inserted into the wet grout at the center of the pile to
hold the bearing plate in place.

20. Bearing plates fabricated with a center hole are placed over the threaded bar either by
the General Contractor or the DIP installer.

21. Tension plates (if required) are attached with nuts on the threadbar at the time of bearing
plate placement or later.

22. Coordination of the interior grouting, bar placement and bearing/tension plate
placement sequencing with the final cut-off elevation is critical so that the final pile,
bearing / tension plates and reinforcing bar elevation is accurate.
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E. Vibration and Sound

The Ductile Iron Pile system is similar to most construction activities in that vibrations and sound
are generated during installation. Although characterized as a driven pile system, the low
vibration levels generated during Ductile Iron Pile installation are an extremely important
advantage of the system compared with other deep foundations. The installation of Ductile Iron
Piles results in minimal vibrations because of the combination of high-frequency ramming
energy imparted by the hydraulic hammer used to drive the piles and the small area of
penetration of the pile end cap during driving. Experience shows that peak particle velocities
are typically between 0.25 and 1.0 inches per second only a few feet from pile installation and
occur at frequency levels on the order of 20 Hz to 80 Hz. These vibrations diminish rapidly
because of the high-frequency nature of the vibrations compared with traditional pile driving
operations using low-frequency, high amplitude driving energy.
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Figure 26: Typical Vibration Criteria and Data [”]
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As shown in Figure 26, 2 inches/second represents a damage threshold criterion for high
frequency vibrations (USBM, 1980). For this reason, Ductile Iron Piles are used successfully for
building additions, interior renovation applications and adjacent to sensitive structures.
Installations as close as about 18 inches to existing buildings are common. The restriction of 18
inches is primarily due to clearance requirements to get the hammer into the tight work space
adjacent to existing construction and less about the vibration levels. Building overhangs and
other aspects need to be considered for clearance constraints. Since the generation of
vibrations does depend on ground conditions, site-specific vibration monitoring using
seismograph equipmentis recommended when vibrations are a concern for a project.

The sound levels generated from the hydraulic hammers installing Ductile Iron Piles is typically
on the order of 110 to 112 dB at a distance of about 30 feet. The greatest amplitude of sound is
generated during the initial driving when the majority of the pile is out of the ground. The sound
levels can drop below 100 dB during penetration of the pile. Reduced values of sound levels are
observed with the exterior grouted piles because of the damping effect of the grout. Adequate
hearing protection needs to be used by installation crews and observers for safety.

Sound abatement devices have been used to reduce the sound levels generated during driving
particularly near the metal-metal contact at the driving shank/pile connection. The abatement
devices consist of rubber belting or similar material that is attached to the hammer on three
sides and hangs down approximately 3 to 5 feet. The material further dampens the sound levels
during driving, but has the potential to obscure the view of field crews which can hurt the
effectiveness of the sound abatement device.
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V. Quality Control and Load Testing

Despite the ease of installation of the Ductile Iron Pile system, successful performance of the
Ductile Iron Pile system relies closely on the quality control and testing undertaken during
installation. The quality control activities consist mostly of monitoring items such as
penetration rates, grout pump strokes, and other items, but also includes full-scale load testing
to verify capacity.

A.  Quality Control

Quality control activities during DIP installation are summarized in the Table 6 based on the
method of installation used (dry or wet). An example of a QC field log is in Attachment D.

1. Driving and Driving Rates

Quality control during DIP installation is largely focused on monitoring (timing) penetration
rates (length of time to drive 1 meter increments as marked on the pile section) during
driving. The rates of penetration can be used as indicators of geotechnical resistance and
even pile capacity. These rates are monitored for both dry and wet (grouting) installation
methods.

For exterior grouted piles developing capacity in friction, the rate of driving needs to be
closely controlled to maintain a visible, continuous return of grout at the working grade
around the pile. The rate of advancement needs to be slowed or stopped temporarily if the
grout level starts to drop below the working grade to avoid the possibility of having a
discontinuous or necked grout section. The rate of penetration for Ductile Iron Piles installed
using the wet method is used real-time during pile installation to estimate the depth at which
the bond layer (competent layer in which the bond zone is developed) is encountered. This
isbased on noting anincrease inthe driving resistance that is consistent with the anticipated
depth of the bond layer.
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Table 6: Summary of Quality Control Observations

Type of DIP
Dry Wet
Quality Control Task Description Method Method
Identify Project Details Name, location, job number, etc. 4] ]
Identify Installation Model of excavator, hammer, 7 7
Equipment pump, etc.
Rig Operator 4| M
Pile Number M M
Date of Installation 4| M
Pile Size i.e.118/7.5 4| M
Shoe Type and Size 4|
Grout Shoe Size ™M
Working Grade Elevation Groupd elevation at specific pile v 7
location
Starter Pile Length Length of starter pile section (end 7 7
to end)
Start / Finish Time 4| ™M
Verticality Check Mor\itorir?g. of pile verticality 7 7
during driving
Driving Rate Time (seconds) to drive each 7 o
meter
“Set” Criteria “1inchin 50 seconds” typ. 4|
“Set” Measurements Time to drive 1-inch increments 4|
Grout Strength Required |
Grout Pump Rate CF/pump stroke |
Estimated Depth — Start of
™
Bond
Bond Length |
Time Required for Bond Time to drive the required bond o
Length length
No. of Pump Strokes 4|
Stick-up Above Grade Final length of pile above working 7 7
grade
Pile Cut-off Elevation Provided by GC 4| |
Reinforcing Bar Size (if used) 4| M
Reinforcing Bar Length (if used) 4| M
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2. Depth of Termination

For piles developing capacity in end-bearing (typically piles installed with dry methods, but
can also apply to wet method at times), the depth of termination is determined based on
either refusal on a hard layer (rock) where further penetration or advancement of the pile is
not feasible or on achieving the “set” criteria. In cases where outright refusal is
encountered, it is important to immediately discontinue driving of the pile to avoid pile
damage. More commonly, piles are terminated when a “set” criterion is met. The “set”
criterion is defined as a limited amount of deflection in a particular time limit. Decades of
installation and verification testing indicate that a “set” criterion of 1 inch or less of
penetration in 50 seconds or longer is often adequate to provide the design geotechnical
capacity. Project-specific verification is recommended to confirm the relationship between
set criterion and load carrying capacity. When combined with verification load testing, a
reduced “set” criterion may be established on a specific project to meet a reduced design
capacity.

»

Ductile Iron Piles installed with the wet (exterior grouted) method are not necessarily
designed to be installed to reach a refusal layer or a specific “set” criterion (although they
can be depending on the soil and project conditions). Instead, the grouted elements are
designed to advance to a particular depth or length into a competent stratum (or multiple
strata) to generate the required design capacity through friction within a bonded zone. The
penetration rates are monitored/ recorded during installation. A competent bond zone is
determined at a particular depth by noting increases in the penetration rates. This depth
needs to be noted on the QC logs and represents the start of the bond zone. The pile is then
advanced a distance of at least the minimum bond length into the layer. The time required
to advance the pile to the minimum bond length may also be monitored. In the event that an
exterior grouted DIP encounters a refusal layer (rock) or reaches a set criteria typical for end-
bearing applications prior to establishing the full bond zone, the pile may be terminated. The
capacity is then developed through a combination of both friction and end-bearing
resistance.

3. Pile Length

Accurate determination of installed pile length is important for design verification and also
payment considerations (particularly if subject to a credits/change orders due to
lesser/greater than anticipated planned pile length). There are multiple measurements
during the installation process that help establish both pile length as well as pile tip / top
elevation. These measurements are described below:
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e Working Grade Elevation — accurate measurement must be provided by the
General Contractor of the working grade elevation at the pile location to
determine the actual pile tip elevation.

e Pile Cut-off Elevation — an alternative approach to determining the pile tip
elevation based on the working grade elevation is for the contractor to specifically
survey the cut-off elevation on each pile. Based on a measurement of ground
surface from the cut-off elevation, the working grade elevation can be determined
along with the tip elevation of the pile.

e Starter Pile Length (SPL) — describes the length from end to end including the
enlarged socket of the initial pile section. The first section may represent a full
(new) pile section with a length in excess of 5 meters (16.4 feet) or a previously
used and cut pile section with a length measuring a fraction of 5 meters (16.4
feet).

e Pile Cut-off Length - describes the overall length of the pile remaining after the
last section is cut to the Pile Cut-off Elevation.

e Number of Full Pile Sections (#FPS) — The total number of sections used can
easily be determined either by observing the quantity or by review of the depth of
installation on the QC log in addition to the starter length.

e Stick-up After Driving (SU) — a measurement from the working grade to the top of
the pile sticking above ground.

An approximate total pile length is calculated as the total number of sections (#FPS)
multiplied by 5 meters (16.4 ft) plus the length of the starter pile (SPL) minus the pile cut-off
length.

B. Load Testing

Full-scale load testing is an important tool for verifying capacity for piles developing capacity in
both friction and end-bearing. Compression load testing for end-bearing applications is
performed in general accordance with ASTM D-1143 for static load testing of pile foundations
(Figure 27). Alternatively, load testing for piles developing capacity in friction may be performed
in either compression loading generally according to ASTM D-1143 or in tension in general
accordance with ASTM D-3689 for axial tensile load testing of piles (Figure 28). Tension testing
is often an acceptable means to test the bond zone resistance for either tension or compression
loads. In some situations, itis a preferred method for testing because it eliminates the need for
numerous high-capacity tension reactions for the load frame, saving time and cost to complete
the load test.
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Test piles are commonly instrumented to obtain additional data to analyze the pile performance.
Common instrumentation includes telltales and/or strain gauges. The instrumentation is
installed in the interior of the pile either before or after grouting. Strain gauges (i.e. Geokon Model
4911) are most commonly attached to a threadbar at specific locations and set in the pile to
measure the strain with depth during the application of load during the test.

Figure 27: Compression Pile Load Test Setup ®

Ductile Iron Piles are typically load tested to 200% of the design load depending on project
requirements. The schedule of loading varies based on the local jurisdiction and project
requirements. In many cases, load testing is performed in general accordance with increments
established in the ASTM for Quick Testing procedures. Following a seating load, loads are
applied inincrements equal to 5% of the maximum test load (10% of the design load) up to 200%
of the design load followed by unloading. Loads are held for a minimum of 4 minutes per
increment. A creep period is often added at the 200% test load. The load is maintained for a
minimum of one hour and is held for the minimum of 15 minutes and until the deflection is less
than 0.01 inch/hour or 4 hour passes.

42|Page

@ DUROTERRA"



£

Alternatively, in some states (i.e. MA), following a nominal seating load, loads are applied in
increments of 25% up to the maximum test load. Each load increment, except for the creep
period load increment, is held for a minimum of 15 minutes and until the deflection is less than
0.01 inch/hour or 1 hour passes. The creep load is often represented by the 200% design load.
The load is maintained for a minimum of one hour and is held for the minimum of 15 minutes
and until the deflection is less than 0.01 inch/hour or 4 hour passes.

-

Figure 28: Tension Pile Load Test Setup

The results of the load tests are used to verify the design capacity of the Ductile Iron Pile. Many
options for load test interpretation are used in the pile industry. Determination of the
acceptance requirements needs to rely on the project performance specifications or local code
interpretation. Example criteria for acceptance include the following:

o Netsettlement of the top of pile, after removal of all load at the completion of the
test, does not exceed 0.5 inches, or

e Gross settlement of the pile top at the load corresponding to the design capacity
does not exceed the elastic compression of the pile plus 0.15 inches plus one
hundredth of the pile tip in width in inches.

Alternative methods of load testing may be performed including statnamic load testing and
dynamic testing (i.e. Pile Driving Analyzer). The results of both of these tests are more subject
to interpretation and results should be carefully considered.
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V. Ductile Iron Piles - Frequently Asked Questions

How much vertical load capacity can be developed with the piles?

Pile capacities are governed by both structural capacity of the pile material and geotechnical
capacity of the surrounding soil. Structural pile capacities depend on the diameter and wall
thickness of the material and the strength of concrete/grout and a center reinforcing bar (if used)
as well as the corrosion rate (if applicable). The geotechnical capacity is related to the
conditions for end-bearing or refusing on a competent layer (i.e. rock or very dense soil) and/or
shaft resistance along the pile shaft. As a range, Ductile Iron Piles can achieve compression
capacities ranging from 25 to 120 tons. Tension capacities of up to 60 tons are often used,
though tension testing has been performed to more than 175 tons with exterior grouted DIPs.

How much lateral load capacity can be developed with the piles?

Ductile Iron Piles are relatively slender, small diameter piles that do not generate high amounts
of lateral load resistance. LPile analyses for lateral load resistance often demonstrate
resistance to lateral loads on the order of 2 to 6 kips depending on pile dimensions and soil
conditions. Increased lateral load resistance is practical if the pile is installed with an oversized
conical shoe and exterior grout to produce a larger diameter grouted pile. Field lateral load tests
have verified capacities of 4 to 8 kips with deflections on the order of 0.25 to 0.5 inches for Series
118/7.5 piles with a 220 mm conical shoe. Additional testing for Series 170/9.0 installed using
the dry method measured 25 kips of load at a deflection of 1 inch. Larger lateral loads may be
resisted by using supplemental casing around the pile or by battering the piles. (See FAQ -
installing battered piles). For more information on lateral performance, see the Tech Brief on
Bending and Lateral Resistance.

With no field welding, how strong is the joint?

The high amount of energy generated by the hydraulic hammer
during driving renders the connection stronger than the main section
of pile. This is for two reasons: 1) the tapered end being driven into
the socket causes significant compression at the joint as well as
increase in hoop stresses within the socket to restrain the pipe and
2) the energy generated during ramming creates a cold or friction
weld along the pile interface. The connection now behaves as a
solid piece of pile but with an increased diameter and wall thickness
compared with the main pile section thereby delivering greater

strength and rotational stiffness. The substantially thicker pile Figure 29: Plug & Drive
section is pictured and illustrates why the moment-resisting Connection
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connection offers greater bending resistance than the straight-line pipe section. For more
information on bending resistance at the Plug and Drive connection, see the Tech Brief on
Bending and Lateral Resistance.

Why is the taper cut from a full pile length when used as a starter pile?

The tapered or spigot end of each pile is specifically manufactured to be inserted into the socket
of the previous pile. The tapered section contains a thinner wall at the end and smaller diameter
than the main section of pipe. This thinner section is not intended to resist the energy and
stresses generated at the pile tip during the driving process or during “setting” of the pile. If the
taperis not removed by cutting the first 6 or 8 inches of the full pile length on the starter pile, the
tapered end may crimp, crush or otherwise deform during driving — resulting in unanticipated
performance when driving or loaded.

How do | select the proper drive shoe for dry installations?

In many respects, selection of the proper drive shoe for dry installations will depend on the
contractor’s experience in various conditions as well as the site conditions. The appropriate
drive shoe size depends on the pile diameter. Please refer to the pile accessories for shoe
selection. Drive shoes for dry installations are available in flat, flat HD or rock point varieties.
Flat shoes and Flat HD caps are recommended for installations through “urban” fill and for
terminating on hard rock (i.e. granite) where penetration into the rock is limited. Rock points are
ideal for seating the pile into dense glacial till or weathered rock. Experience indicates that rock
points may redirect more than flat caps when encountering obstructions in fill.

How vertical does the pile have to be during installation?

Monitoring alignment of the pile at the working grade is important to ensure the pile is being
installed as close to vertical as possible. The tolerance for misalignment or impacts on the
performance will depend on the type of pile (dry or wet installation), loading conditions and also
on the depth of the pile. The project specification should be consulted for specific guidance on
tolerances. A general rule-of-thumb is that the pile needs to be installed within a few degrees of
vertical for piles designed without batter. Obviously, if a battered pile is designed, the alignment
needs to follow the designed batter angle.
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How to install battered piles? Battered grouted piles?

Battering may be required to resist horizontal loads.
Battered piles are constructed using both dry and
wet (grouted) installation applications. The
maximum batter for dry piles may be as large as 45
degrees. However, the maximum battering for
exterior grouted piles is limited to between 15 and
20 degrees to maintain proper grout flow to
completely encapsulate the pile. The battering
angle needs to be determined at the working grade
and monitored closely with a level.

Figure 30: Battered Pile Installation ["!

What if | encounter soil in the bottom of the pipe after driving a pile using the dry method?

Verification of final pile lengths of end-bearing piles may be performed by inserting a tape
measure into the interior of the pile. The measured length may be shorter than observed during
pile installation, suggesting that soil has migrated into the pile tip. This soil may be removed by
flushing the pile prior to the placement of grout. However, generally speaking, the inclusion of a
small amount of soil that migrates into the pipe during driving may not present a problem for the
pile performance or development of capacity depending on the pile design load. From a
technical standpoint, as long as the design capacity does not exceed the structural capacity of
only the ductile iron pile itself with no additional contribution from grout or a center reinforcing
bar, the presence of a small amount of soil will not reduce the load carrying capacity. Note that
in Europe, the interior of the pipe is often filled with sand rather than grout.

How dense does the soil need to be to reach refusal or “set” versus having to design for
frictional resistance?

Besides the actual soil conditions, the ability to penetrate specific soil layers is related to a
variety of items including hammer size, pile diameter and drive shoe size (dry installation shoes
or oversized grout shoes). In general, for a Series 118/7.5 pile, refusal or achieving the “set”
criterion is typically only observed on rock, weathered rock or very dense conditions (i.e. glacial
till or very dense sand with blow counts on the order of 50 blows per inch). However, refusal or
a “set” criterion may be metin very dense conditions (N = 50+ bpf) with an oversized grout shoe.
Alternatively, an end-bearing solution with a reduced design capacity may be developed in
conditions with less competent bearing materials based on a reduced “set” criteria (from the 1
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inch of less of penetration in 50 seconds) that considers the site-specific times required for pile
penetration combined with load testing.

How dense is too dense to penetrate during driving?

Penetration through dense soil conditions using approved hammer sizes is largely related to the
diameter or area of the pile and/or drive shoe. Series 118 piles installed using the dry method
can readily penetrate medium dense to dense soil conditions or fills (SPT N-values of 50+ bpf).
Penetration is significantly reduced when an oversized grout shoe is used on the pile because of
the considerably larger penetration area. Therefore, designs may consider exterior grouted (wet
installation) DIPs as a means to develop capacity and demonstrating “set” while also developing
a bond zone and avoiding having to extend through competent soil to terminate on rock.
Penetration of the larger Series 170 piles is more difficult in the dense soil conditions.

Can DIPs be installed through fill with obstructions?

Ductile Iron Piles are a good solution for foundation support on sites with undocumented fill.
The majority of project work performed in the United States features undocumented fill.
Installations are feasible even with fills containing isolated obstructions (cobbles, boulders).
However, if large volumes of obstructions (nested rubble, concrete footings, slabs, etc) are
encountered, the Ductile Iron Pile system will be faced with installation difficulties much like
any other driven pile system. Traditional drilled micropiles or overexcavation and replacement
may be better options.

What dictates the set requirements for bonding? Length or time or both?

Achieving minimum bond lengths during installation is critical, but must also consider the time
required to develop the bond. The design bond length is determined based on a specific
assumed skin friction developed in the bond zone. This skin friction value is correlated to the
soil characteristics, which also influence the penetration times. Variations in the drive times
observed on production piles may signal a change in the condition such that changes in bond
lengths (either shorter or longer) may be warranted. Deviations in field conditions from
anticipated conditions or conditions observed in the load-test pile need to be communicated to
the DIP Designer as soon as possible for evaluation.
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What are typical pump pressures during the grouting process?

The pumping operation is more related to supplying the required volume of grout to the pile,
particularly for exterior grouted DIPs, as opposed to maintaining a specific pump pressure.
Please note that high pump pressures could signal a problem with the grouting operation as
noted below.

What happens when not seeing grout return during initial pumping and driving?

Be sure to check the grout lines to verify that grout is flowing into the pipe and that the line is not
plugged if limited or no grout return is observed at the start of the pile installation.

What action can we take if we are developing high grout backpressure or not seeing rapid
return of grout?

See the previous comment on grout return.

How long to wait for performing load testing on end-bearing piles? On friction piles?

Load tests on end-bearing piles may be performed as soon as one day following installation
provided the required capacity is not derived from interior grout strength. Otherwise, and in the
case of friction piles, a minimum of 7 day delay is typically recommended to allow sufficient

grout curing to achieve desired grout strength and for any pore pressure effects from installation
to dissipate.
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VI. Attachments
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A. Example Base Excavator Specification Sheets
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Net Power — 1S0-9249 203.7 kW (273 hp)
Operating Weight 31 400 kg (69,200 Ib)
Maximum Digging Depth 7240 mm (23.9 ft)




TECHNICAL SPECIFICATIONS

Net Power - IS0 9249 203.7 kW 273 hp Boom Reach 6.15m (20'2")
Net Power - 1S0 9249 (DIN) 277 hp (metric) Stick Reach 3.2m (10'6")
Engine Model CatC7.1 Bucket HD 1.76 m?(2.30 yd3)
Engine Power - ISO 14396 205 kW 275 hp Shipping Height - Top of Cab 3060 mm 10 ft
Engine Power - IS0 14396 (DIN) 279 hp (metric) Handrail Height 3060 mm 10 ft
Bore 105 mm 4in Shipping Length 10 420 mm 34.2 ft
Stroke 135 mm 5in Tail Swing Radius 3130 mm 10.3 ft
Displacement 7.01L 428 in? Counterweight Clearance 1120 mm 371t
Biodiesel Capability Up to B20! Ground Clearance 490 mm 1.6 ft
Emissions Meets U.S. EPA Tier 4 Final, Track Length 4860 mm 15.9 ft
EU Stage V, Korea Stage V, and
Japani201alemissionstandards; Length to Center of Rollers 3990 mm 131t
Net power advertised is the power available at the flywheel when the engine [LEGLERLG &l i
is equipped with fan, air intake system, exhaust system and alternator with Transport Width 3390 mm 1M1t
engine speed at 2,200 rpm. Advertised power is tested per the specified
standard in effect at the time of manufacture. Working Ranges & Forces
1Cat diesel engines are required to use ULSD (ultra-low sulfur diesel fuel with Boom Reach 6.15m (2027)
15 ppm of sulfur or less) or ULSD blended with the following lower-carbon Stick Reach 3.2 m (10'6”)
intensity fuels** up to: 20% biodiesel FAME (fatty acid methyl ester)* or 100%
renewable diesel, HVO (hydrotreated vegetable oil) and GTL (gas-to-liquid) fuels. Bucket HD 1.76 m* (2.30 yd?)
Referto_guideline§ for su_ccessful applicati_on. Please consult your Cz_at dealer or Maximum Digging Depth 7240 mm 23.9 ft
“Caterpillar Machine Fluids Recommendations” (SEBU6250) for details. )
*Engines with no aftertreatment devices can use higher blends, up to 100% Maximum Reach at Ground Level 10680 mm 35 ft
biqdi_esel (for use of blends highgrthan 20% biodiesel, con_sult your Cat dealer). Maximum Cutting Height 10 030 mm 329 ft
**Tailpipe greenhouse gas emissions from lower-carbon intensity fuels are ) ) )
essentially the same as traditional fuels. Maximum Loading Height 6950 mm 228t
Hydraulic System Minimum Loading Height 2300 mm 75 ft
Main System - Maximum Flow 560 L/min (148 gal/min) Maximum Depth Cut for 2440 mm (8 ft 7030 mm 233t
Level Bottom
I LY TR Maximum Vertical Wall Digging Depth 6010 mm 19.7 ft
't’l';’l‘\'ﬂ"c‘)z’: Pressure - Equipment - 38 000 kPa 5510 psi Bucket Digging Force - 1SO 179 kN 40,200 Ibf
Maximum Pressure - Travel 35000 kPa 5,075 psi il [olflie) A -0 3] R

Maximum Pressure - Swing 29 800 kPa 4,320 psi Air condltmm“g SVStem
- . The air conditioning system on this machine contains the fluorinated greenhouse
Swmg Mechanism gas refrigerant R134a (Global Warming Potential = 1430). The system contains
Swing Speed 11.5 r/min 0.85 kg (1.9 Ib) of refrigerant which has a CO, equivalent of 1.216 metric tonnes
Maximum Swing Torque 110 kN-m 81,132 Ib/ft (1.340 tons).

Sustainability

Recyclability 97%

Operating Weight 31400 kg 69,200 Ib

Long undercarriage, Reach boom, R3.2 m (10'6") stick, Heavy Duty (HD)
1.76 m3 (2.30 yd?) bucket, 800 mm (31”) triple grouser shoes and 6700 kg
(14,770 Ib) counterweight.

Service Refill Capacities

Fuel Tank Capacity 474 L 125.2 gal
Cooling System 25L 6.6 gal
Engine 0il 5L 6.6 gal
Swing Drive 10L 2.6 gal
Final Drive - Each 55L 1.5 gal
Hydraulic System - Including Tank 310L 81.9 gal
Hydraulic Tank 147L 38.8 gal
DEF Tank 4L 10.8 gal
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B. Example of Hydraulic Hammer Specification Sheets
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C. Example Grout Pump Specification Sheets
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D. Example Quality Control Field Log
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