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Preface

It is an exciting time to be in the pipeline industry. The importance of pipeline
infrastructure can never be over emphasized; from supplying drinking water to
collecting wastewater, conveyance of petroleum products and other fluids (or for
some cases solids as well), we depend greatly on pipelines. This year particularly
marks a milestone for the pipeline industry as the ASCE Pipelines Division is
becoming an institute. This will mean more opportunities for technical and personal
growth, as well as more direct involvement of ASCE members in pipeline related
activities.

In coordination with ASCE, the technical program and this publication was planned
and implemented by the Technical Program Committee (TPC), which was led by the
Technical Co-Chairs. We received a record high number of abstracts, and this turned
the abstract selection process into a challenging task for the TPC. Nevertheless, the
meticulous selection process based on a scoring system, followed by the TPC
discussion on the abstracts with a critical score, resulted in a high quality technical
program with seven tracks. These seven tracks, namely, Trenchless Installation,
Design and Construction (2), Assessment and Rehabilitation (2), Operations,
Maintenance, Risk and Safety, and Planning and Analysis, include 59 sessions of
technical paper presentations, two panel discussions (one on fiber optics and one on
energy generation in pipelines), and one session comprised of a presentation on
engineering ethics by the ASCE. The overall technical program was further boosted
by six workshops on pressure pipe design, large diameter pipes, specifications for
cured-in-place pipe and manhole rehabilitation, asbestos cement pipe bursting,
corrugated HDPE pipe, and AWWA pipe manuals of practice.

Our intent was to prepare a balanced technical program with today’s trends in mind
for the pipeline industry, without sacrificing the overall quality of the content. We are
also delighted to receive tens of abstracts from five continents; thereby, dubbing this
event as an international conference.

On behalf of the Technical Program Committee, we are pleased to offer you the
Proceedings of ASCE Pipelines 2015. We enjoyed reading these technical papers, and
hope that you will find them useful and enjoyable too.

Warm regards,

Firat Sever, Ph.D., P.E., M.ASCE, and Lynn Osborn, P.E., M.ASCE
Technical Co-Chairs
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Sugarloaf Pipeline, Kp41 Tunnel—Design and Construction
Marcus Weeks'

'Senior Tunnel Engineer, GHD Pty Ltd, 180 Lonsdale St., Melbourne, VIC 3000,
Australia. E-mail: marcus.weeks@ghd.com

Abstract

The Sugarloaf Pipeline is part of the Victorian Government’s strategy, “Our Water
Our Future — The Next Stage of the Government’s Water Plan”. The strategy outlines
infrastructure projects to address the worst year of drought and lowest stream flows in
the State’s history. The Sugarloaf Pipeline project involves the construction of a 70
km (43.50 mi) pipeline from the Goulburn River, located approximately 3 km (1.86
mi) north of Yea, to the Sugarloaf Reservoir at Yarra Glen. This paper presents the
challenges associated with the design and construction of one of Australia’s longest
single drive pipe jack tunnels, the 828 m (2716.54 ft) long KP41 Tunnel. The tunnel
was designed to avoid open excavation through the Toolangi State Forest where steep
slopes, up to 40 degrees above the Melba Highway, would have required significant
benching and excavation to facilitate construction. The tunnel was excavated using a
Slurry Tunnel Boring Machine (TBM) at a continuous uphill grade of 0.5%. The
tunnel was constructed with a two-pass tunnel lining consisting of a 2000 mm (78.74
in) ID reinforced concrete jacking pipe (200 mm (7.87 in) thick) primary lining and a
1750 mm (68.90 in) OD MSCL (Mild Steel Cement Lined) pipe (12 mm (0.47 in)
thick, 19 mm (0.75 in) cement lining) secondary lining grouted in place.

1. PROJECT BACKGROUND

The Sugarloaf Pipeline is part of the Victorian Government’s strategy, “Our Water
Our Future — The Next Stage of the Government’s Water Plan”. The strategy outlines
infrastructure projects to address the worst years of drought and lowest stream flows
in the State’s history.

Part of the water strategy is a $2 billion project to save water through the
modernization of irrigation and other infrastructure in the Goulburn-Murray Region;
Victoria’s Food Bowl. The Food Bowl Modernisation Project is expected to deliver
water savings of up to 225 GL annually in its first stage to be shared equally between
the irrigation system, the environment and Melbourne. The Sugarloaf Pipeline and
associated facilities, including a low lift pump station, balancing storage and high lift
pump station, KP41 tunnel, inlet works and associated electrical infrastructure,
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transfers Melbourne’s share of the water savings from the Goulburn River catchment
near Yea to Melbourne’s water distribution network via the Sugarloaf Reservoir.

The Sugarloaf Pipeline Project is being delivered by the Sugarloaf Alliance
comprised of Melbourne Water Corporation, Sinclair Knight Merz Pty Ltd, GHD Pty
Ltd and John Holland Group. The Alliance is responsible for planning and
environmental assessments, engineering design, community and landowner
consultation, project management and construction associated with the Project.

2. INTRODUCTION

The Sugarloaf Pipeline is generally aligned in a north south direction, and extends
from the Goulburn River, located north of Yea, to the Sugarloaf Reservoir located at
Yarra Glen. For the most part it follows the path of the Melba Highway along the
Yea River valley, and the corridor is comprised predominantly of cleared agricultural
land, state forest and rural living areas. The topography is undulating with steep,
low-lying hills, gullies and waterways.

The KP41 Tunnel is located at approximately the 41 km (25.48 mi) point of the
Sugarloaf Pipeline. This is within the northern section of the Toolangi State Forest,
an established native forest that includes widespread large mature trees and
significant ground covers, between the Old Castella Quarry to the south and Marginal
Road to the North. The tunnel was designed to avoid open excavation through the
Toolangi State Forest where steep slopes, up to 40 degrees above the Melba
Highway, would have required significant benching and excavation to facilitate
construction.

The tunnel alignment runs parallel to the Melba Highway and consists of a total
length of 828 m (2716.54 ft), including a 680 m (2230.98 ft) long bend of 825 m
(2709.97) radius designed to ensure a minimum of 15 m (49.21 ft) cover. Excavation
was done using a Slurry Tunnel Boring Machine (TBM) at a continuous uphill grade
of 0.5% from the launch shaft located at the south end of the alignment to the
retrieval portal located at the north end of the alignment. Figure 1 provides an
overview of the Sugarloaf Pipeline alignment and presents the alignment of the KP41
Tunnel.
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Figure 1. (below) Pipeline Alignment and KP41 Tunnel
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3. GEOTECHNICAL CONDITIONS

A number of site investigations were undertaken in a staged approach to assess the
ground conditions for tunnelling. Initial investigations predominantly relied on field
mapping, which were subsequently followed by a targeted program of exploratory
borehole drilling and seismic geophysical surveys.

The investigations revealed two major geotechnical units along the tunnel alignment:

Unit 1 — Hornfels Rock: Consists of sedimentary rock belonging to the Lower
Devonian Aged “Humevale Formation”, which has been locally metamorphosed to
Hornfels. The Hornfels rock was interpreted to be present along approximately 85%
of the tunnel alignment (chainage 0.0- 700 m (2296.60 ft)) and typically consisted of
slightly weathered to fresh material with very high intact rock strength properties
(150-200 MPa). The structure of the rock was quite blocky, containing 3-4 persistent
planar joint sets, with little infill. The abrasive index of the rock was determined to
fall mainly in the ‘Very Abrasive’ category (CERCHAR 2.0-4.0).

Unit 2 — Colluvium Material: At the northern part of the tunnel alignment a deep
deposit of Colluvium resulting from an ancient landslip was identified. Colluvium
was interpreted to cover approximately 15% (chainage 700-828 m (2296.60-2716.54
ft)) of the tunnel alignment. The Colluvium was typically ‘soil like’, being
dominated by a reddish matrix of very stiff clay, with lesser amounts of rocky
inclusions including gravel, cobble and angular boulder sized fragments.

Groundwater levels were approximately 20m (65.62 ft) above the tunnel at its deepest
point.
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Representative geological conditions of the two units are clearly visible in road
cutting exposures along the Melba Highway and provided excellent ground condition
information. Issues such as rock structure, the nature of the Colluvium/Hornfels
interface and rock fragment particle size within the Colluvium were all clearly visible
in the road cutting exposures.

Figure 2. (below) presents the interpreted geological long section along the KP41
Tunnel alignment.
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4. DESIGN
4.1 Launch Shaft

The launch shaft for the KP41 Tunnel was located at the southern end of the
alignment in a small, relatively flat area adjacent to the Melba Highway. It was
located in a position to minimize the length of the tunnel, provide sufficient offset
from the Melba Highway and to allow adequate working area for construction. The
geotechnical conditions consisted of engineered fill overlying slightly weathered to
fresh Hornfels. Due to the restricted site area, the shaft was designed to be
rectangular with dimensions of 6 m (19.69 ft) wide, 10.6 m (34.78 ft) long and 11 m
(36.09 ft) deep.

The temporary support for the shaft consisted of a reinforced concrete ring
beam/retaining wall to support the construction surcharge loads and engineered fill
followed by steel fiber reinforced shotcrete and patterned rockbolts to support the
jointed rock mass. The design process for the temporary rock support consisted of
the following:

e Defining the physical design parameters including construction surcharge loads.

e Calculation of the “Rock Tunnelling Quality Index” (Barton et al, 1974) using
empirical analysis to determined the rock mass characteristics.

e Computer modeling of joint set data (Swedge). Swedge models the available site
specific rock mass information to determine if there are any applicable failure
modes not addressed by the empirical system. The computer modelling of



Pipelines 2015

© ASCE

available joint set data, which involved a kinematic analysis, determines potential
critical rock wedges and provides a basis for rockbolt length and spacing.

e Rockbolt design. Following an assessment of the potential critical rock wedge
parameters and external load contributions, the rockbolt design was undertaken.
Rockbolt design parameters including type, length, inclination, size/capacity and
spacing were determined.

e Shotcrete design. The shotcrete design was completed in accordance with
“Shotcrete Support Design in Blocky Ground: Towards a Deterministic
Approach” (Barrett and McCreath, 1995).

e Computer modelling of the overall support system (Phase2).

The temporary rock support design consisted of 75 mm (2.95 in) thick steel fiber
reinforced shotcrete and 3 m (9.84 ft) long, fully encapsulated, resin anchored
rockbolts installed on a staggered 1.7 m (5.58 ft) grid.

4.2. Retrieval Portal

The retrieval portal was located at the north end
of the alignment adjacent to the Melba
Highway. The geotechnical conditions
consisted of colluvial material. The portal was
cut into the side of a hill and the temporary
support consisted of 150 mm (5.91 in) thick
steel fiber reinforced shotcrete and 6 m (19.69
ft) long soil nails.

Figure 4 presents the retrieval portal site and the =
temporary support for the portal. i

miE

Figure 4. (above) Retrieval portal site
and the temporary support
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4.3. Tunnel Lining

4.3.1 General Figure 5. (below) Tunnel Lining

The tunnel was constructed with a two-

¢
T

pass tunnel lining consisting of a 2000 i o, & P s s
mm (78.74 in) ID reinforced concrete TN T T \Q I CKiNG piPE
jacking pipe (200 mm thick (7.87 in)) F %

primary lining and a 1750 mm (68.90
in) OD MSCL(Mild Steel Cement
Lined) pipe (12 mm thick (0.47 in), 19
mm (0.75 in) cement lining) grouted in
place secondary lining.

A diagrammatic representation of the GouTNG N SV i
tunnel lining configuration is presented = '
in Figure 5.

4.3.2 Primary Lining

The primary lining design was based on the horizontal alignment (drive length and
radius of curvature), jacking and friction loads and for long term ground support. The
design was generally in accordance with the “Guide to best practice for the
installation of pipe jack and microtunnels” (Pipe Jacking Association, 1995) and
“Pipe Jacking — Design Guidelines” (Concrete Pipe Association of Australasia, 1996).
In addition to the above considerations the jacking pipes were designed using the
following Australian, British and European standards:

e AS/NZS 3725-2007 Design for installation of buried concrete pipes.
(Australian/New Zealand Standard, 2007)

e AS/NZS 4058-2007 Pre-cast concrete pipes (pressure and non pressure).
(Australian/New Zealand Standard, 2007)

e BS 5911-1:2002 Concrete pipes and ancillary concrete products. (British
Standard, 2002)

e EN 1916:2002 Concrete pipes and fittings, unreinforced, steel fiber and
reinforced. (European Standard, 2002)

The KP41 Tunnel is one of Australia’s longest single drive pipe jack tunnels. As a
result of the tunnel length and radius of curvature, a key consideration for the design
of the primary lining was an assessment of the forces required to jack the pipe. The
jacking loads required to jack the jacking pipe were derived from the face load to
advance the shield, self weight of the pipes in stable ground and friction around the
pipes due to ground closure, misalignment and time delays

The component of friction around the pipe due to ground closure, misalignment and
time delays is significant, but can be greatly reduced by the addition of bentonite
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lubrication through lubrication / grout ports installed in the jacking pipe. Past
experience suggested that lubrication repeated every 2 — 3 days could reduce this
component by more than 50%. In order to assess the jacking loads required to jack
the pipe a frictional resistance of 1.25 kPa (0.18 psi) was adopted within the Hornfels
and a frictional resistance of 5.0 kPa (0.73 psi) was adopted within the Colluvial
material. These values were assumed based on published experience assuming
bentonite lubrication was adopted.

The results of the assessment indicated that the maximum expected jacking load was
2750 tonnes (3031.37 tons), which was significantly higher than the maximum
allowable jacking load specified for the jacking pipe. In order to reduce this load the
KP41 Tunnel incorporated a series of interjack stations. Interjack stations were
incorporated to limit the forces applied to the pipe and the thrust block wall by
making use of the frictional forces induced by the trailing pipes. A total of 7 interjack
stations were incorporated. The first interjack was installed 40 m (13.23 ft) behind
the TBM and the subsequent 6 interjacks were installed at a spacing of 110 m
(360.89). The combined jack capacity of the main jacks and interjack stations was
designed to be well in excess of the maximum expected jacking load. It was
considered that interjack stations were a cost effective risk mitigation measure due to
the length of the tunnel, radius of curvature and the scale of any recovery works
required should the jacking forces have exceeded the maximum allowable jacking
load specified for the jacking pipe.

In addition to the forces required to jack the pipe, the primary lining was designed for
a number of long term design loads including horizontal insitu stress capacity, radial

loading from rock stress and radial loading from rock blocks.

Details of the primary lining jacking pipe are presented in Table 1.

Table 1 Primary Lining Properties

Primary Lining Property

Length 3000 m (9842.52 ft)

Outer diameter (OD) 2400 mm (94.49 in)

Inner diameter (ID) 2000 mm (78.74 in)

Concrete compressive strength (F’c) 50 MPa (14 days)

Minimum cover to reinforcement 25 mm (0.98 in)

Maximum jacking force 1300 tonne (1433 tons) at 0.24 degrees
Steel collar band detail 8 mm thick mild steel (0.31 in)
Joint detail Rubber ring

Design Life 150 years

Packer Type MDF packer glued to pipe end
Packer Thickness 16 mm (0.63 in)

Approximate unit mass 11.0 tonnes (12.13 tons)
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4.3.3 Secondary Lining

The secondary lining, 1750 mm (68.90 in) MSCL pipe, was designed for both internal
and external hydrostatic loads. The internal hydrostatic load/pressure was consistent
with the rest of the Sugarloaf Pipeline however the external hydrostatic load was
significantly higher. The maximum external hydrostatic pressure, based on full
hydrostatic load, was approximately 390 kPa. (56.56 psi) A design check was
completed to ensure that this was below the critical buckling pressure for the 1750
OD MSCL pipe. The design check for the external hydrostatic pressure was based on
the Jacob paper “Buckling of Circular Rings and Cylindrical Tubes Under External
Pressure”, (ASCE Manuals and Reports on Engineering Practice No. 79 Steel
Penstocks — Section 6 — Steel Tunnel Liners, 1993).

An additional key consideration for the design of the secondary tunnel lining was
durability and corrosion. The corrosion mitigation strategy for the tunnel was to
provide an equivalent asset life to that of the buried pipeline (150 years). The
preferred strategy was to install an uncoated MSCL welded pipeline within the
jacking pipe and grout this in place with cementatious grout. This would provide a
high pH/alkalinity environment against the steel surface equivalent to the cement
lining of the pipeline, effectively inhibiting corrosion of the steel pipe. The key
requirement was the control and verification of the grouting process to ensure that the
grout had completely filled the annulus between the 1750 mm (68.90 in) MSCL pipe
and the jacking pipe.

5. CONSTRUCTION
5.1 TBM Selection

A slurry type TBM was adopted for the tunnel excavation as it had to cope with all of
the expected geological conditions including high strength rock, potentially high
groundwater inflow, the possibility of large boulders within the Colluvium and the
hard-to-soft ground interface zone. The excavated diameter of the TBM was 2475
mm (97.44 in) and the cutterhead design consisted of a hard rock head with 12 inch
rings (6 x singles, 7 x double). The main jacking station thrust had a capacity of 1400
tonnes (1543.24 tons) and the interjack stations had a thrust capacity of 1000 tonnes
(1102.31 tons).

5.2 TBM Utilization and Advance Rates

TBM utilization and advance rates varied dramatically between excavation in the
rock and excavation in the colluvium. Figure 6 presents the TBM utilization in rock
and colluvium.

The excavation through the rock was characterized by long cutting times. For the
most part, and excluding pockets of softer rock, excavation proceeded at 20 — 25
mm/min (0.79 — 0.98 in) throughout each 3 m (9.84 ft) pipe. This resulted in an
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excavation cycle time of between 2.5 — 3 hrs including the racking of a new pipe.
The STP was run with water as the spoil transport medium and the centrifuge was
able to keep density under control without the use of flocculent. Cutterhead
maintenance was required regularly, twice per week, to change ground engaging
tools. Surveyors required a stoppage in excavation every 60 — 80 m (196.85 — 262.47
ft).

Excavation through the colluvium was characterized by long stoppages to allow the
STP to treat the slurry. Excavation rates were between 100 — 150 mm/min (3.94 —
5.91 in), resulting in 3 m (9.84 ft) pipes being excavated in 25 minutes. Racking the
new pipe took 15-20 min followed by an average 2 — 2.5 hrs delay for the STP to
control the slurgxefiensity and viscosity. oter

10%

Cutterhead maint.
0%

Excavation
30%

Cutterhead maint.
16%

Survey
2%
TBM delay
5%

Services
5%
TBM delay
0%
Survey
2%

Services

5% Excavation

66%
STP delay
53%

Figure 6. TBM Utilization in rock and colluvium

Overall production rates were high and downtime was kept to a minimum. This was
achieved as a result of strict adherence to the machine maintenance requirements and
a suitably anticipated on site spares store. Production rates for the tunnelling works
averaged approximately 60 m (196.85 ft) per week with a maximum production rate
of 118 m (387.14 ft).

5.3 Observed Jacking Loads and Frictional Resistance

The jacking loads and frictional resistance were estimated from the total thrust force
measured at the main jacking station in the shaft and the cutterhead force measured at
the steering cylinders on the machine. The difference between the two is the
approximate friction force on the pipe string. The jacking loads and frictional
resistance is presented in Figure 7.
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Figure 7. Friction Force

As expected, the trendline indicates that the friction force increases with the length of
the tunnel. The maximum jacking load required to jack the jacking pipe was 950
tonnes (1047.2 tons). This was significantly lower than the maximum expected
jacking load of 2750 tonnes (3031.36 tons) and as a result no interjack stations were
operated during excavation of the tunnel.

5.4 Tunnel Survey

Survey for a curved pipe jacking operation is unusual in that it must continuously and
accurately maintain the machine’s position whilst the machine, survey equipment and
reference prisms are all moving with the pipe string. For the KP41 Tunnel the long
drive length and curved alignment added the complication that a sharp correction or
unnecessary variation in excavated alignment could add significantly to the total
thrust forces required.

The survey equipment and software utilized was a VMT SLS-RV system which was
maintained and operated by a local specialist survey contractor. The theoretical
assumption that allows the software to function is based on the mathematical
assumption that the location of each of the survey elements is equal to the excavated
location at their respective chainages.

Survey for curved pipe jacking is generally described as the following three phases:
e Phase | - Theodelite solidly based in shaft directly measuring ELS target

e Phase 2 - Theodelite established in jacking pipe but still able to backsight
prism in shaft

10
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e Phase3 - Theodelite and backsights all travelling with the pipe string

Once phase 3 begins, the excavation must be stopped every 60 — 80 m (196.85 —
262.47 ft) to re-establish a known location for the theodelite. This is done
conventionally by traversing from the shaft to the machine. Every 400 m (1312.34 ft)
a specialist gyroscopic survey was conducted to apply a very accurate check of
location.

Figure 8. presents the basic set up of the survey equipment.

tunnelling
machine

F e S /7 Inclinometer

4 .";lu “\“ # N sm
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5.5 Observed Rock Strength Values

Rock strength was monitored during tunnelling within the sedimentary rock
belonging to the Lower Devonian Aged “Humevale Formation” (Hornfels). The rock
strength was typically between 150 MPa and 200 MPa, which was consistent with the
range of UCS values determined during investigations from laboratory UCS testing.
A drop in rock strength between chainages 400 and 550 m (1312.34 — 1804.46 ft) was
observed in both the investigation and construction period. The tunnel advance rate
was noted to have accelerated from 80 m/week (262.47 ft/week) to 120 m/week
(393.70 ft/week) within this zone

The tunnel face was inspected once during tunnelling operations at chainage 576 m
(1889.76 ft). Joint spacing was in the order of 200 mm to 300 mm (7.87 — 11.81 in),
with a maximum of 500 mm (19.69 in) observed. The joints were tight, but showed
signs of joint alteration, including weathering and iron staining. Three dominate joint
sets were persistent in the rock structure, including two joint sets dipping steeply (70-
80 degrees) to the north west and north east, and a third dipping at 45 degrees to the
south. A fourth random joint was also observed, and was noticeably more weathered
than the three principal joint sets. The jointed nature of the rock mass played an

11
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important role in achieving relatively high production rates
as the TBM cutters were able to dislodge rock from the
face along existing defect planes much more readily than
what would have been able to be achieved in a more
massive (unjointed) rock formation. Figure 9 presents the
tunnel face at chainage 576 m (1889.76 ft).

Figure 9.
5.6  Groundwater (above)Tunnel Face
CH 576 m
Groundwater levels were monitored during construction
both at the launch shaft, retrieval portal and along the tunnel alignment. At the
launch shaft the groundwater was approximately 3 m (9.84) below ground level
(BGL), and was dropped to 11.5 m (37.73) BGL to facilitate construction.
Dewatering rates estimated from slug testings’ completed during design
investigations predicted a daily average dewatering rate in the order of 30 m’/day
(98.43 ft*/day) to 60 m’/day. (196.85 ft*/day) During shaft construction dewatering
rates reached 60-70 m3/day as the shaft approached full depth.

During tunnelling the dewatering rate was consistently in the order of 60 m*/day.
(196.85 ft’/day) However, days of increased dewatering rates were observed,
typically when groundwater was allowed to drain into the tunnel face during cutter
changes. This trend was reflected in a localized drop in standing water levels along
the tunnel alignment in the order of several meters. These drops stabilized as the
TBM passed, and are currently showing signs of recovery.

Groundwater quality was monitored during construction and the results indicated that
the groundwater was suitable to be used within the Sugarloaf Pipeline construction
corridor for dust suppression.

5.7  Secondary Lining

In order to install the 1750 mm (68.90 in) MSCL secondary lining, a pipe carrier was
designed to install each pipe section to its nominated location within the tunnel, join it
and then return to the retrieval portal to collect the next pipe. The pipe carrier was
designed to:

e Lift and place a full length (13.5 m (44.29 ft)) MSCL pipe weighing 11 tonnes
(12.13 tons) both on the surface and in the tunnel

e Negotiate the curvature of radius of the alignment by a self levelling/self-steering
hydraulic mechanism

e Provide fine adjustment horizontal and vertical movement of both ends of the pipe
within the tunnel to allow it to be centralized and supported

12
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located at the Retrieval portal.

6. CONCLUSIONS

One of the key design issues for the KP41 Tunnel was an assessment of the forces
required to jack the pipe. The jacking loads required to jack the jacking pipe are
derived from the following components:

e Face load to advance the shield
e Self weight of the pipes in stable ground
e Friction around the pipes due to ground closure, misalignment and time delays

The results of the assessment indicated that the maximum expected jacking load was
2750 tonnes (3031.36 tons) which was significantly higher than the maximum
allowable jacking load specified for the jacking pipe. A total of 7 interjack stations
were incorporated in the design. During construction the maximum jacking load
required to jack the jacking pipe was 950 tonnes (1047.2 tons) and as a result no
interjack stations were operated during excavation of the tunnel. Whilst no interjack
stations were used during tunnelling, they provided a cost effective risk mitigation
measure due to the length of the tunnel, radius of curvature and the scale of any
works required should the jacking forces have exceeded the maximum allowable
jacking load specified for the jacking pipe.

Construction of the launch shaft, retrieval portal and primary tunnel lining was
completed in July 2009. Whilst TBM utilization and advance rates varied
dramatically between excavation in the rock and excavation in the colluvium, overall
production rates were high and downtime was kept to a minimum. Observed
geotechnical conditions and rock strengths were generally consistent with those
predicted during initial geotechnical investigations. Installation of the secondary
lining is ongoing.

Figure 10. (left) presents a view of the pipe carrier

13
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Abstract

The Santa Ana River Interceptor (SARI) Line is a 23-mile-long wastewater pipeline that extends
from the boundary of Orange and San Bernardino counties in Southern California to the Orange
County Sanitation District (OCSD) sewage treatment plant. Several segments run adjacent to and
under the Santa Ana River and nearly 4 miles of the pipeline were in jeopardy of failure during heavy
rainstorms. To ensure the long-term integrity of the pipeline, protect public health and safeguard the
environment, the Orange County Flood Control District, in cooperation with other stakeholders,
embarked on the Santa Ana River Interceptor Relocation Project to relocate and replace the SARI
Mainline with a new pipeline. A portion of the project consisted of 4,000 feet of 101.5-inch OD
microtunnel completed in four drives including installation of 2,900 feet of 84-inch ID reinforced
concrete pipe and 1,100 feet of 99.5-inch ID steel casing. This design also required excavation of
several deep shafts in difficult locations. Ground conditions along the four alignments were an
extremely abrasive mixed face combination with soft to stiff silt and loose sand, gravel, sand, and
clay exhibiting a flowing behavior with cobbles and some boulders. The groundwater table ranged
from the tunnel invert at the lowest point to approximately 17 feet above the tunnel invert at the
highest. Originally designed as a traditional conservative microtunnel project with several short,
straight drives, the SARI Mainline offered an ideal opportunity for an innovative value engineering
proposal. By suggesting a standard curve microtunnel drive and a compound curve microtunnel drive
utilizing an innovative hydraulic joint the project contractor was able to eliminate shafts and combine
multiple drives on the project. Reinforced Concrete Pipe (RCP) with Carnegie style bell and spigot
joints was designed for use on the sections of the project being considered for the curved drives.
After revising the design and incorporating appropriate changes to the standard pipe, the RCP
manufacturer concurred that the pipe would perform through the curves, an important step in the
value engineering (‘“VE”) process. Preliminary sketches of a curved alignment were prepared to
determine the potential curve radii. Based on the sketches and load calculations it was determined
that RCP with the incorporation of the hydraulic joint was more than sufficient to handle the
potential joint deflection. The coordination and cooperation between the agency, contractor and
manufacturer resulted in a savings to the project of over $1 million and offered a 20% reduction in
the tunneling schedule.

© ASCE
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Introduction

Microtunneling is inherently a challenging form of trenchless construction —monitoring jacking
forces as the pipe string moves, balancing the slurry at the face of the microtunnel boring
machine and completing the drive within the tolerances identified by the contract create
challenges in the best of conditions. When extremely abrasive soil conditions, site constraints
and environmentally sensitive areas are factored in, the project becomes formidable.

The SARI Project

The Santa Ana River Interceptor (SARI) Line is a 23-mile-long wastewater pipeline that extends
from the boundary of Orange and San Bernardino counties in southern California to the Orange
County Sanitation District (OCSD) sewage treatment plant (Figure 1). Several segments run
adjacent to and under the Santa Ana River and nearly 4 miles of the pipeline were in jeopardy of
failure during heavy rainstorms. To ensure the long-term integrity of the pipeline, protect public
health and safeguard the environment, the Orange County Flood Control District, in cooperation
with other stakeholders, embarked on the Santa Ana River Interceptor Relocation Project to
relocate and replace the SARI Mainline with a new pipeline (Figure 2).

®Riverside

Figure 1
Project Location

© ASCE
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Figure 2
Overall Project Alignment

The Orange County Public Works Department (OCPWD) recognized that a qualified contractor
with the proper microtunnel equipment and experience was required for the project. SARI
project specifications required a highly specialized microtunnel boring machine with an airlock
and compressed air access to the face of the machine to cope with the expected soil conditions.
James W. Fowler Co. (JWF) was ultimately named the County’s choice for the microtunneling
portion of the project.

Due to location of the project and its proximity to the 91 Freeway and Santa Ana River, there
were a number of stakeholders with a sizeable investment in the successful completion of the
project. The project team included Orange County Public Works Department, Orange County
Sanitation District, Orange County Flood Control District, Orange County Parks, Orange County
Watershed, US Army Corps of Engineers, California Department of Fish and Game, Santa Ana
Water Projects Authority, Yorba Linda Water District, City of Yorba Linda, City of Anaheim,
Canyon RV Park, Green River Golf Club and California State Parks.

Project Details

A portion of the SARI project consisted of 4,000 feet of 101.5-inch OD microtunnel done in four
drives with installation of 2,900 feet of 84-inch ID reinforced concrete pipe and 1,100 feet of
99.5-inch ID steel casing. This design also required excavation of several deep shafts in difficult
locations. Ground conditions along the four alignments were an extremely abrasive mixed face
combination with soft to stiff silt and loose sand, gravel, sand, and clay exhibiting a flowing
behavior with cobbles and some boulders. The groundwater table ranged from the tunnel invert
at the lowest point to approximately 17 feet above the tunnel invert at the highest.

© ASCE
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The original design of the SARI Mainline included a typical microtunnel project with seven
straight drives of lengths ranging from 120 to 1,190 feet. The use of Jackcontrol hydraulic pipe
joints provided an opportunity to introduce curved microtunnels into the project alignment,
reducing the mobilization of equipment and eliminating several shafts required to build the
project, including one that would disrupt a recreational vehicle park.

The contractor proposed four drives — two straight, one compound curve and one standard curve.
The first drive, approximately 620 feet, was located under Gypsum Canyon Road and Gypsum
Canyon Drainage channel. The second drive was 1,089 feet under a portion of the Green River
Golf Course and the Santa Ana River channel. These two drives were not connected and curves
offered no advantages.

The final two drives adjacent to the 91 Freeway fit the profile for adding curves. The third drive,
the compound curve, was adjacent to the 91 Freeway and was approximately 1,567 feet. This
drive was the first use of the Jackcontrol AG hydraulic joint system with real-time monitoring in
North America and set a United States record for being the longest microtunnel compound
curved drive and only the second compound curve drive in the United States. The final drive of
622 feet was also adjacent to the 91 Freeway and included a standard curve utilizing the
Jackcontrol system (Figure 3).

Figure 3
Microtunnel Alignment

© ASCE
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Value Engineering Proposal

Originally designed as a traditional conservative microtunnel project with several short, straight
drives, the SARI Mainline presented the contractor an ideal opportunity to offer an innovative
value engineering proposal. By suggesting a standard curve microtunnel drive and a compound
curve microtunnel drive utilizing an innovative hydraulic joint manufactured by Jackcontrol AG
of Switzerland and a VMT GmbH theodolite-guided navigation system, the contractor was able
to eliminate shafts and combine multiple drives on the project.

A meeting was held between the contractor and the hydraulic joint manufacturer to review and
evaluate the potential curved drives. It was determined that sections of the project could benefit
from a redesign. Reducing the five straight drives with the corresponding three jacking and three
reception shafts to two longer curved drives requiring two jacking shafts, one reception shaft and
an observation shaft would meet the intent of the original design. An added advantage to the
revised alignment was the option to adjust the location of the shafts, selecting areas that had
better access and site availability.

Reinforced Concrete Pipe (RCP) with Carnegie style bell and spigot joints was determined to be
the ideal product for the curved drives and Ameron Water Transmission Group was selected as
the pipe manufacturer. After revising the design and incorporating appropriate changes to the
standard pipe, Ameron concurred that the pipe would perform through the curves, an important
step in the value engineering (“VE”) process. Preliminary sketches of the revised alignment were
prepared to determine the potential curve radii and it was confirmed that RCP was more than
sufficient to handle the potential joint deflection.

Once the contractor and manufacturers were convinced that the curved drives could be
completed successfully and that the project could benefit from the introduction of curved
microtunnels, a preliminary VE proposal was submitted to the project stakeholders and their
engineers. It was important to gauge their acceptance of incorporating curved drives into the
project since at that time there had only been one curved drive completed in the United States.
The project team was very enthusiastic about the possibility of eliminating several of the tunnel
shafts and the potential corresponding reduction in the tunnel and shaft construction schedule.

While the Owner was receptive to the potential VE proposal, they chose to reserve final
determination until the cost and schedule savings could be compared against the added risk that a
curved drive would introduce into the project. The dollar values of the changes were analyzed
and the schedule was revised. The contractor determined that 30 days could be saved on the
tunnel schedule by incorporating the curved drives and since the tunnel was in the project critical
path, that translated directly to 30 days savings to the project schedule. In total the VE proposal
was estimated to save the project over $1 million and offered a 20% reduction in the tunneling
schedule.

© ASCE
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With the VE proposal approved, the contract drawings were revised to include an alignment that
would produce a buildable tunnel and stay within the project’s permanent easement, a process
that was not nearly as easy as it may seemed.

Project Partners Contribute to the Successful Curved Drives

Pressure transmission rings made of wood material are widely utilized in microtunneling
applications. In curves, the mechanical characteristics of wood material can cause severe damage
to jacked pipes. To avoid such damage on the planned curved drive, the contractor partnered
with the manufacturer to use a patented hydraulic joint and real-time monitoring system. The
joint acts hydrostatically like a fluid-filled hose with a uniform pressure level allowing the
curved joints proposed on the project without causing axial stresses that would exceed the
strength of the pipe material (Figure 4).

Figure 4
Photo of Hydraulic Joint

© ASCE
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Figure 5
Joint Detail

The jacking loads were also examined in relation to the pipe joint mating surfaces. Here the
hydraulic joints proved to be the perfect alternative for increasing the contact area of the jacking
surfaces in the curves. This provided the jacking forces needed to complete the drives without
point loading the pipe joints. The bells on RCP were manufactured with a blocked out area to
accommodate the hydraulic joint requirements (Figure 5).

Based on the mechanical characteristics, the hydraulic joint allows curved microtunneling
alignments with the use of regular pipe lengths and application of usual jacking forces without
harming the pipe structure. The hydraulic joint, with its well-defined and reversible mechanical
characteristics, was used as an integrated sensor for a reliable determination of the size and
position of the thrust/resulting jacking force during the jacking operation. This capability
provided a real-time monitoring of the pipe structure regarding the admissible jacking force to
prevent the pipe from being damaged.

The tunnelling machine utilized was a Herrenknecht AVND 2000D equipped with a SLS-

Microtunnelling LT navigation system. The navigation system was chosen for the guidance of
the long distance and curved pipe jacking application on the SARI project. The main component
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of the system was a servo motorized laser total station mounted inside the tunnel on a special
bracket which moved together with the pipeline. The actual position of the laser total station was
continuously calculated with help of the known as-built position of the already installed pipes.

An experienced tunnelling engineer was on the jobsite for the duration of the compound curve
drive and worked closely with the contractor and performed all of the control surveys in the
tunnel and on the surface. The engineer conducted daily control measurements as required by the
Owner and provided reports to confirm that the position of the machine and pipes were within
the specified tolerances. Another value offered by the system was the ability to access the survey
data from anywhere in the world through a web-based interface. The contractor was able to log
into the website and monitor the machine progress, location and alignment instantly.

A Successful Completion

The ultimate success of the project was threefold: The agency was open to the innovative curved
drive proposal offered by the contractor, the hydraulic joint and guidance system ensured the
drives were completed as designed and the relationship created by the project team developed
into a true partnership where the project success came first.

The accomplishments on the SARI project, and the two curved drives in particular, were a
testament to the planning that occurred prior to the project, the vetting of the microtunneling
contractor through a rigorous prequalification process and the commitment of the team in
ensuring the project was successful.
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Abstract

In 1994, 2001, and 2009 Fairfax County completed spot inspections and testing (i.e.
visual, petrographic examinations, wire testing for tensile and torsional strength) at
different locations along an existing one mile 0.91 m (36-inch) PCCP which traversed
an environmentally sensitive area. The purpose of the testing and evaluation was to
assess the pipe integrity and determine if replacement or repair was required. The
results of these tests indicated that the pipeline remained in serviceable condition.
However, concern regarding any extended leakage into the surrounding environment
led to a decision for installing a new, parallel 0.91 m (36-inch) pipe, with the existing
line to be available for redundancy. Due to the proximity to natural wetlands open
trench installation was not plausible; therefore, the use of trenchless technologies was
evaluated for its viability in this application. Based on the analysis, it was determined
that microtunneling (MT) was the most viable technology for installing the new force
main in order to minimize environmental impacts to the wetlands and disturbance to
the neighboring communities. Microtunneling proved to be the best available
technology in this application as the new ductile iron force main has been in
operation for two years and had minimal impact on the wetlands and neighboring
communities.

INTRODUCTION

Aging infrastructure, such as force mains and pipelines, is a concern for many
utilities due, in some cases, to their inability to cost-effectively replace these force
mains by conventional (open trench) means. Areas that were once open fields or
roads are now highly populated regions that require more advanced approaches for
installing/replacing force mains. These more advanced approaches include trenchless
technologies of which many public utilities are now considering in order to avoid
existing utilities/structures and natural habitats. Additionally, Utility Owners today
have a much greater understanding of the significance of environmental impacts that
open cut trench construction of force mains can have on the environment. The
increased use of trenchless technologies, especially microtunneling, is becoming
increasingly more viable to Utility Owners to minimize impacts to the environment
and disruptions to the public.

Initial construction of the 0.91 m (36-inch) Dogue Creek Force Main was in 1977 and
PCCP pipe was used for the force main. Prestressed wire manufactured for pipe
during this era frequently included “Class IV” wire, which has had a questionable
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performance record. This paper summarizes the methodical approach that was used in
order to monitor an existing 0.91 m (36-inch) force main integrity, the process of
evaluating trenchless technologies, design of the selected trenchless technology, and
addressing construction related issues which includes commissioning of the new
force main.

EVALUATION AND DESIGN PHASE
Existing Force Main Integrity

Understanding the integrity of the existing 0.91 m (36-inch) force main was the first
critical step as it helped in the planning process for implementing the appropriate
studies necessary, design of the new force main, and account for the construction
phase of the project in the scheduling of the work. A condition assessment was
implemented to evaluate the force main integrity which consisted of both visual and
physical testing of the PCCP force main. The original condition assessment was
completed in 1994 with follow up assessments performed in 2000 and 2009. Each
condition assessment consisted of pipe sounding, visual inspections, selected removal
and testing of pre-stressed wire and mortar coating analysis. Table 1 provides a
summary of the specific testing performed as well as the purpose of each test.

Table 1. Condition Assessment Analysis of PCCP

Test Purpose
Pipe Sounding Determine if delamination is occurring in the pipe
Visual inspections Assessment for visual cracks or other defects
Removal of prestressed Test the wire for torsion, tensile and embrittlement
wire properties
Removal of mortar Perform petrographic analysis to ascertain condition of
coatings mortar
Soil testing Analyze soil pH, corrosivity, etc.

Based on the results of the testing performed, it was determined there were no visible
signs of distress in the pipe nor did it appear that delamination was occurring. The
quality and condition of the mortar coatings tested were sound and appeared to be
providing the necessary protection for the underlying steel cylinder and prestressed
wires. The prestressed wire appeared to be a better quality than “Class IV”. However,
it was noted that there was minor corrosion visible on the steel can as well as on several
of the pre-stressed wires. This corrosion was likely attributed to concentration cells
produced by differences in local areas of the mortar coating and wire surface. The
conditions contributing to the development of concentration cells are differences in
porosity, moisture, oxygen or pH in the adjacent soil areas (Padewski, 2009)

Additional testing of the interior of the force main was considered; however, it could not
be taken out of service due to it being the only means for conveying sewage from this
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portion of the County to the wastewater treatment plant. Hence a visual inspection of the
interior of the force main was not possible. Other interior testing, such as acoustic
monitoring, was deemed unnecessary.

Based on the testing and analysis performed and risk factors associated with the local
environmental sensitivity and difficulty of accessing any future leak, Fairfax County
concluded that paralleling the existing force main was the best approach to implement
in their capital improvements program. The existing PCCP force main would be
utilized to provide redundancy which the County currently does not have for this
portion of the County’s system.

Evaluation of Trenchless Technologies

As previously noted the original construction of the 0.91 m (36-inch) Dogue Creek
Force Main was in 1977 using open cut type construction technique which traverses
wetlands, streams, residential properties and the Fort Belvoir Military Base. Due to
permitting requirements, regulations, the development of the properties in the nearby
areas, and the Fort Belvoir Military Base requirements, open cut construction was not
a viable option for this force main replacement. Specifically, 84% of the force main
needed to traverse the Fort Belvoir Military Base, and it was determined that open
trench construction would be too disruptive to their daily operations. Approximately,
one third of the force main crossed wetlands or streams which was not conducive to
open trench installation of the force main. Additionally, the force main crossed a state
highway which would also not allow open trench installation. As a result, alternative
methods such as trenchless technologies needed to be considered for the installation
of the new force main.

With the decision to proceed forward with trenchless technology for installation of
the new force main the next question to address is which technology would be best
suited given the field constraints. Based on the conditions developed for this project,
it was determined that horizontal directional drilling (HDD), microtunneling (MT)
and horizontal earth auger boring (HEB) were the trenchless technologies to be
further considered for this application. Table 2 provides a general summary of the key
attributes of each method as well as its benefits over the other technology.

In summary, the HDD trenchless method has good installation accuracy as well as the
ability to have long drive spans when compared to the other alternatives. On the
downside the HDD method requires a larger foot print due to the need to “string” out of
the pipes during installation which in turn creates more ground disturbance resulting in
potential impacts to the environment and Ft. Belvoir operations. MT offers minimal
disturbance due to the relatively small shaft sizes in comparison to HDD and HEB.
Launching and receiving shafts can be strategically positioned along the alignment of
the old force main to minimize disturbance to Fort Belvoir operations as well as the
environment by avoiding the wetlands and other natural habitats. HEB is often been
used for straight, short drives (e.g. under a roadway) in relatively stiff or dense soils
above the high groundwater table. Given the nearby wetlands and groundwater table
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elevations on this project as well as the lack of control over the soils at the face of the
machine, HEB was not suitable for this application.

Table 2. Trenchless Technology Methods Comparison

Trenchless Technology
Horizontal
Evaluation | Directional Drilling Microtunneling Horizontal Earth
Criteria (HDD) (MT) (Auger) Boring
Accuracy of Accurate Drives Very Accurate Not Accurate over
alignment Drives longer runs
Suitable 6.1m-1,524m 305m-1524 m 183 m—-121.9m
Drive Spanor | 00 _5000ft) | (100ft-500ft) | (60 ft. - 400 ft.)
Tunneling
Length
Casing/Pipe High Density Prestressed Cylinder Prestressed
Material Polyethylene (HDPE) Concrete Pipe Cylinder Concrete
(PCCP), Glass Fiber | Pipe (PCCP), Glass
Reinforced Plastics Fiber Reinforced
(GRP, Steel, Ductile Plastics (GRP,
Iron, and other Steel, Ductile Iron,
options and other options
Shaft Space Large Foot Print Small Foot Print Smaller Foot Print
Requirements
Comparison

Based on considering the benefits of each technology as well as the potential risks of
implementing each one for the project, it was determined that MT would be best
suited for the new 0.91 m (36-inch) Dogue Creek Force Main.

Development of the Tunneling Concepts and Design

With the establishment of MT as the best available technology for this project, the
next step in the conceptualization/design process was to develop an alignment and
identify the number of shafts needed based on the suitable shaft drives for MT as well
as considering the above grade obstacles that may interfere with the installation of the
launching or receiving shafts. Figure 1 shows the general alignment that was
determined to be the most viable option for the MT process. It consisted of six shafts
ranging in depths from 9.75 m (32 ft.) to 15.85 m (52 ft.).

After the alignment was finalized, based on the technical requirements, it was
thoroughly reviewed by Fort Belvoir, the Virginia Department of Transportation and
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other regulatory agencies in order to coordinate the construction activities within the
base and address any environmental impacts.
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Figure 1. Microtunneling General Alignment

Once the approval of the alignment by all the key stake holders was received, the
design team proceeded with developing the details of the design which included the
following items:

Shaft design details based on subsurface conditions

Analysis of dewatering requirements for each of the shaft sizes

Ground and vibration monitoring plans

A bentonite “frac out” plan

A hydraulic analysis for the pumping surge on the Dogue Creek Pump Station

As previously mentioned, there were a total of six launching and receiving shafts. In
some cases one shaft would serve as both a launching and receiving shaft. The shaft
design varied for each location and was based on the subsurface conditions.
Generally, three main designs were used and consisted of solder piles and wood
lagging, sunk in caissons, and sheet piling. Table 3 provides a summary of the design
for each shatft.

Each shaft was also constructed with a concrete floor mat to provide the contractor a
stable working surface for the tunnel operations.

Dewatering Considerations

Dewatering was also a concern during design due to the proximity of the shafts to
wetlands and nearby streams. This was especially true for shafts 4 and 5 which were
located next to a wetlands/marsh area as well as close proximity to Dogue Creek. In
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order to better understand the dewatering requirements at each shaft, a two phased
approach was used analyze the anticipated water infiltration. Phase I consisted of using
Plaxis Flow modeling to calculate inflow requirements using empirical methods while

Table 3. Microtunneling Shaft Design

Shaft Number Shaft Design Shaft Depth
1 Solder Piles and wood lagging 9.75m (32 ft.)
2 Sunk-in Caissons 12.19 m (40 ft.)
3 Sunk-in Caissons 15.85 m (52 ft.)
4 Sheet Piling 11.89 m (39 ft.)
5 Sheet Piling 10.36 m (34 ft.)
6 Sheet Piling 10.97 m (36 ft.)

Phase II would validate the model by performing actual field test to confirm the inflow
rates calculated in the model.

Phase I (Plaxis Flow modeling) began with developing a subsurface condition profile
within the influence zone of each shaft to simulate the ground conditions that would
be included in the finite element model. Each shafts excavation support system was
then modeled to determine its influence on the ground water inflow volume at each
shaft. The model incorporated various permeability values for the soils in an attempt
to assess the potential high and low volume of anticipated ground water volume.

Table 4 summarizes of the Plaxis Flow modeling results for each shaft. In reviewing
the data, the model estimated steady state flows ranging from 27.3 m*/d (5 gpm) to
490.6 m’/d (90 gpm). Shaft number 2 and 3 showed the highest potential for inflow
with shaft number 6 showing the lowest potential for inflow.

After the completion of the modeling, Phase II of the dewatering program was
considered; however, it was decided that the information gathered from Phase I was
adequate for the contractors to estimate their dewatering requirements at each shaft.
Therefore, the Phase II dewatering program was not implemented and the information
gathered from the Plaxis flow model was used to develop the dewatering base line
requirements in the contract specifications.

Geotechnical Instrumentation

The final aspect of design consisted of developing a plan for monitoring ground
settlement and vibration which is critical to determine if the shaft or tunnel
construction damaged nearby utilities, residential homes and other structures near the
shaft and tunnel construction. Specifically, it was determined to use twenty three
ground monitors and five facility monitors at key locations along the alignment to
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monitor potential for settlement of the ground and existing structures, respectively.
Throughout the course of construction the tunneling contractor would manually
survey these points to see if there was any differential settlement.

Table 4. Plaxis Flow Modeling Inflow Estimates

Shaft No. Estimated Steady State Flow Range
m’/d (gpm)
1 81.8—-190.8 (15-35)
2 109.0 —436.1 (20 - 80)
3 81.8-490.6 (15—-90)
4 27.3-327.1 (5-60)
5 27.3-136.3 (5-25)
6 273-814(5-195)

During the course of construction, it was decided to have a third party prepare a
separate monitoring plan to verify the tunneling contractor’s geotechnical
information. This was done due concerns from previous construction projects where
damage occurred to residential homes and there was no independent monitoring of
settlement or vibration of the monitors. In order to address this issue, an independent
monitoring plan was developed which consisted of vibration sensors, settlement
monitors and subsurface utility settlement monitors. These instruments were
incorporated into the design at key locations on existing residential structures,
buildings and utilities (including the existing 0.91 m (36-inch) PCCP force main).
This program included automated vibration and settlement point monitoring which
was used to retrieve the data from the sensors then uploaded to a project web site via
a cell phone communication system. This would allow the design engineers to
monitor the data for any significant changes on a daily basis without having to visit
the site. This approach on the monitoring of the vibration and settlement was found to
be more efficient in getting this information out to all interested stakeholders in real-
time basis as opposed to manually collecting the readings. Figure 2 shows the GPS
monitoring system that was used to upload the monitoring information to the website.

In addition to the settlement and vibration monitoring, a pre-construction survey was
completed on specified homes which may be subject to vibration and settlement
influence. This information along with the instrumentation data would help address
potential damage claims to Fairfax County resulting from the shaft construction or
tunneling operations.
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The shaft and tunnel design along with the dewatering and geotechnical
instrumentation requirements were used to finalize the contract documents which was
completed in January 2011.

Figure 2. Solar Powered GPS Settlement & Vibration Monitoring System

CONSTRUCTION PHASE

In November of 2011 the tunneling contractor mobilized his crew and they began
shaft 5 and 6 construction with the plan to launch the microtunneling boring machine
(MTBM) from shaft 6 and have shaft 5 serve as the receiving shaft. On May 8, 2012
the contractor launched the MTBM from shaft 6. Figure 3 shows the MTBM being
launched from shatft 6.

Figure 3. MTBM Launched from Shaft 6

On June 20, 2013 the MTBM reached shaft 5 which translates into a duration of 57
days of tunneling operations. The daily advancement of the MTBM between shafts 5
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and 6 varied from a low of 3.05 m/d (10 ft./d) to a high of 21.3 m/d (70 ft./d) with an
average of 10.7 m/d (35 ft./d). The advancement of the tunneling machine was
dependent on several factors including subsurface conditions, equipment maintenance
and other factors related to the tunneling machine. Generally, clay soil translated into
lower advancement of the MTBM while sand or a more granular type soil allowed the
MTBM to move forward at a higher rate. As noted there were several ground
monitoring points along key locations to monitor settlement. GM-19 which was
positioned near the Mount Vernon Highway next to shaft 5 started to show some
signs of settlement occurring as the MTBM crossed under the road. The settlement
was likely attributed to the sandy conditions near this location. This prompted the
tunneling contractor to stop tunneling operations and inject chemical grout into the
soil at defined locations to stabilize the subsurface conditions. Once the soil was
stabilized the tunneling operations resumed and Figure 4 shows the MTBM being
received at shaft 5 and concluding the first tunnel run for the Dogue Creek Force
Main.

Figure 4. MTBM Received at Shaft 5

While the contractor was completing the tunneling run between shafts 5 and 6 they
were constructing shafts 3 and 4. The design for shaft 3 was based on using sunk-in
caissons construction due to the existing subsurface conditions which made it the best
alternative for the shaft construction. However, the contractor proposed sheet piling
as an alternative approach for this installation. It was decided to permit the contractor
to use this alternative shaft design; however, they would be proceeding at their own
risk to install this shaft and signed a waiver of claims for this method. The contractor
began proceeding forward with the sheet pile design for the shaft and fairly quickly
realized the sheet piling was not driving to the full design depth. As a result, they
brought in a larger pile driving machine in an attempt to drive the sheeting to full
design depth. This machine was unsuccessful in doing this so the tunneling contractor
had to begin excavating out the shaft in lifts to reduce the frictional forces between
the soil and the sheet piles. This process was used until the sheet piles were driven to
full depth

The tunneling operation for all the shafts is summarized in Table 5. As shown all of
the tunnel runs had a high degree of variability on the tunnel production rate with a
high for all shafts of 21.3 m/tunneling shift (70 ft. /tunneling shift) to a low of 3.05

31



Pipelines 2015

© ASCE

m/tunneling shift (10 ft./tunneling shift). The tunneling between shafts 3 and 4 as well
as between 4 and 5 had overall a lower average production rate when compared to the
other tunnel runs. Between these locations the tunneling contractor had a jacking frame
hydraulic failure which caused delays in the work. Additionally, between shafts 4 and 5
the tunneling contractor had trouble steering the MTBM but was able to recover from
the steering problems in the last 121.9 m (400 ft.) and was aligned on the target when it
reach shaft 5.

Table S. Tunneling Production Rates

MTBM Production Rate
[m (ft.)/tunneling shift]
Tunneling
Tunnel | Length m Maximum Minimum Average
Run (ft.)
Ito2 265.5 (871) 21.3 (70) 3.05 (10) 10.7 (35)
2t03 237.1 (778) 21.3 (70) 3.05 (10) 9.75 (32)
3to4 | 352.7(1157) 21.3 (70) 3.05(10) 9.45 (31)
4105 243.8 (800) 21.3 (70) 3.05 (10) 8.84 (29)
5to6 171.6 (563) 21.3 (70) 3.05 (10) 10.7 (35)

Slurry Dewatering

Another critical element in the tunneling operations is the need for dewatering the
slurry from the tunneling operations. This operation essentially consists of a
screening process to remove solids and larger particles then dewatering of the solids
with a portable centrifuge. The centrate from the centrifuges is then recycled back to
the tunneling operations to the head of the MTBM for lubrication of the cutting head.
Figure 5 shows the typical dewatering operations used on this project.
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Figure 5 —Tunneling Material Dewatering Operations
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Shaft Dewatering

As noted in the design phase, Plaxis Flow modeling was performed to ascertain the
anticipated ground water inflow for each shaft. The information from the model was
then placed in the contract documents for bidding purposes. In reality, the dewatering
requirements for each shaft were well below the model predictions. The tunneling
contractor was able to control ground water flow with small submersible pumps
located in a sump at each shaft. As a result, there were no major issues with keeping
the shafts dewatered throughout the course of construction.

Geotechnical Instrumentation

Based on the results gathered from the vibration and settlement monitors, there were
no issues related to vibration or settlement to nearby homes and buildings. Readings
gathered from the sensors were all well below the thresholds which are defined in the
contract documents. The maximum ground settlement reading recorded was 0.76
cm/sec (0.3 in/sec) which is well below the threshold or action limit of 1.27 cm/sec
(0.5 inch/sec). Therefore, the construction of the shafts and tunnels did not impact
any nearby structures or utilities.

SUMMARY AND CONCLUSIONS

Below is a summary of the key successes and lessons learned from the Dogue Creek
Force Main project while implementing trenchless/tunneling technology:

e Visual and physical testing of the PCCP proved to be a valuable tool in assessing
the condition of the existing force main and helped with the planning process.

e Trenchless/tunneling technologies are viable options for utilities that need to
replace or install new force mains or pipe lines in environmental sensitive areas or
where open trench technologies are not a viable means.

e Plaxis flow modeling is a useful tool in assessing dewatering needs for tunneling
shafts; however, the model results should be validated with actual field testing if
time permits.

e Microtunneling proved to be a good application of the technology for this project
given the wetlands and the need to minimize obstruction with the Fort Belvoir
Base operations.

e Production rates of the MTBM varied and are dependent on subsurface
conditions; however, the average shift production rate for this project ranged
between 8.8 m’/d (29 ft/d) and 10.7 m*/d (35 ft/d).

e The use of geotechnical instrumentation with automatic feedback and global
positioning system to the design team proved to be useful in monitoring the
ground settlement monitors from remote locations.

33



Pipelines 2015

REFERENCES

Padewski. E. A.. (2009) Fairfax County External Pipeline Evaluation 36-inch Dogue
Creek Force Main Report.

© ASCE

34



Pipelines 2015

© ASCE

Kaw WTP Water Transmission Main: Serving North Lawrence and Beyond

Jeff Heidrick, P.E.l; Philip Ciesielski, P.E.z; Michael O’Connell, P.E.l; and Shawn
Wilson, PE.!

'Burns & McDonnell Engineering Company, Inc., 9400 Ward Parkway, Kansas City,
MO 64114. E-mail: jheidrick@burnsmcd.com; moconnell@burnsmcd.com,;
snwilson@burnsmed.com

2City of Lawrence, Kansas, 720 West 3rd St., Lawrence, KS 66044. E-mail:
pciesielski@lawrenceks.org

Abstract

A preliminary hydraulic analysis and transmission main routing study was completed
by Burns & McDonnell in 2008 to plan for projected growth in the southeast section
of the City of Lawrence, KS (City) and to provide an additional water service feed to
North Lawrence. The analysis recommended addition of a future 36-inch water
transmission main to meet the City’s needs. The nearly six mile water transmission
main would connect to the Kaw water treatment plant (WTP), supply water to North
Lawrence and ultimately provide service to the southeast section of the City to meet
projected water demands beyond 2020. The City chose to design the first phase of the
water transmission main project to connect the Kaw WTP to an existing 12-inch
water main located in North Lawrence. The major challenge with serving North
Lawrence is that the Kansas River separates this service area from the rest of the City.
In addition to the Kansas River crossing, other design challenges associated with this
project included a US Army Corp of Engineers levee crossing, two railroad crossings,
a creek crossing, and work in the Burcham Park area which is a high use park enjoyed
by the residents of Lawrence. Fusible polyvinylchloride pipe (FPVCP) was selected
and bid for the transmission main. At the time of installation, the 2,400 foot Kansas
River crossing was the longest FPVCP horizontal direction drilling (HDD)
installation in the world for 36-inch diameter AWWA C905 Dimension Ratio (DR)
21 pipe, which is currently the highest rated pressure class available in 36-inch
FPVCP.

Background

The City of Lawrence, Kansas is located approximately 25 miles west of the Kansas
City metropolitan area. Lawrence has a population around 91,000, and it is home to
the University of Kansas, which has over 20,000 students at the Lawrence campus.
The City currently treats and provides water to customers within the City and
provides five (5) Rural Water Districts, the University of Kansas, and the City of
Baldwin, Kansas with wholesale treated water. Two of the wholesale water
customers have a long term interest in receiving additional water. One of those
wholesale water customers provides water to two additional municipalities. Both of
the connections with these wholesale customers are located in the southeast area of
Lawrence.
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In addition to supplying potable water to an increasing customer base, the City
recognized that having a redundant water source to the North Lawrence area would
increase water supply reliability. As shown in Figure 1 below, the area of North
Lawrence is separated from the rest of Lawrence by the Kansas River. At the time of
the study, the City supplied potable water to North Lawrence through a single 16-inch
transmission main crossing the Kansas River. This river crossing is an aerial crossing
connected to the Highway 59 Bridge. In recent years, sections of pipe in this aerial
crossing have developed pin-hole leaks causing ongoing maintenance issues and
supply reliability concerns. The deteriorated pipe sections were repaired but this
condition brought the need for an additional water feed for the North Lawrence area
to the forefront for City water supply planners.

Figure 1 — City of Lawrence, Kansas

Based upon routing study recommendations, the City decided to phase the
construction of a new water transmission main, with the first phase including the
Kansas River crossing to provide a redundant feed to North Lawrence. Subsequent
phases will ultimately extend the transmission main to the southeast area of
Lawrence. When complete, the nearly six mile water transmission main will connect
to the Kaw WTP, supply water to North Lawrence, and ultimately provide service to
the southeast section of the City to meet projected water demands beyond 2020. The
City selected Burns & McDonnell to design the first phase of the water transmission
main project. This phase of the project included approximately 1.25 miles of water
transmission main connecting the Kaw WTP to an existing 12-inch water main
located in North Lawrence.
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Design Criteria/Challenges

A hydraulic analysis was performed to determine the required transmission main size.
The modeling took into account the potential high growth development possible in
the southeast area of Lawrence. It also considered the requested future water
demands from their existing wholesale customers beyond 2020. The hydraulic
analysis indicated the transmission main, from the connection at the Kaw WTP to the
final connection in the southeast area of Lawrence, should be 36-inch diameter.

With the size determined for the entire transmission main route, an analysis was
performed to determine the necessary pressure rating for the first phase of the project.
The main factors considered to assess the required pressure rating were the high
service pump performance curves, potential surges that may be generated within the
system, and the potential elevation changes throughout the first phase of the
transmission main. Analysis results recommended a pressure rating of at least 200
pounds per square inch (psi).

Another factor in the design of the transmission main was the potential for high
corrosive soils in the area. The City has experienced the effects of high corrosive
soils on their water mains in the past. Preliminary design work included a
geotechnical investigation of the project area. The resulting investigation report
indicated at least one area where the soil was considered corrosive. In addition, it
was noted in various locations that groundwater was present at the proposed trench
depths. Based upon reported findings and the limited accessibility of the pipe, once
installed, a cathodic protection system would be required if a metallic pipe material
were used.

The transmission main alignment also included numerous challenges. Figure 2 shows

the proposed transmission main alignment. The alignment crosses the Kansas River
into the North Lawrence area. The Kansas River in the area of the transmission main
crossing has a US Army Corps of Engineers (USACE) levee system in place to
protect the North Lawrence area from flooding with river water. The river and levee
crossings both required authorization and permits from the USACE. The
authorization and permitting process required conformity to established USACE
design criteria.

The alignment also crosses two existing railroad right-of-ways. The Burlington-
Northern-Santa Fe (BNSF) Railroad crossing is located near the connection point to
the Kaw WTP. The Union Pacific (UP) Railroad crossing is located almost adjacent
to the levee on the east side of the river in North Lawrence. Both of these crossings
required permits from each railroad. Each railroad company required water line
crossings to be installed within a steel casing pipe in compliance with the American
Railway Engineering and Maintenance-of-Way Association (AREMA) standards.
AREMA Standards require the steel casing extend across the entire width of the
railroad right-of-way.
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As shown in Figure 2 below, the water transmission main alignment runs through
Burcham Park. Burcham Park is a highly used park that contains walking trails,
playground equipment, and access to the river. The park also includes a boathouse,
which is home to the University of Kansas rowing team. The City required that
access to the park and boathouse be maintained throughout construction.

LA
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@l Burcham §
-0

The park grounds and surrounding areas contain numerous trees that the City
requested not be disturbed. In addition, there are two wetland areas and a stream
crossing. Construction activities in these areas had to be minimized or accomplished
without significant permanent impact to the wetlands or stream. Because of all these
items, it was necessary to limit the construction zones throughout the project and
investigate alternatives to open-cut installation construction methods.

Pipe Material Evaluation

Prior to finalizing the methods of construction, it was necessary to determine what
pipe material would be utilized. As part of the design process, a pipe material
evaluation was completed. Table 1 lists the various criteria considered in the
evaluation, and Table 2 lists the pipe materials evaluated.

Table 1 — Pipe Material Evaluation Considerations
Design life

Corrosivity resistance

Availability in 36-inch diameter
Feasibility of installation

Availability of required pressure rating
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Table 2 — Pipe Materials Evaluated
Steel pipe
Ductile iron pipe (DIP)
High-density polyethylene (HDPE)
Fusible polyvinylchloride pipe (FPVCP)

The potential design life of each of the pipe materials evaluated is reported to be in
the range of 100 years. The actual useful life of the transmission main will depend
upon a number of factors including the site conditions, the quality of installation, the
pressure ratings and associated wall thicknesses, and installation depths.

Each of the pipe materials is available in 36-inch diameter and at the 200 psi pressure
rating required. It should be noted that when the initial pipe material evaluation was
performed, 200 psi (DR 21) FPVCP was not yet available from the manufacturer.
FPVCP became available in 36-inch diameter with a DR 21 pressure rating during the
time between the study/preliminary design phase and completion of the final design.

The two main deciding factors in the pipe material evaluation were the corrosivity
resistance of the material and the feasibility of construction. The four pipe materials
evaluated can be divided into two main categories: metallic and non-metallic.
Because the City has experienced corrosion issues on some of their existing water
mains, and because the geotechnical evaluation identified an area of corrosive soil
along the proposed alignment, use of metallic pipes would require installation of a
cathodic protection system. As an additional layer of corrosion protection,
specialized coatings on the metallic pipe may also have been required.

The corrosion resistance of the non-metallic pipe materials under consideration was
well documented. Consequently, a cathodic protection system would not be required
if non-metallic pipe material is selected. However, if metallic fittings were utilized
with the non-metallic pipe system, then these fittings would require corrosion
protection using polyethylene encasement.

The installation feasibility evaluation for the various pipe materials took into
consideration that the river crossing would most likely be installed using horizontal
directional drilling (HDD) installation methods. Because the pipe is below the river
future maintenance of the pipeline was also a concern. Both these considerations led
to the conclusion that a joint-less system should be utilized for this crossing to
facilitate HDD installation and minimize future maintenance needs. Depending upon
the pipe thickness required the bore hole for joint-less pipe is typically smaller than a
ball and socket or restrained joint bell and spigot type pipe system. A joint-less
piping system will not be subject to future failures associated with deteriorated
gaskets or loose joints. The installation feasibility assessment eliminated DIP from
further consideration for use at the river crossing portion of the alignment.

The installation feasibility analysis evaluated the suitability for using HDD methods
to install HDPE pipe for the river crossing portion of the alignment. Design
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guidelines found in ASTM F1962-05 were used to evaluate suitability of DR 11
HDPE. The analysis of critical buckling pressure during pullback resulted in a factor
of safety against buckling during pullback that was below the standard minimum
recommended value. The analysis results eliminated HDPE pipe from consideration
for installation at the river crossing.

The installation feasibility analysis evaluated the suitability for using HDD methods
to install FPVCP for the river crossing. Design guidelines found in ASTM F1962-05
were used in conjunction with guidelines in ASCE MOP 108 to evaluate suitability of
DR 21 FPVCP. Installation forces and long-term operational loads were considered.
Pipe deflection, critical buckling pressure, and anticipated and allowable tensile stress
were evaluated. The analysis results indicated FPVCP was an acceptable pipe
material for installation at the river crossing.

At this stage of the pipe material evaluation, the City expressed a preference for using
the same pipe material throughout the project. FPVCP and steel pipe materials
remained for further consideration. Corrosivity concerns and the resulting corrosion
protection systems that would be required to be installed and maintained with steel
pipe were considered. A major concern for the steel pipe was how the coating system
on the outside of the pipe would hold up during the HDD installation process since
much of the HDD installation was through solid rock. This concern eliminated steel
pipe from further consideration. FPVC met all the necessary requirements for the
project and was selected and bid for the transmission main installation project.

Design and Installation Methods

Several installation methods were evaluated for use to construct this project. The
methods considered included open cut, jack & bore utilizing a casing pipe, and HDD.
The selected method depended upon requirements for each of the specific project
areas along the alignment. Open cut installation methods were originally proposed
for use wherever feasible. The typical installation for a pipeline across an USACE
levee is to install it using open cut methods over the top of the levee and then
repairing the levee after installation. Railroads typically require installation by jack
& bore, so this was the original plan. Then HDD would be used for installation under
the river; however, once design progressed, these initial selections were revised.

As shown in Figure 2, the transmission main alignment crosses two railroad right-of-
ways. The railroad requirements called for the transmission main within the railroad
right-of-way to be installed by a jack & bore method. This required a bore pit to be
excavated. The boring machine and casing pipe were placed within the boring pit.
The casing pipe was then “jacked” into place by hydraulic jacks while a cutting head
on a rotating helical auger was used to remove the spoils from within the casing pipe.
Once the casing pipe was in place, the carrier pipe was installed. The railroads
typically require the steel casing pipe to be installed the entire width of the railroad
right-of-way. This installation method worked for the BNSF railroad crossing near
the Kaw WTP, but not the UP railroad crossing on the east side of the river near the
levee.
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As shown in Figure 3 below, the levee and UP railroad are adjacent to each other.
The 30-feet between the levee centerline and the west edge of the UP right-of-way
provided insufficient space for a bore pit. It would have been possible to excavate the
bore pit on the east side of the railroad right-of-way, but working between the levee
and the railroad would have been very confined, so an alternative installation method
was considered.

Transmission
Main Alignment

e —

Figure 3 — East Side of the River — Levee/Railroad Crossing

As noted in the Pipe Material Evaluation section, ASTM F1962-05 and ASCE MOP
108 were used as a basis of design for the river crossing. Due to the need to cross the
levee and railroad, a radius of curvature was used for the layout and design that was
greater than the minimum allowable bend radius for FPVC. This led to a longer bore
profile curve which reduced the pull stresses during installation. The actual radius of
curvature for the bore was 3600-feet with the minimum allowable bend radius for 36-
inch FPVCP of 798-feet. Data obtained from nearby soil borings indicated a layer of
solid rock existed below the river. The HDD was designed for the bore profile to be
within this layer of rock to reduce the risk of the bore hole collapsing. Given the
location of the rock layer, the radius of curvature of the proposed transmission main,
and the limits on the allowable entry and exit bore angles for a bore this size, it was
not feasible to bring the bore up in the area between the river and the levee.

Exceptions were negotiated for the open cut levee crossing requirement and the
railroad casing requirement. The USACE does allow levees to be directional drilled
if certain requirements are met. One requirement indicates if soil borings of the
project site are provided, then the directional drill must penetrate the substratum a
minimum of 300-feet from the levee centerline on the landside and may not exit
closer than 300 feet on the riverside. For a conservative approach, the bore profile
was designed to maintain a 500-foot offset from the directional drill penetration to the
centerline of the levee, as shown in Figure 4 below. It was also designed for the bore
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to be in the rock layer under the levee crossing, which is approximately 70-feet below
the top of the levee.

0 CETICAL ZONE 500 CAITICAL ZONE

Figure 4 Kansas River Bore Profile

With the proposed bore approved by the USACE, an exception was needed to the
casing pipe requirement from the railroad. Through the use of the geotechnical
reports and showing that the bore was designed to be within the rock layer as it
crossed underneath the railroad, the railroad granted an exception. This exception
was granted because the rock layer in effect is acting as a solid casing pipe below the
railroad, and the crossing is nearly 70-feet beneath the railroad so the potential for
settlement is low.

With the river crossing and railroad crossing set, the area in and around Burcham
Park offered the remaining installation concerns. As previously mentioned, the City
required access to the park and boathouse to remain open at all times, and tree
removal must be at a minimum. The other concern with the crossing in the park was
the number of utilities existing in the area. The City has raw water wells and a river
intake in the area along with water distribution lines and other utility lines. Existing
utility crossings required the transmission main to be at least 12-feet deep in this area.
An open excavation of this depth near the park entrance was not feasible. To avoid
this, and to minimize tree removal within the park area to the north, HDD installation
was designed for this area. There is also a stream running east-west along the north
side of the park property, and an open cut stream crossing was avoided by utilizing
HDD through this section.

Construction Phase

The Kansas River crossing was one of the high risk installation sections on the
project. The River bore was the first bore completed on the project. The river
crossing measured approximately 2,400 linear feet. The pipe reaming process for this
HDD bore took nearly 56 days. The pilot hole exited the ground approximately 10-
feet east and 3-feet north of the design point.
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The drilling contractor began the HDD process by starting with a 10-inch diameter
pilot hole. Once the pilot hole was through, a 26-inch diameter back ream was used.
When the 26-inch back ream was complete, the drilling contractor went to a 38-inch
back ream, but due to low productivity switched to a 32-inch and then went back with
the 38-inch. The next back ream measured 42-inches in diameter, and the final back
ream was 48-inch.

As shown in Figure 2, there was limited laydown area for the pipe string. The west
side of the property is bound by the BNSF railroad, and the north side is bound by the
I-70 Interstate. Because of this, the required 2,400 foot river crossing was initially
fused in three lengths of 1,100 feet, 880 feet, and 420 feet, which required two
intermediate fusions to occur during the pullback process. With the 48-inch bore hole
open, the pipe pullback process began. Initial pull back activities began at 6:00 in the
morning, with the first section of pipe being pulled through about 9:00 in the
morning. Each intermediate fusion processes took approximately two hours. After
16.5 hours, the last section of pipe was successfully pulled into place at 1:30 the
following morning.

Figure 5 — Kansas River Bore Pipe String

After the Kansas River crossing was complete, subsequent HDD sections through
Burcham Park were also installed without issue. Construction of the entire first phase
of the transmission main was completed in January 2015, and water is currently being
supplied to North Lawrence through this pipeline.

Conclusion

The City of Lawrence planned ahead and recognized the need for a redundant water
feed to North Lawrence and additional water supply to the southeast of the City to
meet future water demands. The first phase of this transmission main project
provided the redundant water feed to North Lawrence.

Various pipe materials were considered and evaluated for design life, corrosivity
resistance, size and pressure rating availability, and feasibility of installation.
Ultimately, FPVCP was selected and bid for the transmission main.

The project included numerous design and permitting challenges including the
Kansas River crossing, a US Army Corp of Engineers levee crossing, two railroad
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crossings, a creek crossing, and crossing the Burcham Park area. Many of these
challenges were overcome in part by designing and utilizing a HDD installation
method instead of the standard open cut method.

Construction of the first phase of the transmission main was completed in January of
this year. The transmission main has a connection point available for the next phase
of the project and water is currently being supplied to North Lawrence through this
pipeline. At the time of installation, the Kansas River crossing was the longest
FPVCP HDD installation in the world for 36” diameter AWWA C905 DR21 pipe,
which is currently the highest rated pressure class available in 36” FPVCP.
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Abstract

The Denver Metro Wastewater Reclamation District (MWRD) is installing a
10-inch pressure pipeline to carry potable water from the Robert W. Hite Treatment
Facility located in Denver, Colorado to the MWRD facility. The pipeline alignment
crosses beneath both the Burlington Ditch, owned and operated by the Farmers
Reservoir and Irrigation Company (FRICO), and the Union Pacific Railroad (UPRR)
trestle, both of which have specific and stringent requirements for trenchless pipeline
installations. Furthermore, the pipeline traverses Denver Water right-of-way, thus
triggering the necessity to adhere to another set of trenchless installation
requirements. This paper presents challenges encountered during design and
construction of the horizontal directional drill, focusing on how the design and
construction was influenced by FRICO, UPRR, and Denver Water requirements.
Discussion of the settlement and hydrofracture analysis performed during design is
presented and compared to what was observed in the field during construction.
Furthermore, this case study details the morass of permitting requirements
encountered and how, as a whole, the requirements actually dictated the overall risk
profile of the project.

INTRODUCTION

The Denver Metro Wastewater Reclamation District (MWRD) is installing a
10-inch pressure pipeline to carry potable water from the Robert W. Hite Treatment
Facility located in Denver, Colorado, to the MWRD facility. The 10-inch pipeline
will connect to an existing Denver Water 24-inch main and traverse the Denver Water
property within the Robert W. Hite Treatment Facility before passing beneath the
Union Pacific Railroad (UPRR) Bridge and Burlington Ditch, owned and operated by
the Farmers Reservoir and Irrigation Company (FRICO). The water pipeline, 1,800
feet in length, is designed primarily with traditional open cut installation except for a
700-foot horizontal directional drill (HDD) crossing of the UPRR and Burlington
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Ditch. Figure 1 shows the HDD alignment and profile including geotechnical
conditions.

BURLINGTON DITCH

HDD EXIT HDD ENTRY

RR Trestle .
FILL
\
(SP) ALLOYTUM

-
SPT (4-16)
(SW-SM) ALLUV

SPT (24-40) \
DENVER FORMATIONY

(Claystone)
Figure 1. Geotechnical Profile along Preliminary HDD Alignment.

Trestle Piers

Denver Water, UPRR, and FRICO each had independent trenchless
construction standards and requirements that had to be accommodated in the HDD
design to obtain the necessary permits for construction. The major challenge of the
HDD design was not the requirements of any one agency, but the conglomeration of
requirements from all three. The initial approach was to offer a thoroughly studied
HDD design with the least possible degree of constructability risk, requesting
variances from the interested permitting entities where the design deviated from
particular standards. This approach was roundly denied by UPRR and ultimately led
to a complete re-design of the HDD, which was based primarily upon selecting the
most arduous requirements of the three permitting agency standards and requirements
regardless of the impact to overall project risk. The resulting increase in risk was then
mitigated through additional specification requirements. This paper describes the
initial design approach as well as the final design, incorporating accommodations for
requirements of the three permitting agencies. The construction activities are also
summarized and the influence of the permit regulations and risk mitigation strategies
developed during design on the overall success of the project are discussed.
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GEOTECHNICAL CONDITIONS

Soils along the HDD alignment generally consist of fill overlying alluvium,
which in turn overlies sedimentary bedrock of the Denver Formation (Shannon and
Wilson, 2013). The fill soils along the HDD alignment range from 3 to 11 feet below
ground surface and consist of medium stiff silty to sandy clay. The upper portion of
the underlying alluvium is roughly 15 feet thick and generally consists of loose to
medium dense, trace to silty or clayey, gravelly sand with scattered cobbles. Soil
types in the lower alluvium are more uniform at approximate elevation 5,108 feet (or
approximately 25 feet below ground surface), consisting of medium dense to dense,
slightly silty to silty sand with trace gravel. Sedimentary bedrock of the Denver
Formation was encountered approximately 40 feet below ground surface, or elevation
5,090 feet. The bedrock typically consists of very low strength (< 700 psi unconfined
compressive strength), fresh to slightly weathered claystone, siltstone, and sandstone
(Shannon & Wilson, 2013). Figure 1 illustrates the geotechnical conditions that were
anticipated along the preliminary HDD alignment.

INITIAL DESIGN APPROACH

The HDD design submitted for the initial permit applications (initial HDD
design) focused on reducing overall project risk through a balanced approach that
addressed trenchless construction risks, encapsulating those associated with drilling
near adjacent facilities and other constructability risks. The initial design only
incorporated those elements of the three agency standards and permit restrictions that
fit within the initial design philosophy of reducing trenchless risk. Thus, requests for
variances from the permitting agency standards were submitted for requirements that
posed an increased risk to the project. A primary variance from the standards was the
use of a plastic casing to encapsulate the 10-inch fusible polyvinyl chloride (FPVC)
carrier pipeline, instead of a steel casing pipe. The use of a plastic casing with a
pressure capacity of one and a half times that of the carrier pipe allowed for
deepening of the HDD bore path within the FRICO and UPRR properties, due to the
smaller bend radius of plastic pipe versus steel pipe. As a result, the bore path would
traverse beneath the railroad trestle piers approximately 50 feet below the ground
surface. This was desirable, since the UPRR bridge as-built information could not be
obtained and the depth of the bridge piers were unknown. It was reasonable to assume
the trestle piers extended to the Denver Formation to attain a high tip bearing
capacity. All design analyses and calculations were based upon this assumption.

Figure 2 shows the analysis of the UPRR trestle piers, the results of which
were then compared to the potential influence zone of the HDD bore. The results of
the analysis demonstrated that there was no overlap of the soils supporting the bridge
and the potential zone of disturbance caused by the HDD installation. Parameters of
the initial bore geometry were adjusted to ensure, as much as reasonably possible,
that the HDD would not impact the UPRR trestle, the FRICO irrigation ditch, or any
of the crossing utilities.
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Figure 2. Analysis Performed to Determine the Influence Zone of the HDD Bore
and UPRR Trestle Piles.

The anticipated geotechnical conditions were considered in the initial design
of the HDD bore geometry. Given their density and fines content, the near-surface
alluvial soils were considered relatively good for directional drilling. On the other
hand, these soils contained cobbles, which can pose borehole stability problems and
steering issues. Improved drilling was expected with depth, within the deeper soils
absent of scattered cobbles. The initial design accounted for this with a straight
trajectory from the entry that would not require steering until the lower, more stable,
uniform soils were encountered. A steep entry angle of 20 degrees was selected to

reach the more competent alluvium quickly and gain depth while within the FRICO
ROW.

The bore was initially designed to be entirely within the more competent soils
while within the FRICO ROW, and enter into the sedimentary bedrock of the Denver
Formation while passing between the UPRR bridge piers (Figure 1). Thus, the bore
geometry was chosen to minimize the distance traversing soft or loose soils, maintain
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the bore in the ideal competent soils while in the FRICO ROW, and ensure the bore
was fully within bedrock when passing between the UPRR bridge piers. The use of a
plastic casing pipe allowed the flexibility necessary to adjust the borehole geometry
parameters in response to the anticipated geotechnical conditions. An additional
benefit to using a plastic carrier pipe was the lack of necessity to cathodically protect
it to prevent corrosion. A steel casing, on the other hand, would likely require
cathodic protection or an increased wall thickness to provide an effective service life
of equal duration.

In addition to the request to utilize plastic instead of steel casing, the initial
design eliminated the use of casing spacers between the 10-inch carrier pipe and the
16-inch casing pipe. By doing so, the casing pipe and HDD borehole diameters could
be reduced. Decreasing the borehole diameter lowered the potential for surface
settlement near the entry and exit locations. Furthermore, the smaller diameter
proportionally increased the separation distance of the bore path from the bottom of
the FRICO irrigation ditch as well as the existing utilities to be crossed.

HDD RE-DESIGN FOR THE MOST ARDUOUS PERMIT REQUIREMENTS

Despite the careful analysis and technical documentation presented to explain
the reduced risks that could be realized by variances from permitting standards, the
variance requests and permit applications were denied. After the initial design and
variance requests were rejected, a second design was pursued based on an entirely
different philosophy. The re-design was a study in mitigating extremes and consisted
of selecting the “worst case” parameter for each of the permit requirements. At over
$20,000 per application, it is important that the HDD designer be able to understand
and abide by the imposed permit requirements for HDD designed crossings.
Currently, the myriad of conflicting, often inapplicable, requirements make this a
difficult proposition at best.

A table combining the permitting requirements of the three interested agencies
was developed to track the selection of the various design parameters along with
mitigation efforts added to offset resulting increases to project risk. Table 1 shows a
condensed version of the spreadsheet that was used to select the dominant, i.e., most
arduous, requirements and the proposed mitigation efforts. Approximately one-third
of the requirements, along with the requirement references, have been omitted from
Table 1 for clarity in publication.

It is clear when examining current standards developed for the various
agencies that requirements have been developed as “catchall” standards that are
improperly employed for all trenchless installations. The more dated requirements are
not remotely applicable to HDD installations. For instance, the 2013 AREMA
Manual for Railway Engineering requires that the “maximum borehole diameter will
be no more than 2 inches larger than the outside diameter of the installed carrier or
casing pipe” (AREMA, 2013). This requirement is in direct contradiction to the HDD
industry accepted practice of sizing the final borehole diameter to be either 12 inches
larger or 1.5 times the outside diameter of the installed pipe, whichever is less
(Bennett, D., and Ariaratnam, S., 2008). Presumably, the 2-inch maximum overcut
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requirement was originally developed for pipe jacking installation methods, where it
is applicable to prevent excessive systematic settlement within the ROW. Typically,
HDD installations are much deeper than pipe jacking installations, thus reducing the
likelihood of potential surface settlement. It is the author’s opinion that in lieu of a 2-
inch overcut restriction for HDD, the agency would be better served by eliminating
the oversized steel casing and casing spacer requirements for HDD crossings. This
would actually reduce the final borehole diameter and dramatically decrease the
magnitude of potential ground disturbance during construction and subsequent
potential long term ground surface settlement.

Table 1. Comparison of Requirements Incorporated into the Final Design. The
“Most Arduous” Requirements are Highlighted.

AREMA Requirements FRICO Requirements Denver Water Requirements Design Response:
(Material Spec - 34)

Steel casing must be full width of FRICO

Pipelines must be encased in larger casing ditch (Welded steel must meet AWWA C200 Design will comply accordingly
Cross tracks at 90 degrees and no less than End points will control... will be close
at 45 degrees to perpendicular to RR

Pipeline must be able to be electronically Locate wire will be pulled with

Marker posts required

located pipeline
Carrier pipe joints shall be leak proof or fertrrier i ol e st s fPVC will be butt fused for entire
welded length

PVC and PE pipe are approved carrier pipe

R Carrier </=20", Certa-Lok RJ or fPVC pipe. fPVC carrier pipe will be used
materials

. . . . Pipe pressure rating 50% greater than
MAOP = 100 psi, Plastic carrier pipe outside ROW

conform to ANSI B31.3 Design requires a MOAP of ~200 psi

Pressure test is required

DW for jacking

Casing ID 4" > than carrier pipe joint OD Min. 3" clearance around carrier pipe Casing 10" larger than carrier
Will use 16" casing

Steel casing SMYS of at least 35 ksi Minimum yield strength of 35,000 psi Design will comply accordingly
Casing pipe shall extend a min. 25 ft from Design will require several hundred
outside track when casing is below ground feet of setback

Casi 12" 24" di. =0.25" |Designed to withstand applied loads
Min casing wall thickness (not coated or asing >12" but <24" diameter = 0.25 E PP

catholically protected) wall steel pipe Ext:';nlal Idoladinlg sf‘alll?e A:-\S:?I’O I-:EZgOHF\{I\éY DeT:%E'\AQ” use the most ctznsfe(;v;;glf

i i or RR loading plus jacking loading, E- wall thickness requirement of 0.
12.75" - 0.188" / 14" -- 0.250" / 16" Ca;lng shall be sultal?ly protectecﬁ fro'rn i g plusj 8 8, q

o N failure due to corrosion for a design life [loading to comply
0.281" /18" --0.312 i
of 50 years. Min. wall = 0.375"
Casing installed to prevent the formation of|Casing shall be liquid tight & casing EPDM or neoprene rubber end seals on Design will use casing end seals per
a waterway under the railway sealed to the carrier pipe at each end casing Denver Metro requirements
Insulated casing spacers required Casing spacers required Design will utilize slim casing spacers
Casing pipe not less than 5.5 ft from base  [Top of the proposed pipe shall be not Hydrofracture design will control
of rail to top of casing less than 12 ft below the canal invert Min. depth of 20 ft below ditch
Hydrofracture design will control
3 ft min. cover at shallowest point 3 ft min. cover within FRICO ROW
Min. depth of 12 ft within ROW

The location of the bore must not conflict Cannot pothole utilities within ROW
with any facilities within the RR ROW until permits in construction
Design track bores to be >150 ft from the Permit application and design will
nearest bridge, culvert, road crossing, conservatively treat going between
signal structure, track switch, building or the bridge piers as if it were a
other major structure standard RR embankment

Case bore operations under FRICO
canals shall be conducted outside the Design is extremely conservative in
FRICO ROW and the bore pits shall also this regard and will fully comply

be located outside the FRICO ROW

Design bore pits to be a min. of 30 ft from
centerline of track when measured at right
angles to the track

Max borehole diameter no more than 2” Not possible with HDD construction
larger than the OD of the casing pipe method Good Practices

Min depth of 5 ft under natural ground, or Hydrofracture will control and exceed
12 ft under base of rail the depth requirement

Constant slope for min. 30 ft from CL of Will provide a 60 ft tangent section
track, 2 ft beyond toe of slope, and 3 ft (0% slope) of the bore within the
beyond ditch, whichever is greater UPRR ROW to meet this criteria
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The permitting standard that resulted in the greatest impact to the re-design was the
requirement of steel as the casing material. Additionally, the requirement that casing
spacers be used to place the carrier pipe within the steel casing with a minimum radial
annulus of 3 inches severely limited adjustments to the bore geometry. The use of 16-
inch steel casing necessitated a bend radius of 1,600 feet, over three times larger than
the 500-foot bend radius required for the plastic casing pipe. This ultimately reduced
the amount of separation below the FRICO ditch by 8 feet, as well as reducing the
total depth of cover below grade by 18 feet where the bore passed between the UPRR
bridge trestle piers. A balance was sought between achieving an appropriate depth of
cover below the critical crossing locations to prevent hydrofracture and ensuring
entry and exit tangents that would reduce the risk of having steering difficulties in the
less competent near-surface soils.

A much shallower exit angle was also incorporated in the re-design to reduce
the difficulties of lofting the steel pipe during pullback. Pipe layout was also
problematic when acquiring sufficient space to allow the contractor the ability to weld
the entire length of the casing pipe above ground prior to pullback. There was limited
available layout space in the Denver Water property that could be used by the
contractor; however, development of arduous specification restrictions allowed the
contractor to use a delineated portion of the property provided minimal disturbance
occurred.

CONSTRUCTION

The re-designed bore path crosses numerous existing utilities, many of which
could not be potholed until start of construction (Figure 3). The 78-inch Platte River
Interceptor pipeline is crossed in two locations, once at entry and again near the exit
point. Other nearby utilities include a duct bank, large fiber optic cable, and two
diesel fuel lines within the UPRR ROW. Key utility potholes, including the two
diesel fuel lines and large fiber optic communication line, were only allowed to be
potholed during construction after the contractor obtained the necessary permits.
During design, it was assumed that the fuel lines were located at an approximate
depth of 8 feet below grade based on available information from the utility owner;
however, the lines were actually found to be located at an average depth of 23 feet
below the ground surface.

Locating the fiber optic line proved to be quite difficult and became extremely
time consuming and costly. After several weeks of attempting to advance potholes,
which were vacuum excavated and cased to depths sufficiently below the elevation of
the HDD bore on both sides of the bore centerline, the decision was made to proceed
with the HDD bore without actually locating the line. The owner of the fiber line
suggested that the line was 10 or more feet below the termination depth of the
exploratory potholes, although they did not actually confirm the depth of the line.
After discussions with the contractor, it was decided that the HDD would commence
and that as long as the contractor did not deviate from the specified vertical tolerance
of £3 feet, it would be unlikely to impact the un-located fiber optic line.
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Figure 3. Final Bore Path with Obstacles Including Existing Utilities.

In an attempt to help the contractor expedite submittals, the construction
management team agreed to allow piecemeal or partial submittals to be submitted in
whatever order or level of completion the contractor deemed appropriate. This
submittal process proved to be less than ideal, and in response, an extensive tracking
spreadsheet was developed to track submittals by level of completion along with
detailed comments for incomplete or conflicting submittals. The degree of difficulty
for submittal preparation was certainly impacted by the morass of requirements
included in the HDD specification necessary to ensure compliance with the three
permitting agency standards and guidelines. Ultimately a series of conference calls,
including regular distribution of the submittal tracking spreadsheet to the contractor
proved successful to increase the efficiency of the submittal process. The construction
management team facilitated regular discussions between the trenchless subconsultant
and the trenchless subcontractor during the submittal review that not only expedited
the process, but also developed a line of communication that proved invaluable when
issues occurred during construction.

One of the primary issues that presented itself early on in the project was the
area available for setup of the drill rig at the proposed entry point. The contractor
decided to mobilize a larger drill rig which would allow forward reaming with a
single upsize to the final 24-inch bore diameter. However, the use of a rig larger than
anticipated during design necessitated a change in the entry location and partial
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removal of an existing high security fence. The design team quickly incorporated the
new entry point, bore path changes, and pothole utility information into a revised
HDD bore path that allowed the contractor space for equipment while complying with
the various permit restrictions. During this phase of the project, the contractor also
proposed employing a 4-inch drilling fluid return line with a mud pit pump setup at
the exit pit which was fused together beneath the railroad trestle and over the
Burlington Ditch back to the entry pit. The mud return line was proposed to reduce
the number of vacuum truck trips required to transport drilling fluid from the exit to
the entry site for recycling.

A two degree bent sub and a jetting assembly were used to drill the 8-inch
diameter pilot bore (Figure 4, Left). The pilot bore was completed in three days,
including delays due to inadvertent drilling fluid returns to the ground surface after
drilling approximately 400 feet, or two-thirds of the bore. Drilling fluid was seen
escaping to the ground surface at the location of the fiber optic line pothole which had
been backfilled with grout (Figure 4, Right). The vacuum excavations performed to
pothole the fiber optic line were unable to be offset by any appreciable distance from
the HDD bore path centerline due to restraints to surface access. There was no
increase in the downhole annular fluid pressure prior to the inadvertent drilling fluid
returns reaching the ground surface, only a decrease in fluid returns to the entry mud
pit. The drilling fluid was immediately contained and removed with a vacuum truck.
Pilot bore drilling resumed with the escaping drilling fluid removed using a vacuum
truck. A crew member remained stationed at this location for the duration of the HDD
in order to monitor and collect drilling fluid migrating to the ground surface.

Figure 4. Pilot Jetting Assembly with Mill Tooth Bit (Left) / Inadvertent Drilling
Fluid at Pothole Location (Right).

A single 24-inch diameter forward reaming pass (Figure 5, Left), pushed from
the drill rig entry side was performed using a fluted reamer that proved very
successful in the alluvial soils. Forward reaming was completed in six days without
major incident. Severe cold weather interrupted the drilling operation with a decision
to postpone reaming for two days while temperatures were well below freezing. Drill
pipe tail string was utilized at all times throughout the forward reaming operation,
with an excavator used to provide tension on the drill string at the exit site. Drilling
fluid continued to flow from the ground surface at the intermediate inadvertent
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drilling fluid return pit but was successfully contained and hauled to the mud
recycling plant with a vacuum truck.

Figure 5. 24-inch Fluted Reamer (Left) / 10-inch Fusible PVC with Casing
Spacers Pushed into the 16-inch Steel Casing Installed via HDD (Right).

The contractor elected to deviate from the initial plan to pull the entire steel
casing with FPVC carrier pipe string in one continuous pullback operation. The
contractor was allowed to pull the steel casing in two segments with, an intermediate
weld performed during pullback. It took just under three hours to perform the
intermediate weld, and from beginning of pullback to completion of the casing
installation took six hours. After completion of the 16-inch steel casing pullback, the
10-inch FPVC carrier pipe was then pushed into the steel casing with casing spacers
used to guide the PVC pipe into place (Figure 5, Right).

CONCLUSIONS

Although the HDD installation was successful, the permit restrictions proved
to be onerous during design and construction. The use of plastic casings should be
considered by permitting agencies in order to provide more flexibility to the HDD
designer, which could reduce project risk and risks to the facility owners. The
advancements in plastic pipes are ongoing, and in certain pressure ranges plastic
casings can provide the facility owner with assurance that if in operation the carrier
pipe were breached, a plastic casing would effectively contain the fluid and prevent
damage to the crossing facility. This is certainly the case for the majority of water and
wastewater crossings. The same considerations should be made for eliminating the
use of casing spacers for HDD crossings that utilize plastic carrier and casing pipes.
The use of casing spacers should not be a mandatory requirement for these crossings,
but only employed at the pipe system designer’s discretion. Eliminating the
requirement of using casing spacers would reduce the overall casing diameter, and in
turn reduce the required HDD borehole final ream diameter. Reducing the HDD bore
diameter decreases overall cost, magnitude of potential ground disturbance, and
generally reduces the overall HDD risk profile.

This particular project was successful primarily because of the level of
concern and conservatism brought to bear by the design team. In spite of the
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permitting requirements, the design team consistently favored reduction of
construction risk and decreased impacts to interested facility owners over project cost
concerns. It should be noted that as a direct result of the analysis and engineering
effort expended during the permitting process, FRICO has re-evaluated and
subsequently updated its HDD permit restrictions and trenchless installation standards
to comport with current advances in trenchless construction. Permitting agencies
should be aware that enforcing stringent individual permit requirements at every turn
does not inherently result in a low risk or conservative HDD design. As this project
demonstrates, quite the opposite can be true when combining many seemingly
conservative restrictions that culminate in increased risk. Hopefully this project may
serve as an example of why a one-size-fits-all approach to HDD permitting should
not continue to be the standard of practice for interested agencies.
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Abstract

Competitive Power Ventures’ Woodbridge Energy Center is a new 700-megawatt,
dual energy, high efficiency power generating plant being built in central New Jersey.
Located in Woodbridge, New Jersey, the plant will supply electrical power to the
New Jersey metropolitan area, meeting the growing demand for power and providing
increased reliability for the local grid. When plant construction is complete, power
generated at this new facility will be transmitted to Jersey Central Power and Light’s
existing Raritan Substation, approximately three miles away.

The required three mile transmission alignment between these two locations included
some critical crossings, including two environmentally sensitive wetland areas and
the longest one, a crossing of the Raritan River. Use of traditional installation
methods such as overhead towers and direct burial of conduit were not feasible in
these sections of the required alignment. For these three critical locations horizontal
directional drilling (HDD) was used to install more than one mile of transmission
lines. Each of the three sections included dual parallel installations, resulting in six
separate drills of 30-inch casing and conduit pipe installations that would eventually
house three 230 kV electrical cables each. In all, over 11,000 feet of HDD
installation was completed for these sections.

Fusible polyvinylchloride pipe (FPVCP) was used for both the casing and conduit
piping. The 30-inch FPVCP casings housed four 8-inch FPVCP conduits to carry the
transmission cables, two 2-inch HDPE conduits for ground and fiber optic lines, and
two 3-inch HDPE grout delivery tubes. The entire assembly was grouted in place
using an engineered thermal grout for heat dissipation. Local suppliers provided the
materials that were tested and used for this project.

This paper will discuss the design and construction elements of the HDD sections, as
well as the lessons learned for these key ‘underground’ sections of the Woodbridge
transmission project.
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INTRODUCTION

Competitive Power Ventures is (CPV) currently building a new dual energy, high-
efficiency generating plant in Central New Jersey. The project, being called the
Woodbridge Energy Center (WEC), will produce 700 megawatts of electricity for use
in the New Jersey metropolitan area. The WEC will utilize natural gas as the primary
energy source and ultra-low sulfur diesel as the secondary energy source to produce
electricity. It will generate enough electricity to power more than 600,000 homes
helping New Jersey meet its growing demand for energy while also increasing the
reliability of New Jersey’s energy grid. The project is unique, in that it is situated in a
brownfields development area on the site of a former chemical plant, in Woodbridge,
New Jersey. In order to tie the new WEC facility into the grid, a transmission
alignment was required to connect to Jersey Central Power and Light’s Raritan
Substation (Raritan Substation), approximately three miles away from the WEC site
(see Figure 1).

% Woodbridge ¥
Energy
Center

Installation
Locations

Raritan
Substation

Figure 1. General location map sowing location of the HDD portions of the
project alignment and the Raritan Substation location.

The three mile separation of the WEC from the Raritan Substation included varied
terrain and a river crossing, which complicated the required construction of the
transmission cable. Due to the wetlands, river crossing and environmentally sensitive
nature of the work, traditional overhead or even direct bury trenched construction
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was not going to be possible for the entire alignment. For these specific sections,
horizontal directional drilling (HDD) technology was used to “underground” the
transmission cabling in cased conduits, where project site disturbance was not an
option. The entire alignment included sections of overhead, direct bury, and HDD
construction in order to meet the project constraints.

Marathon Engineering & Environmental Services prepared the initial alignment
drawings that were used to obtain all the local, state and federal permits for this
transmission line. While the permit process was underway, several local general
contractors prepared design-build proposals for CPV and their construction
management firm Kiewit Construction to complete the work. The transmission line
portion of the WEC project was ultimately awarded to a joint venture entity, formed
specifically for this project, between a Long Island, NY electrical contractor, E-J
Electric, and a large New Jersey based civil contractor, Ferreira Construction. This
joint venture entity, EJ/Ferreira JV, was well suited for successfully completing the
transmission line. E-J/Ferreira JV contracted with the engineering firm, Paulus,
Sokolowski & Sartor, LLC, to prepare the construction documents for the traditional
overhead and open cut portions of the transmission line. E-J/Ferreira JV then also
procured the services of Carson Corporation to design and build the six HDD’s
associated with the alignment.

PROJECT DESIGN ELEMENTS

The underground portion of the 230 kV transmission lines start about a 1/2 mile
behind the New Jersey Convention Center in Edison, NJ and crosses roughly 1-1/2
miles of wetlands as well as the Raritan River. The first HDD location consisted of
two parallel bores that crossed 1,500 feet of environmentally sensitive wetlands. The
next HDD location included the longest installation lengths for the project, consisting
of 2,400 feet crossing under the Raritan River. In between these two HDD locations,
E-J/Ferreira JV installed a 1/2 mile of duct bank conduit using direct bury
construction methods. The final HDD installation crossed 1,400 feet of
environmentally sensitive wetlands and tied the Raritan River crossing into the
Raritan Substation (see Figure 1).

The HDD portions of the project included three stretches of dual casing and conduit
installations.  The total alignment distance completed for the project was
approximately one mile, or one third of the project length. Since each HDD segment
required the installation of two casings and conduit bundles, the total length of the
HDD installations required was over 11,000 feet, or approximately two miles.

Horizontal directional drilling of electrical cable is typically more expensive than
traditional overhead lines, and it is imperative to maximize electrical efficiency or
ampacity for the underground portion of the transmission lines. The use of plastic
casing and conduit, such as polyethylene or polyvinylchloride in place of steel
reduces ampacity loss and the use of an engineered thermal grout helps dissipate heat
also helping with ampacity loss and extending cable life.
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The Carson Corporation elected to use fusible polyvinylchloride pipe (FPVCP) as the
casing and primary conduit material for several reasons. First, the tensile capacity of
FPVCP provides for a thinner pipe wall for the same buckling and deflection
resistance as other thermoplastic pipe options currently available. This means that
the overall borehole size could be reduced by using FPVCP, but still provide the
required casing and conduit inner diameter for the cable and thermal grout design.
Reducing diameter and wall thickness also had tangible value for the HDD process,
by reducing the size and weight of both the casing and the conduit, it lowered the risk
and cost. The final design for the HDD bores included a 30-inch FPVCP casing,
four 8-inch FPVCP conduits, two 2-inch high density polyethylene (HDPE) conduits
for the ground cable and a fiber optic line, and two 3-inch HDPE grout
tubes. Underground Devices, Inc. custom designed and manufactured casing spacers
for the project that held the conduit bundle in the appropriate configuration and also
provided wheels for reduced friction of the bundle during installation (see Figure 2).

Figure 2. Final conduit bundle assembly, showing the (4) 8-inch FPVCP
conduits, the (4) potential 2-inch HDPE conduits (only two used), the (2) 3-inch
HDPE grout tubes, as well as the casing spacers and how the configuration was

banded together.
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HDD CONSTRUCTION DETAILS

Construction of the HDD segments of the alignment began in early spring, 2014.
Required completion of these segments was on a very tight construction schedule,
requiring the entire transmission line to be completed and tested by September, 2014.
To meet this schedule, the HDD’s, overhead cable and direct bury work would all
need to take place on the project site simultaneously. Before any of the actual drilling
work could start, over two miles worth of timber mats needed to be installed, because
much of the HDD work areas were in soft, swamp-like conditions. Timber mats
created a stable platform to support the drilling equipment and a location to stage the
assembled casing and conduit pipe prior to pull back. A 54-inch steel conductor
barrel was constructed at each entry location prior to commencing with the actual
drilling activities. A pneumatic hammer, supplied by TT Technologies, Inc., was used
to drive 150 feet of casing into the ground at a 12 degree angle. This prevented the
soft ground near the surface from collapse during the HDD operations. Once the 54-
inch steel conductor barrels were installed for the first pair of HDD alignments, three
maxi-sized drill rigs were mobilized to the project site. All three drill rigs are
American Augers products, models DD140, DD440 and DD1100. The DD1100 is the
largest, with over 1,000,000 pounds of pull back force capability (see Figure 3). To
meet the demands of the schedule, drilling took place two bores at a time. Following
the drill plan designed by Carson Corporation, a 12-inch pilot hole from entry to exit
was created which set the alignment of the bore hole. This was followed by several
reaming operations that successively enlarged the hole from 12-inch to 24-inch, 24-
inch to 36-inch, and ultimately 36-inch to 48-inch. After the 48-inch hole was cut,
Carson Corporation preformed one final “swab” pass to ensure the integrity of the
bore hole, sweep any remaining cuttings and excavated material from the borehole,
and stage clean drilling fluid for the final pull-in of the casing pipe.

Figure 3. The larges directional drill rfg used for the proj t, an American
Augers DD1100.

While the drilling operations were ongoing, Underground Solutions, Inc. was

assembling and de-beading the 30-inch FPVCP casing pipe. Sections of 30-inch

60



Pipelines 2015

© ASCE

FPVCP were thermally butt-fused together into one continuous length of pipe. These
lengths were staged beyond and in line with the exit hole of each bore. Each fused
joint was internally de-beaded, whereby the raised portion of fusible material that is
left after the joints are completed is removed with a mechanical cutter. This was
necessary to ensure the wheels on the casing spacers for conduit bundle would not get
hung up during the conduit bundle installation. The entire string of 30-inch FPVCP
was pressurized with 5 psi of compressed air and pneumatically tested for 30 minutes
prior to installation to ensure there was no vandalism or damage to the pipe string
prior to installation.

The timing of the construction was orchestrated so that immediately following the
swab pass, the 30-inch FPVCP was ready to be installed. Using a mechanical
pulling head attached to the 30-inch FPVCP, installation of the entire string took less
than 200,000 lbs of force (see Figure 4). To reduce the amount of pull back force
needed, the casing pipe was ballasted or filled with water as it entered the bore hole.
This acts to reduce the upward buoyant force created by the pipe as it moves through
the dense drilling slurry, reducing the frictional forces generated as it is pulled
through the bore. All of the HDD bores were completed in this same fashion.

P

Figure 4. Typical30-inch FPVCP casing insertion shown with aerial support
provided to guide the FPVCP into the required angle of the drill exit.

Each set of bores presented a unique set of challenges. The first set of bores
contained the unknown of what this area would entail in terms of actual drilling
geology.  Although, relatively good geotechnical information was available to
characterize the geology, the most valuable geotechnical information is always
gathered from the actual drilling. The second set of bores, across the Raritan River,
were the longest and had to penetrate a known rock outcropping. Using the
information obtained during the first set of bores and some specialized rock tooling,
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the Raritan River crossings were completed as designed. The final set of bores,
which set up to be the easiest at the project start, wound up being the most
challenging. For the first two set of bores, there was a 40 foot wide easement to work
in. These bores were designed and installed with approximately 30 feet of separation.
For the final set of bores, the easement was only 22 feet wide. Further complicating
this matter was the fact that the cable manufacturer, Taihan Electric Wire Co., LTD.,
mandated a 19 foot separation between the bores to prevent the cables from
overheating. A sophisticated wire tracking and guidance system that is able to
precisely locate the cutting head was used to provide the required separation between
the bores while not extending beyond the easement.

After successful installation of the 30-inch FPVCP casing for all six HDD’s, all the
large drill rigs demobilized and the bundle installations started. Each 30-inch FPVCP
casing would house four, 8-inch FPVCP conduits for the 230kV conductors,
including three phases and a spare conduit, two 2-inch HDPE conduits for the ground
conductor and a fiber optic communication line and three 3-inch HDPE pipes to serve
as the grout delivery system. As with the 30-inch casing, four strings of 8-inch
FPVCP were fused, internally de-beaded and staged for installation near the 30-inch
casing. A similar process was also performed for the 3-inch HPDE grout delivery
pipes. However, since these pipes were sacrificial for the grouting process, there was
no need to de-bead each fused joint. Conversely, the 2-inch conduits needed for the
ground and communication lines required a smooth internal wall. Using HDPE as
the material for these conduits meant that it could be sourced on reels which matched
the required length of each bore. Therefore, no joining or de-beading of the 2-inch
conduits was required.

It was estimated that approximately 10,000 Ibs of pull back force would be required
to install the conduit bundle within the 30-inch casing. Instead of using a much
larger drill rig, a Vermeer 10x15 directional drill rig with over 10,000 Ibs of pull back
capacity was used to more closely match the expected pull force estimates. The
Vermeer 10x15 drill steel was threaded through the 30-inch casing and each conduit
was independently attached to the drill steel. All the conduits were bundled together
using stainless steel banding and custom fabricated casing spacers, one every five
feet. With just the Vermeer drill rig and a small excavator on the insertion side to
help guide the bundle into the 30-inch casing, each bundle was pulled into their
respective casing with very little effort. The actual pull back force needed to install
the entire bundle for any given insertion never exceeded 1,000 Ibs as registered at the
drill rig.

THERMAL GROUT DESIGN AND CONSTRUCTION

The purpose of thermally grouting underground installed electrical conduits is to
remove heat generated by the transmission of electric power. Heat generated during
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electrical transmission increases the resistance and thus increases power loss.
Additionally, removing heat effectively increases the lifespan of the cable insulation
and the cable itself. Overhead wires have constant air cooling. Underground, there is
no air circulation, thus another method of heat removal is required. Thermal grouts
permit the transfer of heat from the cables into the surrounding soil. The science
behind thermal grouting has been around for several decades, but long distance
thermal grouting did not become a reality until approximately 2006 (Dickes, 2007;
Irani et al., 2007; Dickes and Parmar, 2008).

The advent and increased use of cement admixture technology opened the doors to
improved control and behavior of cementitious products. Extended working times,
improved flow characteristics and improved grout stability proved very advantageous
for the WEC project.

The six, long, cased HDD sections for the WEC project would be comprised of a very
tight conduit bundle, meaning that there would not be a lot of space available
between the conduits and casing for the grout to flow and fill all voids. This makes
the project difficult in applying thermal grout technology. The tight bundle
configuration posed two distinct issues. First, there would only be two small, 3-inch
grout conduits from each end to work with. Second, the tight bundle arrangements
only provided narrow grout flow paths to properly distribute the grout mix. This
project would require a very fluid, homogeneous grout to be developed and applied.

Three primary factors need to be considered during thermal grout development. The
first is the required, final thermal properties which must meet or exceed the required
performance criteria. The second is constructability or the ability to deliver the grout
and fully encapsulate the conduits. The third and final factor is cost.

Constellation Group, LLC (CGLLC), the grout specialist for the project, undertook
the grout development process. Combining admixture knowledge and the use of
specialty silica products, an initial thermal grout was developed. The basic grout
components are cement, silica, water and admixtures. In terms of conducting heat,
silica, including sand, performs the best, followed by cement, then water. Air is not
desirable since it is a thermal insulator. Generally, air content per typical standards
(ASTM C231, 2014) is a maximum of 2%, but grouts having 0.5%, or less air, are
that much better. Less air means more solids and better thermal conductivity.

Thermal grouts have to perform mechanically during the placement phase. Too much
silica produces a grout that is difficult to pump and will segregate during placement,
or will “sand-block™ the grout piping. A proper balance in the mix design must be
established for optimum placement performance. Silica products run from coarse or
concrete sand to masonry sand, fine natural sands, less than 250 micron, and silica
flours, 50-125 micron, with costs increasing as the grain size becomes smaller. For
WEC a fine natural sand was selected as meeting the best overall conditions for the
project, including balancing the cost of materials. After the grout mix was
formulated, samples were submitted to Geotherm, USA (Geotherm) for thermal
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resistivity testing. Further refinement of the mix design produced a grout with the
required thermal resistivity. The required minimum thermal resistivity was 120° C-
cm/W, with a preferable requirement of 90-100° C-cm/W. There was no stated
moisture content percentage, so zero moisture content was assumed. Grout in an
HDD, cased environment does not reach an absolutely dry condition as there is no
place for moisture to migrate if the casing is properly sealed. Typical residual
moisture levels are estimated at around 6%. The thermal dryout curve shown in
Figure 5 shows the thermal resistivity of the grout mix at different moisture levels.

THERMAL DRYOUT CURVE
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Figure 5. Thermal dryout curve test results for a sample, showing thermal
resistivity with varying moisture content. Figure courtesy of Geotherm and
CGLLC.

Carson Corporation self-performed the grouting operations with CGLLC’s guidance
for the actual grout mixing and placement. A locally sourced fine sand was selected
for use on this project; however, this product was not compatible with the local ready
mix supplier’s equipment. Therefore, a hybrid method of batch mixing was utilized
as follows:
1.) The ready mix supplier loaded his trucks with the prescribed amount of
water, cement and certain admixtures.
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2.) When the trucks arrived on site, 15,000 pounds of the specialty fine sand
was loaded, along with a final admixture and additional water (see Figure
6).

3.) After the truck was fully loaded, samples were taken to ensure the final
mix met or exceeded the designed specific gravity of 128 pounds per
cubic foot (pcf). Average unit weights were approximately 130.5 pcf as
measured.

4.) In total, over 2,120,000 pounds of fine sand was handled in this manner.

I\, -}
Figure 6. Addition of sand on-site as part of the hybrid grout batching
arrangement for the project.

This process created a very fluid grout, with an efflux time (ASTM C939, 2010) of
16 seconds. The use of stabilizers in the mix prevented segregation. The tight
configuration of the bundle, further complicated by the small 3-inch nominal grout
pipes, limited the grouting process to an average of 24 cubic yards per hour.
Pumping pressures, as monitored, were 175 psi on the pressure stroke and near zero
on the off stroke. The pressure of 175 psi is misleading, as the pressure gauge was
located upstream to the pump hose reduction to the 3-inch grout pipe. Downstream
pressure was near zero the entire time, except for the hydrostatic pressure of the

© ASCE
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grout. Very fluid grouts should not build up around the duct spacers or develop back
pressure.

As a standard operating and safety procedure, all conduits were filled with water and
pressurized. This serves two purposes. The first is to act as a safety factor against
unforeseen grouting pressure spikes; and the second is to act against any heat build-
up on the conduits from cement heat of hydration. Many mix designs incorporate
heat of hydration control, either through material selection, admixtures, or both.

In total, over 1,350 cubic yards of thermal grout was pumped into the casings. Over
90% of all grout pumped was through the 6 primary, centrally located grout pipes
installed in each bundle configuration. Approximately 50 feet near the end of each
casing was left ungrouted. This allowed for final excavation and laydown of the
casings and conduits to their final elevation.  After connection to the respective
vaults and tie-ins, the casings were topped off with thermal grout. Grouting was
completed in seven, non-consecutive days. The first 1,400 LF casing required two
days to complete, due to grout delivery issues with the ready mix supplier.
Thereafter, each casing was completed in one day.

PROJECT RESULTS AND CONCLUSIONS

The HDD portion of the transmission alignment was completed on time and within
budget. The rest of the transmission alignment portions were also completed within
the required timeline. Work on the actual WEC facility continues.

Several records were set on this project in regards to the HDD portions performed
and thermal grouting. These are to be considered informal as there is no one agency
or institution, other than the personnel performing these tasks, overseeing or
maintaining any records. For thermal grout application in sheer volume, this was the
largest thermal grouting project to date, including 1,350 cubic yards. This was also
the longest total footage of thermal grout installation for one project, including
11,000 feet of thermally grouted casing and conduit bundle.

This project is a good example of how a specialized team of experts and construction
professionals can work together to construct a unique project in a successful and
efficient manner. The design-build delivery assured that design and construction
were in agreement and were realistic.

Long distance thermal grouting is a developing field. Each project has different
requirements and only experience, and often times, mock-ups, can provide the correct
path. On this project, a trial truckload of grout was batched and dictated a change in
delivery quantities. The trial also demonstrated the grout was very fluid and stable
and suitable for this project. The hybrid batching plan was also a unique solution to
project location, cost and material constraints.
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This was the first project in the project team’s experience to utilize a fine, natural
sand, which proved to be the right choice for this project. However, this may not be
the correct material for other projects. Planning well in advance and working with
suppliers and contractors is a necessity when it comes to designing thermal grouts to
meet the needs of individual projects.
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Abstract

Pipelines have been traditionally constructed in short 20-40 feet (6-12 m) long
segments. The pieces are shipped from the factory to the job site and stored on site
until they are joined together. This process leads to delays in projects due to the time
required to build the pipe segments, and high transportation charges for delivery of
the pipes to the job site. Once connected, the joints are a major source of leakage and
maintenance expense that continue for the life of the pipeline. The pipe materials
require protection against corrosion and the heavy weight of the pipes is a safety
concern, making pipeline construction one of the most dangerous trades. In view of
the above limitations, the author has developed an onsite-manufactured pipe that
allows construction of a virtually endless pipe of any diameter and pressure rating
onsite. Unlike conventional pipes, the walls of this pipe are made of a lightweight
core that is encapsulated between layers of Carbon or Glass Fiber Reinforced
Polymer (FRP). The thickness of the core and the number of layers and type of
fibers, i.e. carbon or glass, are determined based on the project loading requirements.
This paper focuses on the development of the first prototype of the Mobile
Manufacturing Unit (MMU) that was completed in October 2014. Within the MMU,
layers of resin-saturated fabrics are wrapped around a mandrel and cured to create the
pipe. As the MMU travels along the roadway, it produces a continuous pipe at a rate
of 2 miles (3 km) per week. Various aspects of the MMU that were considered and
the lessons learned as part of this R&D are presented. A hand-made version of this
pipe can be produced with minimal equipment, providing safe drinking water to
remote sites and villages worldwide.

INTRODUCTION

Construction of pipes with available technology requires fairly heavy equipment and
complex manufacturing facilities. As a result, pipes are constructed in short segments
and shipped to the job site, where they are joined together. The result is a pipeline
with joints every 20 feet (6 m) or so. These joints are a potential source of leaks,
which can inflict significant loss of revenue as well as harm to the environment. For
treated water, the problem is so prevalent that the term Non-Revenue Water (NRW)
has been globally accepted to refer to the treated water that is lost primarily through
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leaks. According to a World Bank report, the cost of NRW in 2006 was
conservatively estimated at $14 billion (Kingdom, et al. 2006).

For the energy sector, the recent surge of exploration and development of shale gas
has increased the demand for pipelines significantly. The Houston Chronicle (Mello
2013) has reported that a shortage of qualified welders has delayed construction of
pipelines. The rapid escalation of energy production in shale formations across the
U.S. has produced a bonanza of oil, but it has left many states scrambling to handle
the natural gas that often flows in large volumes along with the crude. According to a
recent article in the Los Angeles Times, the amount of gas flared in the Bakken oil
field in North Dakota has nearly tripled since 2011, sending gas worth more than §$1
billion a year into the sky (Dave 2014). The primary reason for this waste of energy
is the inability to build pipelines quickly.

For large diameter pipes, the transportation costs alone from the plant to the job site
add significant expense to the project. Moreover, handling of large pipes is a high-
risk task. According to OSHA’s records, there were 19 deaths in 2013 in pipeline
construction projects; most occurring when the pipes are being loaded onto or
unloaded from the trucks or when the pipe is being placed in an open trench (OSHA
Fatalities and Catastrophes Report FY2013).

1t is our firm belief that the current method of pipe manufacturing is very inefficient
and unsustainable; it is only a matter of time before technologies will be developed
for on-site manufacturing of pipes. This paper presents one such solution and the
lessons that we have learned in pursuit of such a goal.

EARLIER DEVELOPMENTS

In response to the above challenges we started the development of a lightweight
honeycomb-FRP pipe that was introduced recently (Ehsani 2012). That pipe (called
StifPipe®) uses a similar technology but it is made by hand in shorter segments for
use in repair of pipes by the slip-lining method. A typical pipe could be constructed
according to the following steps:

1. Provide a reusable and easily collapsible mold or mandrel to match the shape
and size of the pipe being manufactured; it is best if the mandrel is designed
such that its diameter can be adjusted in continuous or small increments;

2. Wrap one or more layers of resin-saturated carbon or glass fabric by hand
around the mandrel; the number of layers and type of fiber (carbon or glass)
will be determined by our design engineers based on the project pressure
requirements;

Wrap a layer of a honeycomb sheet on top of the fabric layers;

4. Wrap additional one or two layers of resin-saturated glass fabric by hand
around the mandrel;

Allow the pipe to cure in ambient temperature (about 12 hours);

6. Collapse the mandrel and remove the finished pipe segment from the mandrel.

(98]

9]
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This process is fairly simple and we have used it to build pipe segments for repair of
gravity and pressure pipes. A 60-ft (18 m) long 24-inch (610mm) corrugated metal
culvert was repaired in Mobile, AL (Ehsani 2013) (Fig. 1). To keep the cost down,
this pipe was made with glass fabric only. In another application, shown in Fig. 2,
seven segments of 4-ft (1.2m) long 48-inch (1220 mm) diameter corroded steel pipes
in Avalon Pumping Station, Carson, CA were repaired with this technique (Ehsani
and Parsons 2013). The custom pipe segments were manufactured with an outside
diameter of 47 inches (1194 mm), to minimize the loss of flow capacity after the
repairs. To meet the operating pressure requirements of the plant, this pipe used two
layers of carbon FRP on the inside plus two layers of glass FRP as the outer surface.

While the above procedure works perfectly well, its main shortcoming is the speed of
construction. These pipe segments are intended to be built in short pieces prior to
installation using the slip-lining technique. They require several hours for the pipe to
cure on the mandrel. These limitations had to be overcome for an onsite
manufactured pipe.

Figure 2. Making and installation of honeycomb-FRP pipe used for repair of pressure pipe.

CONTINUOUS PIPE MANUFACTURING

Considering the relative ease of manufacturing of this pipe, it would be a major
achievement if the manufacturing process could be automated to build the pipe in a
continuous manner in the field at a fast rate of production. However, to make this
transition successfully, there are several design and manufacturing issues that need to
be addressed. Each of these challenges are discussed in more detail below.
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Mandrel: The mandrels that we had used had a fixed diameter g
(Fig. 1) or they required access to the inside of the mandrel to
collapse the mandrel and remove the finished pipe (Fig. 2). The
automated system must include a mandrel that can be
automatically collapsed without access to the inside of the
mandrel. One possible design is shown in Fig. 3. The mandrel
is made of a tube with a slit along the length. Turnbuckles or &
electrically-controlled links can be used to reduce the diameter Flgure 3. Collapsible
of the mandrel slightly, allowing the finished pipe to be mandrel

removed. A small overlapping flap along the length of the

mandrel can be used to cover the gap that is created by the slit. The mandrel will be
supported as a cantilevered arm from one end (Fig. 7b). The finished pipe will come
off of the unsupported end of the mandrel (Fig 7a). The operator can control the
opening and closing of the mandrel with the switches shown in Fig. 7b.

Surface Finish: A major feature of the mandrel has to be a non-stick surface so that
when resin-saturated fabric is cured on the mandrel, it could easily be removed. There
are hand-applied or sprayed coatings that can be applied to the surface of the mandrel
but these require a fresh application every time a new segment of pipe is being made.
This would increase the production time. Other coatings such as Teflon or Mylar
sheets can be used also. However, most of these coatings cannot stand the heat that is
required for the curing of the FRP. There are similar coatings that could withstand
the heat, but these too may not last the full life of the mandrel and periodical re-
coating may be necessary. The best solution is a chrome-plated plate. The smooth
surface of such a finish is virtually free of any non-uniformities and would allow easy
removal of the finished pipe. At the same time, the chrome finish can easily handle
the heating of the mandrel during the curing process.

Epoxy: The speed of manufacturing a pipe on site is greatly influenced by the
properties of the epoxy being used.  The pipes shown in Figs. 1 and 2 were made
using a QuakeWrap epoxy which is part of a proprietary system that meets the strict
NSF-61 standards for potable water pipes. The resin fully cures in 24 hours in
ambient temperature (Epoxy A in Fig. 4). While this feature (i.e. requiring no
special curing process) is ideal for repair of pipes and large walls or slabs in a
building, the long cure time delays the speed of manufacturing new pipes. Typically,
it will take less than 2 minutes to wrap

the fabric layers around a 10-ft (3m) -

long mandrel; after which laborers [
would have to wait while the epoxy

cures before removing the finished 200°C
pipe. Epoxy cure time is the major K _

bottleneck in the production process, so 75 ) o
any reduction in this time will =V ER e
significantly impact production speed. Figure 4. Temperature vs. cure time for epoxies.
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After a number of trials and consultations with industry partners, a new resin was
selected that fully cures in only 3 minutes if heated to 300F (150C) (Epoxy B in Fig.
2). A further advantage of this resin is that it has a long pot life at ambient tempera-
ture. Rolls of fabric can be saturated with resin a day before they are needed. The
saturated fabric rolls can be stored next to the MMU in the field and loaded into the
MMU to be wrapped around the mandrel. This eliminates the need for mixing resin
and saturating fabric in the field, a time-consuming process.

A third category of epoxies shown as Epoxy C in Fig. 2 offer two potential
advantages. These epoxies require a shorter time (2 min. vs. 3 min.) and less heat
(200F vs. 300F) or (93C vs. 150C) to start the curing process. Once the pipe is
removed from the mandrel and the heating source, the pipe will continue to cure at
ambient temperature for a few more hours until it is fully cured. Because the pipe is
not going to be subjected to any internal or external loads immediately, this type of
epoxy appears to be the most advantageous for on-site pipe manufacturing.

Heating Source: As discussed earlier, the epoxy must be heated to initiate the curing
process. Several techniques for heating the resin were explored and tested. These
included LaminaHeat™ (Fig. 5) which is connected to an electrical circuit and
provides a very uniform heated surface. However, because of the time required to
raise the temperature in LaminaHeat™ to 300F (150C), it was ruled out. Another
promising technology is Variable Frequency Microwave (VFM) by Lambda
Technologies (Morrisville, NC) that claims an efficient uniform curing of the
resin. Unlike conventional microwave ovens used at homes that operate at a fixed
frequency (primarily to excite water molecules), this technique varies the microwave
frequencies to ensure that all parts of the subject are heated at the same rate. Samples
of fabric and resin were made into a pipe sample cured with VMF in one of Lambda
Tech’s ovens. The sample looked very good and the epoxy was fully cured.
However, a VFM oven based on this technology to fit a pipe would cost around
$100,000. For that reason, this option was ruled out for the time being.

A third system tested was a technology
where carbon nanotubes are dispersed in a
resin to create an electrically conductive
resin.  Applying a film of this resin to the
inside surface of the mandrel and passing a
current through it generates heat that in turn
heats the mandrel and the inside layer of the
pipe. This technology is viable since the
resin bonds to the surface of the mandrel and
stays in place (unlike a separate heating film
or element that may come apart from the
mandrel). The disadvantage is that the resin
must be applied manually to the inside
surface of the mandrel; making it difficult to
apply to smaller diameter mandrels.

Figure. 5. LaminaHeat and propane heater
tried in curing the pipe.
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To prevent delays in the project, a decision was made to use gas heaters to heat the
resin (Fig. 5). For testing purposes, a temporary enclosure was built and the pipe
samples were placed inside this enclosure. The pipe was heated using gas heaters
both inside and outside the pipe. While this system worked well, it does require
supply of propane on the MMU platform. For some remote sites, this could result in
additional challenges. For that reason, the use of propane was ruled out.

The heating element used in the first MMU is shown in yellow color in Fig. 7b. This
is a clam-shell shaped insulated box that includes electrical heating elements and
small fans to circulate the heated air once the shell is closed around the pipe. For the
first MMU, the pipe is being heated only from the outside. Considering the diameter
of the mandrel for the first MMU 8 in. (200 mm), heating from the outside was
sufficient to cure the pipe. As the diameter of the pipe increases, the MMU must be
modified to heat the pipe from both inside and outside. The resin/carbon nanotube
option discussed above offers a great solution for heating the pipe from inside when
larger pipes are being made and the large diameter of the mandrel allows application
of this resin.

Interior Finish: Water tightness of the pipe is of course very important. As part of
the NSF SBIR Grant, short term hydraulic burst tests were conducted to determine the
pressure rating of the pipe (Ehsani 2014).  The interior surface of those test pipes
were made of two thin sheets of glass veil saturated with resin, the hypothesis being
that this combination would create an impervious watertight layer. Tests showed that
those specimens started to leak at relatively low pressures (less than 10 psi) due to
water seeping through the veil.

Two additional pipe samples were made where a 4" (3mm) thick HDPE sheet was
wrapped around the mandrel and the edges of this sheet were heat-welded together to
create a thin HDPE pipe on the mandrel. Carbon and glass fabric were then wrapped
on the outside of this thin HDPE pipe. The result was basically a thin HDPE pipe that
derived stiffness and strength from the external FRP layers. A further advantage of
such a pipe is that the interior HDPE layer does not bond to the mandrel (unlike a
resin-saturated fabric), so removing the finished pipe from the mandrel is much
easier. Furthermore, HDPE pipes manufactured in the U.S. by companies such as JM
Eagle have been used extensively as water or sewer pipes.

After numerous attempts at creating a good weld at the seams of the HDPE, the pipe
samples were made and tested at the Louisiana Tech’s Trenchless Technology Center.
This sample resisted an internal pressure of 80 psi (5.5 bar) at which time a pinhole in
the welded seam of the HDPE started to leak. This leak developed because of poor
workmanship. 80 psi (5.5 bar) is more than sufficient for many projects that operate
under gravity flow (e.g. culverts and sewer pipes). Improving the quality of the weld
will delay or eliminate this mode of failure. However, the welding of the HDPE and
automating this process may be too difficult to achieve in the near future. Using one
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or two layers of chopped glass mat richly saturated with resin will provide a
watertight internal surface for the pipe.

Connections and Fittings: The onsite-manufactured pipe described here is best
suited as a transmission pipeline where few valves or fittings are needed. However,
there will be a need for long segments of the pipe to be connected together. The ends
of the pipe can be cut flush and two pipe segments can be externally wrapped with
resin saturated carbon or glass fabric to create a longer pipe. Such connections are
commonly used in assembly of fiberglass pipes and can produce pressure-rated
fittings.

While our focus has been on manufacturing the long barrel of the pipe, elbows and
fittings can be built by hand using the same technology as we have used to build
shorter pipe segments (Figs. 1 and 2). Moreover, steel or fiberglass flanges and
fittings from other manufacturers can be inserted into our pipe and secured with the
wet layup system; these flanges can then be bolted together by conventional ways.

For sewer pipe or pipes with low operating pressure, many such products are readily
available on the market. As shown in Fig. 6, Inserta Tee® provides a three-piece
lateral connection consisting of a PVC hub, rubber sleeve, and stainless steel band
that can be easily installed on InfinitPipe®. The connection shown here uses a
compression fitting and is suitable for gravity flow pipes. Connections and fittings
for water and other pressure pipe applications require further development. If
necessary, the connection can be externally wrapped with FRP wet layup to increase
its pressure rating.

ol il

Figure 6. Installation onto InfinitPipe® of a lateral connection made by Inserta Tee®

MOBILE MANUFACTURING UNIT (MMU)

The first prototype of the Mobile Manufacturing Unit (MMU) was completed in
October 2014 (Fig. 7). The unit is only 28 ft (8.5 m) long and weighs less than 7000
pounds (3200 kg), so it can fit in a standard container for shipment to the job site.
The lightweight MMU can also be mounted on a flatbed trailer and pulled with a
small truck in areas where no developed road infrastructure exists.
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One operator controls the entire equipment through the switches that are installed new
the right end (Fig. 7 b). Rolls of glass or carbon fabric are saturated with resin in
advance. A typical roll is 12 inches (300 mm) wide x 100 ft (30 m) long. The
rotating hub shown on the left end of the MMU has arms where these saturated rolls
are installed. The angle of orientation of these arms can be easily adjusted, resulting
in different pitches for the fabrics being wrapped around the mandrel.

The pitch angle and speed of rotational and translational movement of the hub are set
by the controls on the right end. As the hub rotates, layers of fabric are wrapped
around the mandrel. The hub then comes to a halt, and the heating oven
automatically rises and clamps around the recently wrapped fabric. The oven is
heated and within three minutes the pipe is fully cured. The operator then collapses
the mandrel, and the finished pipe is pushed out to the left, leaving only a small
portion of the pipe on the left tip of the mandrel. The process of wrapping starts
again, by continuing at the end of the previously completed pipe. This procedure can
continue forever creating an endless pipe.

A

@ (b)
Figure 7. Views from the (a) left and (b) right ends of the first prototype of the
Mobile Manufacturing Unit (MMU)

video of the MMU is available on YouTube and can be watched at this link
(http://goo.gl/2KAzuD). In this demonstration video, an 8-inch (200 mm) diameter
pipe is being built. The operation is stopped after 12 ft (3.6 m) of pipe has been
made. The pipe has a pressure rating of 500 psi (34 bar) and weighs less than 2.5
pounds/ft (3.5 kg/m), allowing for easy handling (Fig. 8). The pipe is rigid enough to
allow a truck driving over it without damaging the pipe even when the pipe is not
embedded in soil. The MMU can produce pipe at a rate of 2 miles (3 km) per week.
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Figure 8. First sample of onsite-manufactured pipe is very light and easy to handle.

The pipe can be either buried directly in a trench or it can be used to slip-line existing
pipes. The method of manufacturing of this pipe is so versatile that allows the
designer to change the design along the length of the pipeline. The pressure rating of
the pipe is determined by the number of inside layers of carbon FRP fabric that are
positioned in the hoop direction. As shown in Fig. 9, for example, when a pipe
moves along a steep hill, the number of layers can easily be reduced as the pressure in
the pipe is reduced due to change in elevation. Similarly, when a portion of the pipe
has to span a crossing, additional layers of carbon can be applied in the longitudinal
direction to increase the flexural strength of the pipe — acting as a beam.

MatCh Deslgn Pressure Axial (Thrust or Flexural) Loads

Pressure = Low

:sLayers of CFRP InfinitPipe®

Fully Supported on Soil
1 Layer of Longitudinal
CFRP $

InfinitPipe®

Suspended Segment
Pressure = Medium 3 Layers of

3 Layers of CFRP Longitudinal CFRP
$$5 $5%
Pressure = High
4 Layers of CFRP —
$5

Figure 9. Design of onsite-manufactured pipe can be easily changed to
accommodate changes in stresses along the pipeline.

The overall stiffness of the pipe can similarly be modified. For example, for slip-
lining a subsea pipeline, it is possible to make a very strong yet semi-flexible pipe
that can be pulled into the host pipe as the pipe is made on shore. Such a liner can be
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designed to accommodate the sweeping angle changes that may be present in the host
pipe. Yet the liner/pipe is so light that it will be nearly buoyant in water, requiring
little jacking force to pull it into the deteriorated host pipe. We have been contacted
by a few clients for such retrofit applications.

CONCLUSIONS

The results of a long term R&D process by the author has led to the development of a
new type of pipe that can be manufactured onsite in an endless fashion. The
lightweight pipe is non-corroding and can be designed to resist any internal pressure.
The unique use of the materials make this pipe very economical. Depending on the
diameter of the pipe, one container of raw materials can be shipped to produce over a
mile of pipe in a remote site.

While the first prototype of the Mobile manufacturing Unit has been developed and is
operational, there are many improvements that can be made on this model.
Nevertheless, there is little doubt that such a technology can revolutionize the
pipeline manufacturing industry by reducing cost and delivery time, while producing
a non-corroding pipe with few joints to leak.
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Abstract

Lake Travis is located northwest of the City of Austin, Texas. Due to explosive population
growth in the area, the Austin Water Plant No. 4 was designed and constructed in the “hill
country” to pull water out of the lake through an intake vertical shaft and tie-in the tunnel located
approximately 230’ underneath the lake. The project was designed and bid with one contractor
doing the shaft and another installing the tunnel and Cut-In Outlet. This paper discusses from a
manufacturer and specialty installation perspective how and why the cut-in outlet was required
for this installation between the Intake Shaft and Tunnel. Also discussed is how a standard
AWWA Manual M11 Design Procedure for Crotch-Plated Fittings in the original bid documents
was not applicable for this installation. The paper will go into the design procedure and
methodology used and discusses the changes that took place between the design and approval
process and the final installation. The first half of this paper will discuss the Pipe
Manufacturer’s Perspective including the design, bid and approval process for this installation.
The second half of this paper will be the Specialty Installation Perspective which will discuss the
installation process including the outlet fit-up, welding and NDE practices used for this
installation.

OVERVIEW

The Austin Water Treatment Plant No. 4 is located northwest of Austin, Texas. This 300 MGD
plant will pull water out of Lake Travis and supply it to the fast-growing area of northwest
Austin.

Figure 1 illustrates the hydraulic profile schematic where water is being moved from the lake
into the intake screens, then to the raw water intake tunnel. Next is the raw water pump station.
Water is then moved from the raw water pump station to the water treatment plant via the raw
water transmission main. Total costs for the project is estimated to be around $359 Million, with
around $15 Million estimated for the raw water transmission main, including the tunnel
installation.
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PIPE MANUFACTURER’S PERSPECTIVE
The water treatment plant intake consists of 108 Steel Pipe Intake Screens and Headers that tie
into the 108 Vertical Intake Shaft. This shaft drops around 230 vertical feet. There, the
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Figure 1. Hydraulic Profile Schematic for Austin Water Treatment Plant No. 4.

connection was made between the Raw Water Vertical Intake Shaft and the Raw Water Intake
Tunnel around elevation 450 feet. The field-installed 108 outlet is attached to the 108 vertical
intake shaft. Figure 2 shows the location where the outlet will be cut into the vertical shaft. The
consulting engineer specified a field cut-in outlet instead of a fabricated tee for a variety of
reasons. First, if a fabricated outlet was already installed on the shaft, it would have to be
perfectly lined up with the tunnel. Since the shaft was installed first, one could not be 100
percent sure of perfect alignment and if the alignment was off a few degrees, the modifications
required would be difficult at best and very expensive. Next, the Raw Water Intake Shaft was
installed by a Sub-Contractor to the General Contractor who installed of the Raw Water Intake
Tunnel. As stated previously, project sequencing required the Raw Water Intake Shaft to be
installed before the Raw Water Intake Tunnel was completed.

© ASCE
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Installation Location
As can be seen from Figure 2, the work location was quite compact. There would be no room
for any layout or welding on a flat surface.

Figure 2. Field Cut-In Outlet Location around Elevation 450 feet.
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AWWA M11 Design

The project specifications called for all fittings to be designed per the AWWA Manual M11-
Steel Water Pipe: A Guide for Design and Installation, Manual of Water Supply Practices,
Fourth Edition (AWWA 2004). Chapter 13, Supplementary Design Data and Detail outlines the
procedure for reinforcement of fittings. Equation 13-1in the above- referenced section, also
shown herein as Equation 1, is used to determine the type of reinforcement. The value calculated
is called the Pressure-Diameter Value, or PDV. The PDV is based on the ratio of the branch
diameter (d) to the main pipe diameter (D) and on the angle of the outlet to the centerline of the
main. This value is used in determining the type of reinforcement to be used. Types of
reinforcement are collars, wrappers and crotch plates. AWWA Manual M1 1states that for PDV
values less than 6,000, either collar or wrapper reinforcement can be used. For PDV values
above 6,000, crotch plate reinforcement is to be used.

Pad?

(Equation 1) PDV = EYTET

(All values are in US customary units)

Where P = Design Pressure (from Hydraulic Profile), in psi
d = Branch OD, in inches

D = Main Pipe OD, in inches

A = Outlet Angle, in degrees

Main Pipe and Branch OD =110 %"

Design Pressure = 150 psi

Delta = 90 Degrees

The PDV for this outlet is 16,575. According to the AWWA M11 Guidelines, this application
would require a 3” thick crotch plate type reinforcement with a depth of plate, dw and db of
around 70 and a width of plate, dt around 23”, resulting in the fitting being over 10 feet long
and nearly 13 feet wide. After analyzing the proposed crotch plates, the dimensions would
require that the plates be build in half sections and welded together at the cut-in tee location.
Figure 3 shows a butt weld seam on a similar-sized crotch plate from another project where the
two halves of the crotch plate were joined together. For this project, the plates would have to
have been double-beveled to achieve a complete joint penetration weld, which would require
welding on both sides of the plates. This is easily done in the shop but not so in the field,
especially at this location. Next, the type of welding would be key. In the shop, this welding can
be accomplished using a Submerged Arc Welding Process (SAW). The number of passes to
weld just one side of a 3” plate is around 14 to 16. The same has to be accomplished on the
backside as well. In the field, the process would likely have been accomplished by flux-core arc
welding (FCAW), which would take substantially more time to complete. The ability to rotate
the plate over would not be easily or safely done in the tunnel. These welds would require
stress-relieving, which would also not be practical given the location. Additionally, the
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contractor confirmed that the Vertical Shaft would be used as the installation shaft for the cut-in
tee and all crotch plates would have to pass through the Intake Tunnel and Shaft, which is around
120” in diameter. The dimensions of each proposed crotch plate were over 124” long and 154
wide, which when installed could have required additional excavation around the shaft, which
the contractor wanted to avoid. Finally, the Non-Destructive Examination (NDE) of these welds
would be difficult based upon the location. X-Ray methods could not be used due to safety
concerns. The NDE methods chosen were visual inspection (V/T) and ultra-sonic testing (U/T).
For all of these reasons, crotch plate reinforcement was not preferred.

The first call with the contractor to discuss this application was regarding how to move the
crotch plates down the vertical shaft. Following that discussion, a meeting was arranged with the
specialty installation contractor that would be performing this installation. After presenting the
issues about field installing crotch plates in such a location, the installer suggested to the prime
contractor that the pipe manufacturer consider and propose a reinforcement design that did not
require crotch plates.

b £ 1 “ s
¥ . L 3

Figure 3. Typical Thick rotch Plate

Seam Weld — ot Chosen for This Project.

Alternative Design Procedure

A couple of design alternates were proposed to the design engineer. One proposal was to change
the connection from a cut-in tee to a 90° Elbow. The second proposal, which was accepted by
the design engineer, was to design the outlet using ASME Section VIII-Division I - (ASME
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2010). This procedure is outlined in the 2010 ASCE Pipeline Conference Paper, “Innovative
Design of Large Diameter Fittings for the Lake Fork Interconnect Vault”, (Card 2010). This
design procedure applies to fittings that do not meet AWWA dimensional requirements or when
space limitations prevent to use of crotch plates. This design procedure requires specific material
requirements, sets allowable stresses on material and welds, and specifics the safety factors to be
used based upon the level of Non-Destructive Examination (NDE) being used. Most importantly
for this application, it does not use crotch plates to reinforce the outlet in the pipe. The design
uses the thickness of the pipe and outlet and possibly additional collar-type reinforcement to
stiffen the opening in the pipe. During consideration of this alternate, the specialty installation
sub-contractor asked for the run pipe and outlet to be designed without any additional collar
reinforcement.

Based upon the ASME procedures, it was determined that ASTM A516-Grade 70, which has a
70,000 psi minimum tensile stress, would require a base thickness of the outlet to be 1 4 for the
outlet. This method was proposed and accepted by the design engineer. Below is the
manufacturing drawing of the outlet.

$10.50" OO F’ZD;_ ) 108 25‘5" 00 Pige NOTE WELDS TO BE 5H8° MIN.
r AR Ty K i
Ea! o 8" WK
- . P=
Detail A
147 Y m|
77 14
10
4 . .
47 14" 3 | 7 b Q%I!MB

'L/@) - i
] ;
. Detail ©

/Detait B .

€ ;

2

1
S M e
B8 MIN % l ‘ qi\\‘

i

S

]
e

§-21/2° 10, of CYLINDER
Z e L

s
|
|

Figure 4. Detail Drawing of Cut-In Outlet.
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SPECIALITY INSTALLATION PERSPECTIVE

The Construction Team

Subcontractor National Welding Corporation was responsible to transport the pipe segments
inside the tunnel fit and weld the tunnel liner. Obayashi Corporation was the General Contractor
of the overall project and self-performed most other key project elements including tunnel
excavation, material handling and oversight of all other activities. Northwest Pipe Company
prepared the shop drawings, performed all the shop fabrication, and shipped the pipe and fitting
materials to site.

Pre-Installation Planning

The team decided that the rail used for the roadheader would remain in place and could be
utilized for the pipe installation. The same pipe carrier that was used for the 86 O.D. upper
tunnel could support the load of the shorter 110 1/2” O.D. cut-in outlet and transport it to the tie-
in location. The carrier would only contact the pipe in four locations (two on the front cart and
two on the back cart) due to the difference in diameters, (see Figure 5). However, the increased
1 %2 wall thickness would support the load of the outlet without deformation.

Figure 5. 110 1/2” O.D. Cut-In Outlet on 86” O.D. Pipe Carrier.
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The design of the previously used pipe carrier accommodated transportation of the outlet,
allowed for clocking or rotation of the outlet segments before engagement at the installation
location, allowed lifting the outlet segments to a maximum height of 9" above the carrier, and
provided the ability to make minor adjustments side to side to keep the outlet centered inside the
tunnel.

Polyurethane coated wheels were used to allow for clocking the outlet segments. Kevlar
reinforced rubber coated high-pressure lifting airbags allowed pipe engagement and location
adjustments, (see Figures 6a and 6b). The polyurethane coated wheels and rubber coated bags
would protect the pipe and outlet polyurethane coating during installation. The lifting bags
would use the existing high pressure air connections inside the tunnel for lifting power.

Figures 6a and 6b. Carrier Fabrication and Components.

The pipe carrier and pipe segments were transported to the tunnel installation location using a
locomotive with a welded-on 2” trailer ball hitch as an attachment point.

Commencement of Installation

The pipe carrier was lowered down the shaft and connected to the locomotive. Once initial
carrier setup was complete, the first outlet section was lowered down the shaft and placed on the
pipe carrier, (see Figures 7a and 7b).
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Figures 7a and 7b. Carrier Set-up and Outlet Placement.

Since the tie-in location was at the end of a dead end tunnel the bag liner had to be left in place to
provide adequate ventilation for welding, cutting, and grinding operations. This made
transportation of the pipe and outlet sections very slow since a walker had to walk the full length
of the tunnel with a broomstick to keep the bag liner from snagging on the pipe. This was
repeated during the movement of all three pipe and outlet sections to assure adequate ventilation
for the workmen was not interrupted.

At the cut-in outlet location the rail was cribbed up to the proper elevation. The extra room
around the tie-in location was necessary for welder access, (see Figure 8a). The coating was
removed from the vertical intake shaft in a 4’ x 4’ grid pattern to allow initial steel cutting. The
pieces were kept to a small size to allow for easy handling, (see Figure 8b).

Figures 8a and 8b. Vertical Intake Shaft and Initial Cylinder Cutting.
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The lining was then removed from the interior of the shaft at the tie-in location. This was
necessary in order to create a clean oxy-acetylene cut as well as to keep smoke and fumes to a
minimum.

With the rough cut-out completed, steel plate dogs were welded to the vertical intake riser.
These allowed the outlet to be placed on the side of the intake riser and allowed sliding in and
out as needed to trace, cut and refine the field miter preparations without constantly having to
adjust the airbags. See Figures 9a and 9b.

Figures 9a and 9b. Rough Cut-out and Trim Cuts.

The pipe was fitted to the intake riser numerous times to scribe, cut and refine the field joint
configuration. See Figure 10. A 30-ton push-pull cylinder was attached to the intake riser and
the outlet to facilitate this motion, which freed the locomotive for movement between the shaft
and intake riser to transport personnel and equipment.

Figure 10. Joint Refinement.
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When an acceptable fit up was achieved between the vertical shaft and outlet segment, the air arc
gouging method was used to gouge/cut the acceptable joint profile into the weld location. The
joint profile had to be adjusted constantly around the circumference of the outlet to provide
proper weld joint geometry. See Figures 11a, b and c.

Figures 11a, 11b and 11¢. Changing Joint Profile Around Circumference of Outlet.

The liner segments were braced using a combination of 3” x 3” x */3s” angle iron and '4” plate
“ears” that were field welded to the pipe at spring line. The angle iron members were
manufactured at an excessive length to allow for variations in tunnel elevation and were attached
to the floor via a steel plate and concrete anchors; see Figures 11a, b and ¢. The steel plates were
laser cut with a pick point attachment that was used to attach a come-along for pipe clocking on
the carrier. This bracing method sufficiently supported the pipe for installation purposes.
Additional 2” x 2” x '4” square tubing was installed laterally at the spring line location as well as
at the flow line and field top locations at Obayashi Corporation’s request to resist buoyancy
forces during annulus grouting. The square tubing needed to be cut to length at location prior to
installation to allow for tunnel width and height variations. The liner location, elevation, and
minimum tunnel wall clearance tolerance of 6” was verified and documented. See Figures 12a,
12b and 12c.

Figures 12a, 12b and 12¢. Pipe Bracing.
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Fitting and Welding Operations

Inverter style welding power sources were located at the tie-in location and used the 480 volt
power supply that had been used to power the roadheader. The system was capable of powering
four welders at one time as well as Air Carbon Arc or Air Arc operations. FCAW (Flux Cored
Arc Welding) high production welding procedures were utilized for welding of the
circumferential seams to quickly and efficiently complete weld-out of the tunnel within days of
completing pipe and outlet installation. The welds received a visual inspection as well as
ultrasonic testing by a third party inspector.

CONCLUSION

The supply and installation team is very appreciative of the design engineer accepting the
proposed alternative. This project is an excellent example of the “team approach” to problem
solving. When specific challenges presented themselves and were brought forward by installers
and manufacturers along with design alternatives, the design engineer’s receptiveness allowed an
alternative approach that improved safety and schedule while avoiding unexpected expense.
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Abstract

This is a case study presented on the Big Lake (W14) Gravity Sewer Microtunneling
Project in Edmonton, Alberta. The gravity sanitary sewer project was designed as a
direct bury application with PVC and RCP pipe. It was expected that the subsurface
conditions were to vary considerably within the proposed depth of proposed pipeline.
The subsurface conditions within the pipe zone were expected to include water
bearing peat, fill, and saturated silt and silty sand, all of which were extremely soft,
with blow counts as low as 2. To address these conditions, the design included special
bedding and embedment envelops to ensure the installed pipe is adequately supported
to prevent pipe settlement and structural failure of the pipe. This design component
was more essential to the longevity of the PVC Pipe than the Concrete Pipe. As an
alternative, Michels Pipeline proposed to install the pipe by means of microtunneling
in lieu of direct bury. In addition they proposed the use of fiberglass jacking pipe for
this installation method. The project construction began utilizing 48 diameter FRP
jacking pipe, but due to the unfavorable subsurface soil conditions the project was not
able to be completed with this pipe material. As a solution to the installation
difficulties, the pipe material was changed to 48” FRP Lined Reinforced Concrete
Jacking Pipe. This is the first installation of FRP Lined Reinforced Concrete Jacking
Pipe in North America.

PROJECT HISTORY

The W14 Sanitary Trunk Sewer is the furthermost upstream stage of the City of
Edmonton’s (City) West Edmonton Sanitary Sewer (WESS). WESS consists of large
diameter sanitary trunk sewers that will provide both sanitary sewer conveyance and
storage for new developments on the western edge of the City between St. Albert
Trail and 45th Avenue NW. There are currently 14 stages of WESS, commencing at
W14 and terminating near EPCOR’s Gold Bar Wastewater Treatment Plant. WESS
is part of the City’ Sanitary Servicing Strategy and is funded through the Sanitary
Servicing Strategy Fund (SSSF), which is managed by the City of Edmonton and
funded through a partnership between the City and Urban Land Developers.

The W14 Trunk Sewer is comprised of over 7,218 feet of 48 gravity sewer and
commences at the intersection of 109th Street NW and 199th Street NW. This section
runs south along 199th Street NW crossing Stony Plain Road / 100th Avenue NW
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and terminates when it discharges to WESS W1 trunk sewer which is located
approximately 2000 feet south of 100th Avenue NW.

Once in service, W14 will provide offsite conveyance of sewerage that is generated in
the Big Lake Neighborhood and the future Winterburn Industrial Park, which
together provides over 3,460 acres of developable land. The Big Lake Neighborhood
is located north of Highway 16, east of the City Boundary, south of Big Lake and
west of 199th Street NW will be home to over 27,000 Edmontonians. Winterburn
Industrial Park is bounded by Highway 16 on the north, 199th Street NW on the east,
Stony Plan Road on the south and the City boundary on the west.

GROUND CONDITIONS

Based on the information collected during the project’s geotechnical investigation
and bore hole program, the generalized stratigraphy along the proposed sewer
alignment typically consists of varying thickness of topsoil, clay fill, sand/gravel fill,
peat and organic soils. Overlying silty clay was found at depths varying between
about 2 feet and 16 feet below ground surface.

It was expected that the subsurface conditions were to vary considerably within the
proposed depth of W14. The subsurface conditions within the pipe zone were
expected to include water bearing peat, fill, and saturated silt/silty sand. All of which
were extremely soft, with blow counts as low as 2 blow per foot.

The project design called for an open trench installation and included two pipe
alternatives, PVC Pipe and Concrete Pipe. To address the poor soil conditions, the
design included special bedding material and embedment envelop to ensure the
installed pipe would be adequately supported to prevent pipe settlement and structural
failure of the pipe. This design component was more essential to the longevity of the
PVC Pipe than the Concrete Pipe.

HIGH GROUNDWATER TABLE

In addition to the poor soils, the Geotechnical Investigation identified the presence of
a high groundwater table over the entire alignment. Due to these conditions, a two
stage dewatering plan was developed. The first phase included a trench
dewatering/depressurization program prior to excavating the trench. This was
specified to prevent base heave of the clay, silt and sand stratum below the pipe
bedding. The second phase of the dewatering plan was a trench dewatering program
to be implemented where organic materials were found within the trench to ensure
the stability of the trench and the safety of the workers.

There was also a pipe buoyancy concern due to the high groundwater table in
combination with the fact that the pipe during operation would convey only minimal
flows due to the amount of undeveloped lands within the sewer-shed. A requirement
for of imported backfill material was included in the design to ensure that the proper
ballast is placed above the pipe to counteract the upward buoyant force of the
displaced water.
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DESIGN

As part of the development of the Big Lake Neighborhood, the Developer was
originally tasked with the design and implementation of W14. However, due to the
complexity of the project, the risks associated with the installation of W14 via open
cut, and higher than expected tender prices, the City elected to further quantify these
risks and refine the design to mitigate these risks. The City’s Drainage Design and
Construction commissioned Stantec to undertake the refinement of the open cut
design to address the following risks:

* Potential for high sulfide concentration and the risks of future corrosion;

* Poor soil conditions along the entire alignment;

* The use of flexible pipe and the risk of over deflection due to overburden;

* Buoyancy due to high groundwater table;

* Construction coordination with the contractor consortium for the new Stony
Plain Road Interchange.

HIGH SULFIDE CONCENTRATION

The flows from the Big Lake area are conveyed to W14 via a 18,370 foot long
forcemain. Due to the length of the forcemain, there may be periods of long sewage
retention time within the forcemain resulting in sulfide generation. The generation of
sulfides within the forcemain increases the risk of odor and corrosion concerns within
W14. The existing Big Lake pump station has incorporated chemical treatment
systems to manage the risks to the downstream infrastructure, however, the
effectiveness of this chemical treatment systems can only be proven under actual
operating conditions. Therefore, the design of the W14 included elements to the
potential odor complaints and corrosion of the sewer pipe.

To address the potential corrosion and odor control concerns, the focus of the
hydraulic design for W14 was to reduce the amount of turbulence at the manholes to
reduce the potential release of H,S. The design included such elements as the
reduction of the height of the drops at the manholes. The goal was to also eliminate
the formation of hydraulic jumps within pipe segments prior to entering the
downstream manhole.

To further reduce the corrosion potential of the pipe within W14, the design team
selected pipe material that was resistant to the corrosive attack of sulfuric acid
resulting from the high sulfide concentrations. The team selected two pipe materials,
concrete and PVC pipe. PVC pipe is naturally chemically resistant to corrosive attack
of sulfuric acid; however, the concrete pipe would require a secondary liner to protect
it from the sulfuric acid. To protect the concrete pipe, the design included the
provisions of a factory installed HDPE Liner that would be installed during pipe
manufacturing process. This HDPE liner would provide the corrosion resistance
needed for this sanitary sewer application.
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BIDDING PROCESS

Once the design was complete, W14 was let out for bid during the summer of 2011.
Prior to this, four contractors were pre-qualified for the project based on their
previous open cut experience. The contract went out for bid on July 18, 2011 and
closed on August 16, 2011. The bid closing date had been extended by two weeks
subsequent to the pre-qualified Contractor’s request. Among the four pre-qualified
contractors, two valid bids were submitted. In addition to their required bid, an
alternative bid was submitted by Michels Canada Co. to construct W14 utilizing a
microtunneling trenchless method instead of the traditional open cut method as
dictated by the design.

The bids received were considerably higher than expected. It was concluded that the
higher than expected bids were a result of the significant risks with constructing a
trunk sewer within an area of poor soils and high groundwater.

The lowest bid received was the Michels Canada’s alternative Bid to construct by
means of microtunneling. However, a caveat to this bid was an extension of the
construction window from 12 months to 20 months. A construction period of 20
months would provide the City the opportunity to fund the project over a greater
period. Potentially a longer construction period may have impacts on the servicing of
the new developments.

The Alternate bid by Michels also proposed the use of three materials not
incorporated in the original design. The first was a Hobas Centrifugally Cast FRP
Jacking Pipe made of unsaturated polyester resin. The second was Permalok steel
casing pipe that is joined by interlocking teeth rather than welding. This would be
used as a tunnel pipe underneath the roadways. The third was Hobas Centrifugally
Cast FRP carrier pipe which would be inserted inside of the Permalok steel casing

pipe.

CONTRACT BID AND AWARD

In late fall of 2011, the City of Edmonton issued Michels Canada a conditional
acceptance of award based on the approval of the Alberta Transportation Department
for the use of Permalok steel casing pipe within the TUC. The contract required a
steel casing to be installed beneath Stony Plain Road to protect and house the
1,200mm trunk sewer. As a part of the alternate bid, Michels Canada proposed the
use of Permalok steel pipe which is a steel pipe that stabs together rather than using
conventional welding to join pipes. Prior to W14, Permalok pipe had not been
approved for use by the Alberta Transportation Department in Alberta.

Michels Canada and the City of Edmonton met with the Alberta Transportation
Department in mid-December and formally proposed the use of Permalok Pipe within
the TUC. After weeks of deliberation, the Alberta Transportation Department
approved the use of Permalok steel pipe within the TUC and thus removing the
conditions of approval on the award of the project to Michels by microtunneling.

94



Pipelines 2015

© ASCE

Once all the product approvals were received, on the City issued a notice to proceed
with work on the project on February 14th 2012 to Michels Canada.

PRECONSTRUCTION

After the conditional award had been issued to Michels Canada by the City and
during the review period by the Alberta Transportation Department with respect to
the Permalok Pipe, Michels proposed to relocate the project’s design alignment that
ran along the shoulder and TUC of 199th to the middle of 199th Street. This revised
alignment allowed Michels Canada to construct the associated tunnel work all year
round by removing the soft ground staging issue that the original alignment proposed.
Additionally, the revised alignment provided greater access for servicing and
maintenance by the City once the sewer is commissioned.

During this phase of the project, Michels Canada proposed to the City of Edmonton
to install the 7,352 feet of 48 ID pipe installed by means of pipe jacking using an
Akkerman SL52 - Microtunnel Boring Machine (MTBM) in 10 microtunnel drives.
This resulted in the construction of 11 Steel Sheet Pile Shafts and accommodated 7
manhole access points. The depth of the W14 sewer line varied from 33 feet below
existing grade on the southern end of the project to 12 feet near the northern end of
the project near 109th Ave.

SHAFT CONSTRUCTION

Michels Canada installed interlocking steel sheets with the use of an ABI Hydraulic
Pile Driving Rig using a vibratory hammer to drive the steel sheets into place.
Dewatering wells were installed post steel sheet construction by local subcontractor
Summers Drilling. The dewatering wells were commissioned prior to the start of
shaft excavation to draw the groundwater down to a depth below the bottom of the
steel sheets.

Both the larger (jacking) and the smaller (receiving) shafts were excavated using a
long-stick and mini excavators. As excavation progressed down to the design
alignment of the tunnel, Michels installed steel wales and steel corner bracing to hold
back the steel sheets.

Upon completion of excavations, concrete working floor slabs were poured with great
attention to elevation design details. Next, entrance and exit windows were
constructed using steel and wooden form work. The window form work was filled
with a low strength concrete that the MTBM would cut through upon launch and
retrieval to hold back the soft ground outside of the shafts. A steel faceplate for
attaching a 25mm rubber launch seal was cast into the entrance and exit windows.
Horizontal cuts were made to the sheet piles just beneath the windows to allow the
sheet piles to be raised prior to the launch and retrieval of the MTBM. Once the
forms were stripped and the concrete cured, a conventional circular rubber gasket was
bolted to the entrance or exit window for the MTBM to tunnel through.
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With difficult ground conditions along the W14 alignment, the entrance and exit
windows allowed Michels to have a water tight seal around the microtunnel pipe
(Centrifugally Cast FRP Pipe) at entrance and exit locations and no ground loss was
encountered at any of the tunnel shafts. The entrance and exit seals installed were left
in place within the shafts rather than removing and reusing these windows or
performing a chemical grouting/ground improvement program to stabilize the ground
around entry and exit windows to limit ground loss at these locations. This proved to
be a much more cost effective approach to managing the risks at the shaft locations.

The construction schedule allowed for six shafts (3 launch and 3 reception) to be
constructed in the first year of construction and five shafts (2 launch and 3 reception)
to be constructed in year two of the project. Shaft Construction commenced in late
April 2012 due to difficulties in obtaining a revised ULA permit to reflect the new
alignment. The first six shafts were completed by August 1st 2012. In year two of the
project, shaft building commenced in March and the last of the shafts were completed
in July 2013.

MICROTUNNELING

Michels Canada performed the microtunneling using an Akkerman SL52 Microtunnel
Boring Machine (MTBM) to install the 48 Centrifugally Cast FRP jacking pipe and
the 60” Permalok steel casing pipe. Prior to the start of tunneling, Michels shipped
the MTBM to the Akkerman facility in Minnesota for refurbishment and a second
rear articulation joint to be installed as a contingency should additional steering be
required in the projects difficult ground. The rear articulation joint was never
activated. Michels Canada utilized an experienced MTBM operator (Mr. Johnie Paul
Halkyard) of over 26 years operating TBMs and MTBMs to operate the SL52 in these
difficult ground conditions. The Centrifugally Cast FRP jacking pipe and Permalok
pipe was jacked into place behind the SL52 MTBM using an Akkerman 840 ton
jacking frame. The slurry separation system was manufactured by Michels
Corporation and was outfitted with Derrick slurry separation equipment.

Michels approach to the tunneling was to progress from the southern end of the job
(low point of the design) tunneling North up 199th Street to 109th Ave. Michels
Canada completed 8 of 10 microtunnel drives with the average daily production rates
between 40 feet to 60 feet per 10 hour shift. The highest production rate achieved was
120 feet in a 12 hour shift. The shortest tunnel run was approximately 500 feet with
the longest run just less than 1000 feet. The tunnel drive lengths were reduced in
length to help mitigate the difficult ground conditions on the project. The
Centrifugally Cast FRP jacking pipe and the Permalok steel pipe were both jacked
into the tunnel alignment behind the MTBM in 20 foot lengths.

Michels Canada completed the first three tunnel runs south of Stony Plain Road
jacking the Centrifugally Cast FRP Pipe with an MTBM skin OD of 49.2”. Michels
then skinned up the SL52 MTBM to an OD of 60” to install the next two tunnel runs
with the Permalok Steel Casing Pipe beneath Stony Plain Road. Upon completion of
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the steel casing, Michels Canada used the jacking equipment to then install the
Centrifugally Cast FRP 48 carrier pipe with the Permalok steel casing. This
completed year one of the project with tunnel activities ceasing on December 23rd.

MORE DIFFICULT INSTALLATION CONDITIONS

As the project has progressed, Michels Canada evaluated the existing ground
conditions and conducted additional geotechnical investigation with a number of
additional boreholes drilled along the project alignment to evaluate areas with peat in
or directly above the pipe zone. Upon review and evaluation, Michels Canada made a
material change from the Centrifugally Cast FRP jacking pipe to a Flowcrete jacking

pipe.

Flowcrete jacking pipe is a concrete pipe with a Filament Wound Glass-Fiber
Reinforced liner which is inert to H,S attack. This pipe has a greater density to offset
buoyancy issues anticipated for two of the five final tunnel drives due to the peat
zones. Flowcrete jacking pipe had been used in Europe and the Middle East with
success, but this was the first attempted installation in North America.

The original direct bury pipe material options included the option to use an
Reinforced concrete Pipe with an HDPE liner. The proposal to use Flowcrete Jacking
Pipe (Reinforced Concrete Pipe with FRP Liner) was a pipe material using a similar
concept, but with some distinct advantages over other lined concrete pipe materials.
Below is a list of the advantages that the Flowcrete FRP lined RCP offered over other
lined RCP materials. Also, see Table 1 for comparison of lined RCP pipe materials.

e Flowcrete FRP lined RCP has a liner that has enough structural integrity to
resist external hydrostatic pressures without any embedded anchors into the
RCP.

e Flowcrete FRP lined RCP has its own joint system. This means that field
welding of liner joints is not required. This is required on PVC and HDPE
lined RCP pipe products.

e Flowcrete FRP lined RCP is capable of being applied in both pressure water
and sewer applications. The joint and liner are rated for pressure up to 450 psi
without utilizing the structure or the RCP.
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Table 1: Summary of Lined RCP Pipe Materials
Liner Corrosion Joint External Gravity Pressure

RCP Resistance Corrosion Hydrostatic Sewer Sewer
Product Protection Pressure - Application Application
Required Buckling
Resistance

PVC No — Requires

Liner Yes Yes Anchors in RCP Yes No
HDPE No — Requires

Liner Yes Yes Anchors in RCP Yes No

F.RP Yes No Yes Yes Yes
Liner

Michels Canada approached the City of Edmonton to review and approve the merits
of the Flowcrete jacking pipe and after consultation and submission review, the City
approved the pipe for use on the project. The final two tunnel drives were completed
utilizing 1400 linear feet of the Flowcrete FRP lined RCP jacking pipe.

LESSONS LEARNED & CONCLUSION
The project was completed on time and within budget. Some of the lessons learned
on this project include the following:

e Value Engineering and “thinking out of the box” provided considerable cost
savings to the project.
Alternate Materials and methods provided added value to the project.
Use of experienced MTBM operators greatly improve the ability to tunnel in
such difficult ground conditions.

e Microtunneling can be successfully installed in difficult ground conditions (2
to 10 blow count) on line and grade.

e Microtunneling is and trenchless technology can be a cost effective solution to
the traditional open cut installation.
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Abstract

The I-5 / 164th Martha Lake Gateway Sewer and Water Improvement project, completed in
November of 2014, provides a new gravity sewer system and water transmission main for the
Alderwood Water and Wastewater District (AWWD) in the vicinity of Interstate 5 (I-5) and
164th Street SW just north of Seattle, Washington. An earlier study performed for the District
determined that the most desirable method of providing sewer service to the sewer basin would
require a 532-foot trenchless crossing under I-5 as well as a 200-foot crossing of 164th Street
Sw. This paper examines the trenchless crossings of [-5 and 164™ Street SW with respect to the
geotechnical conditions and explores how these conditions influenced the design of the crossings
as well as the execution of the contract once construction was underway. The first section
focuses on project history and design of the crossings and discusses how the soil conditions
directed the trenchless evaluation and selection of the trenchless method for each crossing. The
second section focuses on the geotechnical baseline report (GBR) and examines how specific
baselines were determined through a collaborative process between the District and design
consultants. This process allowed the District to apportion the various risks between themselves
and the trenchless contractor. The final section discusses the execution of both trenchless
crossings and examines how various elements of the GBR were utilized during construction.

HISTORY OF AWWD

Formed in 1931, AWWD was established in the midst of the Great Depression and rapidly rising
unemployment. Originally developed as a series of small five and ten-acre farms, the area was
sparsely populated. With the completion of Highway 99, the economic reality of the time
improved as people could commute more easily to employment centers in Seattle and Everett.
Many of the farms were converted from egg production to other crops or were subdivided and
sold, leading to the rapid suburbanization of the area. Sanitary sewer services were first provided
after adoption of the Sewer Comprehensive Plan in 1966.

Today, the District is responsible for collecting, transporting and treating residential,
commercial, and industrial wastewater within the District’s 40-square mile wastewater service
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area that stretches from the border with King County to the south to the City of Everett to the
north. Customers are served directly in both incorporated and unincorporated areas, and also
indirectly from upstream wastewater systems in southwest Snohomish County.

PROJECT HISTORY

Prior to the Martha Lake Gateway project, commercial, industrial, and residential properties in
the area had been on either septic tanks or private lift stations. Several of these properties had
agreements signed in the 1970’s and 1990’s regarding future participation in a local public
gravity sewer which would eliminate the need for private lift stations.

A study commissioned by the District in 2002 determined that a gravity sewer installed under I-5
via a trenchless method was the best long-term solution to serve the sewer basin. In 2007,
AWWD contracted with Jacobs Engineering to provide design services for the new gravity
sewer. The final design of the sewer was initiated in 2007, although there were several starts and
stops along the way with several scope expansions, one of which included the addition of a 30-
inch water transmission main which would replace an existing, aging water transmission main.
Another addition included the extension of the sewer main to the north side of 164th Street SW,
a major arterial that resulted in a second trenchless crossing on the project.

The design team selected by the District included Jacobs Engineering as the prime consultant.
The Jacobs design team utilized the expertise of several local sub-consultants including Shannon
&Wilson, Inc. who provided geotechnical design services and prepared both the Geotechnical
Data Report (GDR) and the Geotechnical Baseline Report (GBR). Staheli Trenchless
Consultants also provided their expertise in the evaluation and selection of the trenchless
methods as well as assistance in the creation of the GBR.

PROJECT OVERVIEW

The Martha Lake Gateway Project is located in southwestern Snohomish County, Washington,
on either side of Interstate 5 in the approximate center of the District’s wastewater service area.
The upstream end of the new sewer main starts in the vicinity of Exit 183 along I-5 at 164th
Street SW, approximately 16 miles north of downtown Seattle. After the crossing of 164" Street,
the new sewer main continues south for approximately 3,000 feet through commercial and
industrial properties as well as public right-of-way before turning to the west and crossing under
I-5. On the west side of I-5, the new sewer main continues westward approximately 600 feet
where it connects to an existing sewer main. The project includes the installation of a new
gravity sewer main, a water transmission main, and a water distribution main. Figure 1 below
provides a site map of the project area and shows the extent of the various sewer and water
pipelines.
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Figure 1. Project Site Map

Final design of the project was completed and it was competitively bid in mid 2013 with
mobilization and construction starting in early 2014. The final project that went out to bid
included the following elements:

e 532 foot open shield pipe jacked crossing using 64-inch steel casing under I-5 containing
a 12-inch sewer main and the 30-inch water transmission main.

e 202 foot auger-bore crossing using 42-inch steel casing pipe under 164" Avenue SW
containing an 8-inch sewer main.

e 4,200 total linear feet of 8 to 14 inch sewer main.
1,900 total linear feet of 30-inch water transmission main.

e 1,100 total linear feet of 8-inch water main (installed in joint trench with 30-inch
transmission main).

As mentioned previously, a 30 inch water transmission main was added to the project scope
during the design phase. During construction, the water transmission main was laid dry as it’s
currently only a piece of multiple projects the District has planned for a regional transmission
main. Future transmission main projects will connect this dry line to an existing regional
transmission main thus replacing the existing I-5 crossing and allowing it to be abandoned.
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GEOLOGICAL CONDITIONS

During the design phase, a total of 12 exploratory borings and 5 test pits were completed at
selected locations along the pipeline alignment in order to evaluate geotechnical conditions for
both the trenchless and open cut portions of the project. Explorations for the I-5 crossing
included a total of four borings and two test pits. Two of the borings and both test pits were
located at the shaft locations on each end of the crossing. The remaining two bores were located
along the trenchless alignment, one in the median and one just east of the I-5 right-of way. For
the 164™ Street crossing, two borings were performed, one at each end of the 202 foot crossing.
Pump-down recovery tests were also performed at four observations wells in order to determine
the hydraulic conductivity of the surrounding soils.

Based on the exploratory borings and test pits, the soil and groundwater conditions at both
crossing locations were determined to be similar. Soils along the crossing alignments generally
consisted of shallow fill over glacial till. The fill ranged from 3 to 10 feet thick and consisted of
very loose to medium dense, silty sand with varying amounts of gravel, clay, and organics. The
underlying glacial till consisted of very dense, gray, silty sand to sandy silt with varying amounts
of gravel. For both crossings, the upper 5 to 10 feet of the glacial till was found to be weathered
and was medium dense to very dense and brown in color. Although not encountered in the
existing exploratory borings and test pits, the glacial till is known to contain cobbles and
boulders. Based on the proposed depths of the pipelines, it was determined that both trenchless
crossings would be constructed entirely in very dense intact glacial till.

Based on observation well measurements, groundwater elevations along both crossings were
well above the crown of the tunneled casings. Due to the very dense nature and low permeability
of the intact glacial till, it was determined that the groundwater was perched above the intact
glacial till in the less dense fill and weathered till. Although this groundwater was determined to
be perched, several of the test pits and borings indicated the potential for lenses and layers of
sand within the intact glacial till that could contain limited, isolated amounts of groundwater.

In addition to the exploratory borings and test pits, site reconnaissance and observations of
excavation activities at an adjacent site near the west end of the I-5 crossing provided valuable
information on the presence of cobbles and boulders in glacial till soils similar to those
anticipated along both crossings. Eight boulders were encountered in a sanitary sewer trench
which was reportedly 1,200 feet long by 4 feet wide by about 10 feet deep. The boulders ranged
from 2 to 7 feet in their maximum dimension. Based on this data, it was estimated that one
boulder per 222 cubic yards of excavation could be encountered in the glacial till soils. Figure 2
below shows just one of these boulders being measured by the site’s excavation contractor.
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Figure 2. Excavated boulder at adjacent site

TRENCHLESS EVALUATION PROCESS

Once the geotechnical explorations and observations had been completed, the results were
summarized in a geotechnical data report (GDR). Using information in the GDR, several
trenchless methods were evaluated for both crossings. Using the evaluation matrices shown
below, the various trenchless methods were assessed for compatibility with the soil and
groundwater conditions and evaluated against the requirements for the specific crossing. The end
result of the trenchless evaluation was the selection of the following preferred methods for each
crossing.

Open Shield Pipe Jack Crossing of Interstate 5

Given the dense glacial nature of the soils, length of the crossing, limited access within
the I-5 right-of-way, and high probability of encountering cobbles and boulders along the
crossing; open shield pipe jacking (OSPJ) was selected for the 532 foot crossing of I-5.
As presented in the evaluation matrix (Figure 3 below), the selection of OSPJ was
primarily driven by the desire for face access to facilitate the removal of obstructions as
the limited access within WSDOT right-of-way eliminated the possibility of a rescue
shaft for the majority of the crossing.
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Auger-Bore Crossing of 164" Street

Even though the soil conditions for the 164™ Street SW crossing were very similar to
those of the I-5 crossing, the shorter 202 foot distance was reasonable for an auger-bore
crossing. It was therefore not eliminated from consideration for the 164™ Street SW
crossing during the trenchless evaluation, as it had been for the longer I-5 crossing.
Utilizing a larger casing than what was required for the 8-inch sewer crossing allowed
man-entry into the bored casing if required to remove obstructions. As shown in Figure 4
below, the ability to access obstructions and the shorter length of the crossing were two
of the driving factors in the selection of auger-boring for the 164" Street crossing.
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Once the crossing methods had been selected, the project drawings and specifications were
modified to reflect the requirements of each particular method. This process included laying out
the staging area required at each shaft location, which allowed the limits of temporary
construction easements to be determined. Similar baselines were set in the GBR for both
crossings, although the number and sizes of obstructions were modified based on the diameter
and length of the casing pipe to be installed.

CREATION OF THE GBR

A comprehensive GBR was developed through a collaborative process which included the owner
(AWWD), the design engineer (Jacobs), the project geotechnical engineer (Shannon & Wilson),
the trenchless consultant (Staheli Trenchless), and the owners’ legal counsel. The GBR
considered the information gathered during the geotechnical explorations, known regional soil
conditions, observations of boulders from the adjacent development, and consideration of
potential costs associated with various obstructions. After several rounds of comments and
revisions by the entire project team, the following specific baselines were set which defined the
quantity of boulders, wood, and groundwater to be anticipated over the length of each crossing:

Interstate 5 - Open Shied Pipe Jack Baselines
(532 LF at 62-inch to 84-inch diameter casing)
e Anticipate that layers and lenses of cohesionless soils will comprise 10 percent by total
volume of the glacial till excavated.
e Anticipate cobbles and boulders up to 14 inches will be encountered all along the
alignment.
e Anticipate up to 5 boulders ranging in size from 14 to 25 inches.
Additional payment will be considered when the number of boulders ranging in size from
14 to 25 inches exceeds five and when boulders measure over 25 inches.
e  Wood with a maximum dimension greater than 25 inches will be considered for
additional payment.
e Anticipate steady-state groundwater inflow into the casing from the tunnel face of
10 gallons per minute (gpm).
e Anticipate four separate areas of higher transient groundwater inflows of 20 gpm lasting
one hour.

164" Street - Auger-Bore Baselines
(202 LF of 42-inch diameter casing)
e Anticipate that layers and lenses of cohesionless soils will comprise 10 percent by total
volume of the glacial till excavated.
e Anticipate cobbles and boulders up to 1/3 the outer diameter of the casing will be
encountered all along the alignment.
e Anticipate up to 2 boulders ranging in size from 1/3 the outer diameter of the casing up to
42 inches.
e Additional payment will be considered when the number of boulders ranging in size from
1/3 the outer diameter of the casing up to 42 inches exceeds two and when boulders
measure over 42 inches.
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e Wood with a maximum dimension greater than 42 inches will be considered for
additional payment.

e Anticipate steady-state groundwater inflow into the casing from the tunnel face of
10 gallons per minute (gpm).

e Anticipate two separate areas of higher transient groundwater inflows of 20 gpm lasting
one hour.

It should be noted that in order to be considered for additional payment, all potential obstructions
must have first stopped forward progress of the tunneled excavation. For instance, if a 30 inch
boulder was encountered during the open shield pipe jack under I-5, it would only be considered
for additional payment if it stopped the advance of the pipe jack.

SUMMARY OF CONSTRUCTION

At bid opening in July of 2013, TITAN Earthworks was the selected general contractor. For both
trenchless crossings, TITAN used the services of Northwest Boring based in Woodinville,
Washington. For both crossings, Northwest boring utilized equipment they owned which had
been used successfully on crossings in similar soil and groundwater conditions. Table 1 below
summarizes the trenchless equipment Northwest Boring used for each crossing:

Open Shield Pipe Jack

TBM Model Akkerman WM 66SC
Machine OD 66"

Overcut 3/4"

Jacking System Akkerman 5000 Series

400 Tons
Auger-Bore

Machine Model Robbins ABM 48-950
Net Power 174 hp

Max. Thrust 954,000 Ibs

Cutting Shoe Dia. 42"

Table 1. Trenchless equipment specifications

As anticipated in the GBR, both trenchless crossings encountered occasional cobbles and
boulders. Figures 5 and 6 below show examples of cobbles and boulders encountered during
both crossings as seen from inside the tunneled excavation as well as being measured once they
had been removed.
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Figure 6. Cobble encountered during auger boring

In total, there were four boulders encountered during the I-5 crossing which were determined to
be obstructions eligible for additional payment because they exceeded the minimum dimension
of 25 inches and stopped forward progress, per the requirements set forth in the GBR. Through
the change order process, the contractor negotiated payment for removal of these obstructions.
Figure 7 below shows one of these obstructions being removed from the tunneling shaft and
being measured on the surface.

06620 14 gD SHAY ; &
Figure 7. Obstruction (rock #3) being removed and measured
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CONCLUSION

By the end of substantial construction activities in November of 2014, both crossings were
completed successfully. The pipe jacked crossing of Interstate 5 took approximately 45 days to
complete from the mobilization of tunneling equipment to the break-out at the reception shaft.
The shorter auger-bored crossing of 164" Street was completed in approximately 22 days.

The collaborative process that was utilized to set specific baselines for both crossings provided a
starting point for contractors to competitively bid the project. Once the project went to
construction, all boulders encountered during the trenchless crossings could be measured and
compared against the baseline. The end result was that the owner only paid for those obstructions
which significantly impacted the progress of tunneling and the contractor was able to recover
those costs not included in his bid price associated with removal of significant obstructions.
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Abstract

Predicting the borehole pressure during Horizontal Directional Drilling (HDD)
is a significant part of HDD. Borehole stability means that pressure on the bore-face
must be less than formation fracture pressure and more than the collapse pressure to
avoid fluid losses or borehole breakouts. The proposed research is aimed at an analysis
comparison between the mud pressure data collected in the real field and the ones the
mathematical model predicted. Then the optimal model will be applied to predict the
allowable maximum borehole pressure during HDD. Borehole stability during drilling
consists of evaluating the drilling fluid weight to maintain the borehole wall integrity.
The tensile failure (hydraulic fracturing) and dog-ear shape breakout are two main
failure modes around boreholes during HDD. The cavity expansion model was used to
calculate maximum and minimum allowable drilling fluid pressure in a bore. Both 2D
and 3D finite element (FE) models of maximum borehole pressure were developed by
the Drucker-Prager and Mohr-Coulomb theories using ANSYS Parametric Design
Language (APDL) to support the customized parametric study. The result showed the
maximum mud pressure closely matched the estimation obtained using the Delft
equation in this field experiment for shallow layers within clay. The FE modeling
procedure used was able to capture the volumetric compressive behavior of the soil
around the borehole.
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Introduction

The full-scale field study on a newly developed compaction reamer was
conducted at the test site of the Trenchless Technology Center located in the
Louisiana Tech University’s South Campus. The site had trapezoidal shape with 425
ft. and 435 ft. in longer sides and 150 ft. and 50 ft. in the shorter sides. The boring
was initiated from the west side (narrower side) of the field. The natural slope was
measured using a level and found to be 3.2% from west to east. The dominating soil
type at the site was normally consolidated non-saturated deformable silty-clay with
inter-bedded lenses of sand. The groundwater table was well below the invert of the
installed pipes. This paper provides an analytical comparison between the real mud
pressure data collected by a custom made load cell in the field and the calculated
mud pressure from mathematical prediction model.

Field Data Collection

Prior to the commencement of the construction, all buried utilities were
located and marked. The proposed drill plan was designed considering the natural
ground slope and all possible potential conflicts that may arise. The installation cover
was determined to be 8 ft. in order to minimize the risk of frac-out during the
installation. The pilot hole was drilled with a standard 4.5 in. drill bit. Then a paddle
reamer of 12 in. diameter was used to enlarge the borehole. The back-reaming and
product pull operation were performed in a single stage with an assembly shown in
Figure 1. The product pipe was fusible PVC pipe with a 9 in. of outer diameter. The
load cell attached to the reamer using a swivel connection had a pressure gauge
housed in its front face which collected the mud pressure reading during pull back
operation. Each installation was designed to be 300 f‘& long.

< g
e = s =

Figure 1. Reamer, Load Cell, and Pull Head Assembly.
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The mud pressure data collected during the pull-back operation is plotted
against the horizontal distance and shown in Figure 2.
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Figure 2. Mud pressure during pull back operation.

Figure 2 shows that the drop in mud pressure readings around horizontal
distance marks 80 ft., 150 ft., and 200 ft. was initiated by the formation of a frac-out.
Later on, a 2D and 3D ANSYS model will be simulated to check the frac-out
locations where the borehole pressure was expected to overcome the overburden
pressure.

3. Maximum Drilling Fluid Pressure Theory

Borehole stability during drilling consists of evaluating the drilling fluid
weight to maintain the borehole wall integrity. It means that pressure on the
bore-face must be less than formation fracture pressure and more than the collapse
pressure to avoid fluid losses or borehole breakouts (Amsterdam et al. 2008). These
phenomena are associated with tensile failure (Figure 3a) or shear failure (Figure 3b),
respectively. In the present case, silt-mode breakout (Figure 3c) was obtained during
the HDD drilling. The most common elastic-plastic constitutive models used in
borehole stability analysis are shear-failure models such as Drucker-Prager and
Mohr-Coulomb, associated with some tensile failure criteria. These models are
representative of lower porosity soil behavior. The compaction mechanisms can be
predicted by cap models (Fjaer et al, 2008).

250
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Figure 3. Failure modes around boreholes (a) tensile failure (hydraulic fracturing); (b)
dog-ear shape breakout; (c) fracture-like breakout.

An underground soil mass is an equilibrium condition under compressive
in-situ stress state which can be decomposed in relation to a Cartesian Coordinates
system; a vertical stress parallel to the depth direction, and two horizontal stresses: a
major horizontal stress (SH) and a minor horizontal stress (Sh). Changes in these
stresses are introduced by the drilling and production operations.

As the bore is drilled and material is removed, a stress relief occurs. If the
cavity is not filled with fluid, the equilibrium is attained by tangential stress
concentration. The drilling fluid introduces a radial pressure against the borehole
wall. This pressure acts as a support to the bore-wall and relieves the generated
tangential stress. The stress state around the borehole-wall may vary according to the
borehole radius and inclination angle.

This variation depends on many factors, such as the borehole direction related
to in-situ stresses, the magnitude of in-situ stress, the rheology of the rocks and
borehole geometry. As one moves from the borehole into the formation, the stresses
tend to reach the in-situ stresses. According to Rocha and Azevedo (2009), the usual
stress configuration around the borehole is: a tangential stress which is the major
principal stress and an axial stress which is the intermediate stress. Although in lower
depth the axial stress may become the major stress, the radial stress is the minor
principal stress.

Maximum Allowable Mud Pressure from Cavity Expansion Method

The cavity expansion model (Allouche et al. 2000), as discussed previously,
can be used to calculate maximum allowable drilling fluid pressure in a bore. This is
the first step in the evaluation of hydro-fracture risk. The maximum allowable pressure
can be expressed as (equ.1&equ.2):
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Where,

Prax = the maximum allowable mud pressure,
u = the initial in-situ pore pressure,

oy = the initial effective stress,

¢ = the internal friction angle,

¢ = the cohesion of the surrounding material,
Ry = the initial radius of the borehole,

Ry, max = the radius of the plastic zone,

G = the shear modulus of the surrounding soils.

All the parameters needed to calculate the maximum drilling fluid pressure
and all these inputs are estimated using typical values for anticipated soils, whose
references are all listed in table 1. The maximum borehole pressure predicted from
the Cavity Expansion theory is plotted in Figure 4 where the maximum mud pressure
is to be 41.6 psi.

Table 1. Soil parameters for maximum drilling fluids formula

Parameters values Reference
Soil Unit weight
above 133 http://www.geotechnicalinfo.com/soil_unit weight.ht
groundwater ml
Vb
cohesion ¢ (psi) 2.9 http://www.geotechdata.info/parameter/cohesion.html
Angle of internal 30.5° | http://www.stanford.edu/~tyzhu/Documents/Some%20
friction ¢ Useful%20Numbers.pdf
Shear modulus 6670 http://ascelibrary.org/doi/pdf/10.1061/(ASCE)GT.1943
G(psi) -5606.0000887
Clay unit 102 http://www.geotechnicalinfo.com/soil unit weight.ht
weight(Ib/ft’) ml
Young’s modulus 174 http://www.stanford.edu/~tyzhu/Documents/Some%20
E(psi) Useful%20Numbers.pdf
Poisson’s ratio 0.33 http://www.geotechnicalinfo.com/soil unit weight.ht
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v ml
Coefficient of
lateral earth 1.0 http://www.geotechnicalinfo.com/soil_unit weight.ht
pressure at rest ml
Ko

The frac-out during drilling operation occurred at 90 ft., 110 ft. and 150 ft.
from the exit point, which are marked in Figure 4. According to the maximum
pressure model from the Cavity Expansion Theory, in non-saturated deformed clay
the drilling fluid losses would happen at 80 ft., 100 ft. and 140 ft. in horizontal
distance from the exit point, which closely predicted the actual locations of frac-out
during directional drilling.

COwer 41.57 psi,
where mud Mud Pressure Vs Horizontal Distance
pressure frac-out
was predicted
by Cavity
Expansion
Method

The real frac-out
in the field 4] 50 100 150 200 250

Horizental Distance, ft

Figure 4. The mud pressure and location of frac-outs which Cavity Expansion
Method predicted and field data

The allowable maximum mud pressure due to the hydraulic fracturing can
also be estimated using the procedure described by Kennedy et al. (2004a, and
2004b). In the absence of contrary experimental or field evidence, allowable
borehole pressures can be estimated where the plastic zone stretches halfway to the
ground surface (providing between 20% and 30% reserve capacity). Parameters to
use in these situations should be estimated by experienced geotechnical engineers.
Preliminary values for cohesive force and the coefficient of lateral earth pressure at
rest indicate that the blowout is the dominant failure mechanism in normally
consolidated and lightly over-consolidated clays. Tensile fracture is expected in
heavily over-consolidated clayey soil where the coefficient of lateral earth pressure
exceeds 1.8 times.

While the solutions presented in this paper have been derived through careful
consideration of the relevant soil behavior, they are theoretical in nature, and both
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field and laboratory studies would provide valuable guidance on the performance of
this method.

Minimum Required Borehole Pressure from Cavity Expansion Method

The fluid pressure required to carry the cuttings to the surface is a critical
factor in evaluating hydro-fracture risk. There must be a considerable difference
between the minimum required pressure and the maximum allowable pressure to
reduce the risk of hydro-fracture (Bennett et al. 2001). The minimum pressure
primarily depends on the length, depth and the diameter of the borehole, the weight
of the drilling fluid, and the flow rate. The minimum required pressure is a
combination of the drilling fluid head pressure that must be overcome and the
frictional resistance to flow between the fluid and the borehole wall. The following
equation 3 is conservative and can be used to estimate the minimum required
borehole pressure:

— 7-487mudhbore [ ﬂpV + Ty
min 144 bore looo(dbore - dpipe )2 200(dbore = dpipe)

1 3]

Where,
V.oua = unit weight of drilling fluid (1b/gal),

h, .= height of mud column, or the difference in depth from a specific location in

bore
the bore to the surface of the entry pit (ft),

L, .= distance from a specific location in the bore to entry point (ft),

bore

i, = viscosity of the drilling fluid (cp) Soda Ash,

v=velocity of the drilling fluid = flow rate/area of bore annulus = Q/A (ft/sec),
Q = flow rate at the drill bit (gal/min),

d, . = the diameter of bore hole (in),

bore

d_. = the diameter of drill or product pipe (in),

pipe

7,= yield point of drilling fluid.
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The Finite Element Analysis Model of Maximum Borehole Pressure through the
ANSYS

The similar borehole conditions were simulated and analyzed using ANSYS
cap model (Figure 5) to anticipate the borehole pressure and frac-out locations. The
formulation of this model is described in Theory Reference for ANSYS and ANSYS
Workbench from ANSYS documentation (Xia.H et al. 2006) and is briefly
summarized.

L=
Shear Envelope i

Portion

Hardened Yeild

/’— Surface

Compaction Cap Portion

Expansion Cap
Portion

E'“

Xo Xi Ko K; 0

Figure 5. Cap model plasticity yield surface; tensile stress is positive

This model consists of a shear failure surface associated with an elliptical cap
for compressive volumetric failure and a tensile cap, described by the following
equation 4:

Y (0,K0,00)= Y (I1.J2,J3,K0,00)= T*(B, ¥)J2- Y o(11,K0,00) Yt(11,00) Y *(11,00) [4]

Where,

I' = Lode’s angle function,

Y. = compressive cap function,
Y = tensile cap function,

Y, = shear failure surface.

This model was simulated to study the tensile behavior of soil using a cap
plasticity model. The cap model data was collected from literature and parametric
studies were conducted in horizontal boreholes to evaluate the conditions of
volumetric failure. The study pointed that the axial stress concentration was the
critical condition for volumetric failure around boreholes.

This prediction model for borehole stability analysis is based on soil
mechanics model which was first proposed by Bradley (1979). Since then, several
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models based on continuous mechanics were developed. The assumptions of these
models vary from simple elastic models to more elaborated elastic plastic models.
Morita (2004) proposed an analytical procedure based on elasticity to evaluate the
stress state around the borehole. The stress level is compared to a compression or
tensile failure criteria to evaluate stability. The mostly used failure criteria are the
Drucker-Prager, the Mohr-Coulomb, the modified Lade (Ewy, 1999) or the Hoek,
and Brown criteria (Zhang and Zhu, 2007). A tensile criterion usually consists of the
comparison of the minimum effective stress to the tensile force of the soil. The
numerical modeling of borehole stability was analyzed considering the small strain,
the small displacement, the classical associated plasticity theory, and the linear
triangles mesh.

The borehole configuration was a horizontal borehole under plane strain
conditions. To take the advantage of the problem symmetry, the mesh was consisted
of 1/4 of the borehole geometry. The soil was treated as an isotropic and
homogeneous continuum medium. The constitutive model used was the cap model as
implemented by ANSYS. It also consists of a shear failure surface associated with an
elliptical cap for compressive volumetric failure and a tensile cap (Figure 6).

/— Drucker-Prager shear failure envelops
- I

function using onty linear term

s

o
fml,r

‘o
Shesr failure enveiope function '[ :
.

using both linear and exponential ierms _~
Tg=cp=~A ™ L
a="0 iy
i

Figure 6. Shear yield function (from Release 14.0 Documentation for ANSYS)

1

2D-Basic ANSYS Model of the Horizontal Borehole

The borehole was represented by 1/4 of the circle to take the advantage of
symmetry consisting of the horizontal external boundary of 32.8 ft., cover depth of
10 ft. from the borehole axis. The numerical model contains a total of 1,863 nodes
and 880 elements. An example of mesh and nodal loading equivalent to the applied
mud pressure is shown in Figure 7. The in-situ stress state was simulated by
introducing a distributed vertical load on the top of the external boundary, whose
value was equivalent to the vertical in-situ stress and a lateral load on the external
boundary. The vertical effective in-situ stress was 7.25 psi and the horizontal
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effective in-situ stress was 1.45 psi. The in-situ stress in the axial direction was
simulated by setting an initial stress state equivalent to its value. The pressure on the
borehole wall is represented by pressure on the bore face. The Drucker-Prager
materials model was picked up in this EFA, which is shown in Figure 8. The
maximum pressure is 39 psi as 2D models predicted in Figure 9.

ANSYS
Elements APR 12 2015
18:32:00

Figure 7. Example mesh and nodal load equivalent to applied mud pressure

A Define Material Model Behavior - o
Material Edit Favorite Help

" Material Nodels Defined Material Models Available ——
Haterial Model Number 1 ;I ’7 8 Nonlinear LI

i Elastic
A Drucker Prager for Material Number 1

Drucker Prager Table for Naterial Number 1

Cohesion Fric Angle Flow Angle
Constants 20000
Graphl
oK | Cancel | Help | LI
| |

Figure 8. Parameters for 2D- materials modeling
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NODAL
SOLUTION
STEP=1

3UB=1

TIME=1

SEQV [AVG)
DMH=864E-03
EMN=.001988
SMX=41.0718

0.001938 8.46850 178312 273676 36.0211
470466 13.2904 226342 315044 41.0718

Figure 9. Primary stress and equivalent effective stress
3D-Basic ANSYS Model of the Horizontal Borehole

The new 3D numerical model was developed to simulate and evaluate the
maximum borehole pressure during mini-HDD installation. The finite element
analysis software ANSYS was employed. Plane 45 was chosen as the elemental
material for 3D model. 2D numerical analysis (i.e. based on plane strain condition)
was performed to examine the implications of assumption of plane strain conditions.
The meshing used for 3D analysis and plane strain analysis is shown in Figure 10.
The principal stress and the equivalent effective stress from 3D model were 39 psi
and 41 psi, respectively (Figure 11). The parameters used for analysis by ANSYS are
listed in Table 2.

Figure 10. Meshes used for the three dimensional and plane strain analyses for 3D
models
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(AVG)
-864E-03

.214206" 9.
4.95644 14.4409

Figure 11. Principal stress and equivalent effective stress of 3D models
Table 2. The field data used in ANSYS

Borehole length, f# 260
Silty-clay height, ft 15.7
Clay height, ft 21.7

Fill height, ft 29.5

Depth, ft 10
Product pipe OD, f# 0.75
Product pipe thickness, f# 0.05
Product pipe ID, f# 0.702
Borehole diameter, f7 0.833
Mud layers diameter, f# 0.751

Conclusions

After plotting the maximum mud pressure from all three models in Figure 12
and table 3, it was revealed that the cavity expansion theory overestimates the
allowable mud pressure, whereas ANSYS 2D and 3D models were conservative and
predict closely to the actual result. Concluding on the above results, Drucker-Prager
materials model which is adaptive for engineering application can be introduced in
ANSYS as a new constitutive model library for better understanding and estimating
of mud pressure.
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42 -~
41.5 A
41 -
40.5 A
40 -+
39.5 A
39 +
38.5 A
38 -+

375 : : : /

Field Data Cavity 3D models by 2D models by
Expansion Ansys Ansys
Method

N\

Maximum borehole pressure , psi

Figure 12. Comparison between maximum pressure (psi)

Table 3. Differences of Pressure

Cayvity expansion ANSYS 2D and 3D

theory models
Prediction Pressure (psi) 41.75 38.75
Differences of Pressure
5% 2.5%

(| Prediction Pressure — Field Date |)
Field Data (39.75 psi)

The modeling procedure used was able to capture the volumetric compressive
behavior of the soil around the borehole. Cap models present different formulations.
To use them, it is necessary to work directly on experimental data, once different
formulations lead to different parameters. This is the major drawback of this model.

Elastic-plastic cap plasticity models are able to define a damaged zone. The
size of the plastic zone that induces borehole instability is the other topic of research.
In the field, this mechanism is not completely understood. It is known that plastic
compaction disaggregates the material, causing bonding and grain breakage. Whether
this material will be carried by fluid flow or it will produce a compacted region that
acts as a barrier to flux should be investigated by more refined coupled models.
Localization models, multi-scale models or FEM-DEM coupling would be helpful in
understanding the role of compaction in borehole instability.
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Abstract

The Victory Pipeline project is a $30 million dollar, 27.5 mile pipeline located in
Duchesne County Utah. This gravity fed pipeline was constructed using HDPE pipe
with sizes ranging from 22”-30” that will deliver treated potable water to 7 different
water companies and cities. This paper will discuss the pipe material selection
process, pipe fusion, and installation techniques including open trench, and HDD and
the benefits of using HDPE pipe. Several obstacles were encountered in the design
and installation of this project which forced an alignment change. These obstacles
include environmental assessments, endangered plant species, migratory birds,
easements of over 50 property owners, state land, federal land, the Bureau of Indian
Affairs property easements, and coordination with US Fish and Wildlife, and the US
Bureau of Reclamation.

PURPOSE AND NEED

Duchesne County, Utah encompasses
approximately 3,250 square miles in the eastern
portion of Utah. The County has two larger
population centers with the towns of Roosevelt and
Duchesne. The remaining portion of the county
consists of agricultural lands, small rural
communities, tribal lands, and is the largest crude
oil production county in Utah.

The municipalities of Roosevelt and Duchesne have
developed water systems to serve these two larger
population centers. To meet the needs of the :
smaller rural community, agricultural, and energy 30 vk j’_
: |
production demands, several smaller water o
companies have evolved. The development of these
water companies has resulted in several smaller sized water systems running
throughout the County to meet immediate growth demands, and in some cases,

Figure 1 - Duchesne County
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overlapping or sharing common facilities. This has resulted in several utilities being
constructed in public rights-of-ways causing significant congestion.

Additionally, all water suppliers in the area are heavily impacted by the rapidly
growing petroleum industry. This additional industrial water demand creates a heavy
strain to most of the local water suppliers.

Duchesne County Water Conservancy District (DCWCD) was formed in 1998 under
State Code Title 17B and is a legal subdivision of Duchesne County, UT. The
mission statement of the District, in part, is to construct, operate and maintain
facilities associated with water resources and such other facilities as are necessary to
the functioning of the District. In 2010, as a step towards this goal and to meet
growing demands, the Central Utah Water Conservancy District (CUWCD) agreed to
expand their Duchesne Valley Water Treatment Plant (DVWTP) capacity from 4
million gallons per day (MGD) to 8 MGD. The treatment plant source water is
surface water from Starvation Reservoir. As part of this agreement, DCWCD agreed
to construct a pipeline that could deliver the finished water from the treatment plant
to customers throughout a major portion of the County.

Planning for a pipeline project to deliver this water began in 2008 and has developed
over several years. To accomplish objectives that were developed throughout the
planning phase, several project goals were established including:

e Utilize the 4 MGD made available by the CUWCD DVWTP expansion in
2010.

e Provide a reliable source and transmission system for several participating
customers.

e Provide a shared customer water system that reduces expense by eliminating
the need for more costly independent systems.

e Improve existing customer system hydraulic capacity by injecting high
pressure source flows at critical and bottleneck points in existing customer
delivery systems.

e Provide a reliable source for customers currently dependent on surplus water.

e Provide a secondary water source for several customers.

BASIS OF DESIGN

In 2012 a formal alignment study and planning level cost opinions were completed.
The study analyzed several alignment alternatives considering land ownership,
hydraulics, geology, and other factors in constructing a pipeline that could deliver
finished water to seven existing water companies, districts, and municipalities
(customers). These customers serve 90 percent of the County’s population. The
project was subsequently named the Duchesne County Victory Pipeline (DCVP).
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Following the alignment study a

cost/affordability analysis was 2

conducted considering customer : N Roosevelt\ﬂ

affordability criteria for their
retail water sales. The results of
the study concluded that the
project could not exceed the
planning level cost opinion of
approximately $34 million or
retail water rates would need to
be raised beyond what
customers would be willing to

pay.

The DCVP traverses 27.5 miles
of undulating ground through Figure 2 - Victory Pipeline
foothills, agricultural lands, rock formations, wetlands, environmentally sensitive
lands, roadway rights-of-ways, multiple canal crossing, stream crossings, and a river
crossing. The alignment avoids urban areas and other population centers. Landowners
include the United States of America (US Bureau of Reclamation), State road
crossings, Federal grounds (US Bureau of Indian Affairs), and private property.

Planned customers have shown over the past years that they have adequate resources
to operate and manage their individual delivery systems, but some of these systems
are at capacity. The DCVP delivers up to 4 MGD a day to vastly improve customer
systems by providing a reliable source of water at strategic points in their individual
delivery systems.

The topography generally has a declining slope from the CUWCD treatment plant to
the project termination in Roosevelt. This lends itself to a complete gravity system
with customer turnouts strategically located to take advantage of improved pressures.

In the course of design, a geotechnical report was completed that identified soil types
of poorly graded gravel, sands, silt sand, sandy clay, and lean clay with shallow
ground water in two locations. Perhaps the most important discovery from the soils
analysis concerns the corrosion potential for ferrous metal. The resistivity analysis
indicated that the onsite soils have resistivity values ranging from 160 to 3800 OHM-
cm and pH values of 7.30 to 8.86. Based on these results, the onsite native soil is
expected to be very corrosive to moderately corrosive (Mattson, 2014).

Since DCWCD has limited maintenance staff, maintenance and operation became a
primary consideration during the design. With this in mind, the following objectives
were developed:

Construct a complete gravity system from beginning to end.
Minimize energy costs.

Reduce potential for pipeline leakage.

Pipeline materials with little to no corrosion potential.
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Limit materials and equipment required to operate the pipeline.
Mechanical equipment with low maintenance requirements.
System longevity.

Minimize impacts to private land owners.

Best product possible with fixed funding.

HYDAULICS AND PIPE MATERIALS

To meet the objectives of the project, several material types were considered for both
the pipeline and required mechanical equipment (valves, meters, etc.). These
materials were evaluated for hydraulics, capital costs, life cycle costs, maintenance
and replacement requirements, and ease of operation.

Because of the undulating topography, the pipeline hydraulics was carefully
evaluated using conservative values where possible. Determination of the pipeline
hydraulics used the Hazen-Williams equation in a spreadsheet analysis:

hf = [(10-44)(L)(Vgpm)1'85] - [(CHW)LBS(dinches)4'8655]-

For plastic pipe a conservative Hazen-Williams coefficient (Cyyy) of 140 was used.
For concrete lined steel and ductile iron pipe, a conservative Cyy, value of 100 was
used.

The design flow of 5 MGD (peak day) with a maximum velocity of 5 feet per second
were used as criteria in determining the required pipe size. Using these criteria,
internal pipe diameters were evaluated ranging from 18 inches to 30 inches. The
results showed that a combination of pipe diameter consisting of 24 and 18 inches,
for a Cyyy value of 140 were required to meet the project hydraulic conditions, and
pipe diameters of 30 and 20 inches, for a Cyy, value of 100 were required to meet the
project hydraulic conditions

In evaluating pressures in 18 and 24 inch pipelines for both Cyy, values , there was an
approximate pressure differential of 65 psi (equivalent to 150 feet of head
differential) between the two over the pipeline length of 27 miles. More importantly,
there were three locations along the pipeline alignment where pressures were near or
below 0 psi when using a Cyyy, of 100.

In addition to low pressure areas along the pipeline alignment, the opposite was also
true. There were areas of higher pressures. Since this is a gravity system, static
pressures were analyzed for the system high pressure requirements. At the lowest
elevation point in the system the high pressure was approximately 270 psi.

The results of the hydraulic analysis demonstrated that the pipeline needed to possess
the ability to accommodate a wide range of pressure conditions. Given the results of
the hydraulic analysis and the corrosion potential, plastic pipe materials became the
preferred option.
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The two most common types of plastic pipe materials for water systems, High
Density Polyethylene (HDPE) pipe and Polyvinyl Chloride (PVC) pipe, were then
carried forward in the pipe material selection phase of the project.

HDPE pipe offers a welded joint pipe with pressure ratings ranging from 63 psi to
333 psi for PE 4710 cell classification. PVC offers standard pressure ratings ranging
from 80 psi to 235 psi for 24 inch Fusible C905®. PVC also offers a fusible joint
product.
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Figure 3 - Hydraulic Analysis

To satisfy the objectives of potential pipeline leakage, system longevity, reduce
installation time through private/agriculture lands, and accommodate installation
along undulating terrain, a welded joint pipe was desired. A selection of welded joint
pipe reduces the number of fittings along the alignment as well as eliminates the
potential for joint deflection and potential leakage inherent in bell and spigot joints.
HDPE pipe was chosen due to its ductility and tighter bend radius compared to other
fusible pipe materials. The HDPE fusion process has an approved ASTM F2620 with
historical performance data that produces a pipe fusion that is leak free and is as
strong as the pipe itself (ASTM F2620).

Although a plastic pipe material became the preferred alternative for this project as
the main piping material, steel pipe was used inside most of the customer turnout
vault structures and major drain/isolation vaults, isolating the steel pipe from the
corrosive soils. These vault structures became ideal locations to include restraint for
HDPE pipe expansion and contraction due to temperature fluctuation. Bolted flange
adapters were used to transition from HDPE pipe to steel pipe inside the vault.

COST ANALYSIS

Since metallic pipes didn’t satisfy a number of the Victory Pipeline project
objectives, they were not included in the cost analysis. Comparing fusible HDPE pipe
with internal diameters matching that of Fusible C905® PVC showed that the
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difference in costs was negligible. The difference in material costs were offset by the
lower installation costs of HDPE pipe.

BENEFITS OF HDPE PIPE

HDPE pipe is becoming more commonly used in municipal and irrigation water
projects across the country. The findings of the DCVP are becoming apparent to the
industry as more people are going away from traditional pipe materials that have
documented historical problems and reaching out to HDPE pipe as the solution.
Many engineers/designers are either first introduced to HDPE pipe through trenchless
technologies where HDPE pipe is the leading material used for horizontal directional
drilling, pipe bursting, and other trenchless technologies due to its ductility, strength,
abrasion resistance and toughness. Or they are introduced to it through their gas
distribution counterparts where polyethylene pipe has been used for decades of leak
free performance.

There are many construction/installation advantages to HDPE pipe, such as narrower
trench widths. HDPE pipe is fusion joined above ground and then placed into the
trench. This eliminates the need to over excavate for trench boxes in order to put
people down in the trench safely. This reduced excavation greatly saves time and
money, allowing HDPE pipe to be installed quickly and efficiently Figure 4.).

- -l?m

Figure 4. HDPE Pipe Installation
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HDPE pipe has the tightest bend radius of any pipe material, 100 times tighter than
other fusible plastic pipe products. Where direction changes need to be performed in
a small area, fabricated HDPE fittings are available. These can be pre-ordered or
fabricated on site (Figure 5.). Fabricated fittings are fully heat fused and do not
require thrust blocks at directional changes like other unrestrained joint piping
materials. This saves time and cost during installation.

Figure 5. Fabricated Fittings

HDPE pipe has decades of documented history on fusion performance. Butt fusion
procedures ASTM F2620, coupled with the Plastics Pipe Institute’s (PPI) TR33 are
the only plastic pipe fusion procedures to be adopted by the American Society of
Mechanical Engineers (PPI TR33). HDPE fused joints are fully restrained and leak
free. Rural Utah is known as the king of canals, many of these canals were built when
the early pioneers originally settled Utah. These canals have served the area well for
over 100 years, but with populations growing and water becoming more scarce in the
drought stricken Western United States, water conservancy districts across the
country are opting to close in these canals using HDPE pipe. These original open
canals have a historical average of 30% water loss due to evaporation and seepage.
Other bell and spigot piping materials have been used in the past, but losing water
through exfiltration or contaminating good water through infiltration, leak free HDPE
pipe is now being used to control these problems.

Surge resistance is an important part of any pipe design. HDPE pipe is one of the
most surge resistant piping material and has the ability to withstand occasional surges
up to 100% above the pressure rating of the pipe and recurring surges at 50% above
the pressure rating of the pipe (Figure 6.). This ability comes from the ductility of the
material coupled with its ability to expand during water hammer events. Chapter 6,
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Section 1 of PPI’s Handbook of PE Pipe can be used to aid in design of HDPE pipe
systems. This section includes design criteria for surge allowance (PPI, Ch.6 2008).

450

. 400 W Steady Pressure
@ 300 —
» 250 -
@ 0 PC plus Recurring
2 200 ||
o . Surge. Allowance =
g 190 — 0.5xPC
S 100 - -

50 1 | @ PC plus Occasional

0 - —  Surge. Allowance =
DR 21 DR 17 DR 11 1xPC

Total Pressure = Surge Pressure Allowance + Steady (Working) Pressure

Figure 6. HDPE Pressure Surge Allowance Chart

Further surge design assistance can be found on PPI’s website using the PACE
calculator found at http://ppipace.com/ (Figure 7.).

Click Get Starfed o Begin.

INSTITUTE®

PACE

Pipeline Analysis & Calculation Environment

What is PACE?

PPI-PACE is an online tool developed for and released by the Plastics Pipe Institute (PPI). The purpose of this tool iz to assist industry professionals in the
evaluation and selection of PE pipe for pressurized water distribution and fransmission main systems by completing design calculations. In addition to operating
pressures, PPI-PACE considers recurring and occasional fransient surges and the design fatigue life of the pipeline in the evaluation process. Comparable
calculaticns are also provided for PVC pipe following the applicable standards. The calculation methodelogy of PPI-PACE is an implementation of the exisfing
standards (AVWWA CO00/AWWA COD1/AWWA CIOS/AWWA CI06/ASTM FT14ASTM D2241) provided by eTrenchless Group Inc. For more information, or to
provide feedback/comments, please contact infoi@ppipace.com.

Figure 7. PPI’s PACE Calculator for Pressure Surge
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HDPE pipe is resistant to corrosion and chemical attacks and can easily handle
corrosive soils with no degradation. HDPE pipe is resistant to biological attack and
does not support the growth of tuberculation or build up on the inside wall of the
pipe. This allows HDPE pipe to maintain its original Hazen Williams C factor of 150
for the life of the pipe (PPI, Ch.6 2008). These benefits combined with low
maintenance requirements give HDPE pipe the lowest life cycle cost of any pressure
piping material with an estimated life span greater than 100 years.
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Abstract

Large diameter pipelines are a critical component of a utility’s infrastructure. Design
and construction of pipelines in an urban environment is a difficult task. Weaving a
large, critical piece of infrastructure through city streets, easements, and existing
infrastructure has unique challenges that must be studied in the planning, routing and
preliminary design of the project. This paper will present an outline for the planning,
design and construction of a large diameter pipeline in an urban area based on lessons
learned from previous projects. The lessons learned during construction provide
valuable insight into how better planning and design can greatly reduce the challenges
faced in future construction projects. Pipeline construction can impact businesses,
bring traffic to a halt and jeopardize public safety. To limit these impacts to the
community, engineers must consider public involvement initiatives, traffic control
and project phasing. Route selection is a critical part of the process and can ultimately
have the greatest influence on how challenging construction and maintenance of the
pipeline will be. Additionally, engineers can work within the framework of the triple
bottom line to balance, environmental, economic and social impacts. This process can
be used in evaluating open cut construction versus tunneled construction as well as
selecting the best route for the pipeline. Construction of large diameter pipelines is
slow and expensive. Working with contractors to identify work space requirements
and construction methods is very important. As a part of this paper, several
contractors were contacted to discuss these challenges and a summary of those
discussions is included in the paper. Pipelines, due to the large investment and
criticality of service, must be reliable and resilient with a long service life; therefore,
they must be engineered with robust design criteria and with operations and
maintenance in mind. This effects route selection, pipe material selection, backfill and
embedment design and appurtenance layout. The earlier these factors are considered
the better off the project will be during construction.
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INTRODUCTION

Large diameter pipeline design and construction in an urban environment is a difficult
task. Some of the challenges that a designer and contractor face include working in
tight spaces, dealing with utility conflicts, minimizing impacts to the public and risks
associated with prolonged schedules and escalating costs. Similarly, pipeline owners
face challenges in the operation and maintenance of the pipeline including leaks or
blow-outs, damage from third parties and difficulty accessing the line in tight spaces
with new development.

The purpose of this paper is to provide lessons learned and best practices for dealing
with these challenges. The focus of the design engineer should be on providing
reliability and flexibility over the long term while balancing the ability to construct
the pipeline. This can be accomplished with a thorough route selection process,
utilizing robust standards during final design, and considering the future use of the
pipeline to make the pipeline easier to operate and maintain.

ROUTE SELECTION

A thorough route selection process can reduce cost of construction, operation,
easement acquisition, environmental impacts, impact on landowners and schedule
(Hutson, 2006). The schedule savings can be in terms of reducing permitting
requirements, shortening the design process and reducing construction time.

Data Collection. Better decisions are made with better data. Engineers must take the
time to gather the appropriate data to improve the decision making process.
Geographic Information Systems (GIS) provides a perfect platform to collect and
utilize the data. Recent aerial photography of the pipeline corridor will provide a great
base for the data. Aerial data can be acquired from mapping services such as ESRI,
USDA, USGS, Bing, Google, and many others. Owners often have access to recent
aerial data as well. Many municipalities have invested in asset management systems
for their water and sewer utility systems as well as their other infrastructure. This data
is invaluable in determining utility conflicts. Other good data sources include:

County Appraisal Districts for property lines and landowners

The railroad commission for buried oil and gas infrastructure (Texas only).
FEMA for floodplain boundaries

EPA and Historical Commission for environmental and archeological data
USDA for soil data

USGS for land cover and ecological data

National Wetlands Inventory

ESRI for general U.S. and World mapping information

Utility master plans
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Engineers should also research future development plans in the form of zoning maps,
comprehensive plans, master thoroughfare plans, and capital improvement plans.

Alternatives Analysis. This may be the most critical stage of the route selection
process. The development of alternatives is a brainstorming process in which no idea
is ruled out immediately. Multiple routes, corridors, in streets versus in easements,
and installation methods (tunnels versus open cut) should be considered and then
screened out using selection criteria. Selection criteria may include the following:

Initial capital cost

Life cycle cost including capital, operations, and maintenance costs
Constructability

Impacts on schedule

Vulnerability to 3" party damage, soil erosion and future development
Accessibility to perform O&M

Environmental impact

Social impact (road closures, lost business, traffic delays, etc.)
Easement acquisition cost and schedule

The shortest route is not necessarily the best, all factors need to be weighted and
assessed to determine the best route for the pipeline. The initial capital costs should
be balanced versus life cycle costs and short term and long term impacts on the
environment, businesses and community must also be considered. This evaluation
process is known as the triple bottom line (TBL). The TBL is an accounting
framework with three parts: social, environmental and financial. Utilizing this
framework will allow the engineer to make decisions throughout the project life that
take into consideration all the stakeholders affected by the project.

Installation Methods. There are two options for the installation of large diameter
pipelines in urban areas. Open cut will usually have the least cost; however, in an
urban environment, some tunneling is usually required to cross obstacles such as
highways, railroads, rivers and, other large utilities. The route selection should
evaluate how much tunneling will be required versus open cut.

At times, long, deep tunnels can be used to improve hydraulics of the system and
reduce power usage by reducing system high points. Other times, tunnels are built out
of necessity due to limited space for open cut, substantial critical underground
infrastructure, or other severe impacts to the public.

Easement Needs. The workspace requirements to construct and maintain the project
need to be considered during the route selection phase. In some instances, permanent
and/or temporary easements may be required. At other times, the contractor may
work in the public right-of-way without requiring easements. Regardless, the
following considerations must be made:
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e There must be enough room for the contractor to string pipe and embedment
materials, move his equipment around for trenching and backfilling as well
as room for temporary spoil.

e Remote laydown areas may be needed to string pipe and other materials;
however, double handling of pipe and materials results in added cost.
Access easements may be required where public road access is not available.

e Tunnel pits may require additional temporary workspace and staging area.
HDD installations have additional site requirements that must be met,
currently HDD is limited to about 48-inch diameter pipe

o Depending on the diameter, each side of the HDD may require as
much as a 100°x150° laydown area.

o Additional easement may be required to string out the pipe so it can
be fused and laid out before it is pulled.

o The maximum bending radius of the pipe may limit where the pipe
can be strung out prior to the pull.

e Room is also needed for the owner to properly provide routine maintenance,
repairs to pipe and pipe joints, valves and to make tie-ins.

e Purchase exclusive easements to prevent encroachment from future utilities.

e In some deep tunnel applications, subterranean easements are needed that
vary significantly from open cut easements.

e Major appurtenances may require additional easement

Access. It is important to consider how the pipeline site can be accessed both during
construction and after it. The contractor will need to be able to access the site, store
equipment, and move material, pipe, and appurtenances in and out from the site while
the owner will need to be able to perform maintenance or make any repairs that are
needed. Many access points are needed for to allow this to happen without negatively
impacting production or operations and maintenance.

Traffic control plans are not just important for minimizing traffic delays but also for
allowing the contractor to easily access the construction site. Additionally, if a
pipeline is to be placed under pavement it is preferable to locate the line in an exterior
lane so that only one lane must be shut down in the future for construction and
maintenance access.

Subsurface Utility Engineering (SUE). SUE is an invaluable tool for pipeline route
selection and design. There are several different quality levels that each provide
differing amounts of detail as to the location and/or depth of existing infrastructure.
Quality levels are defined in ASCE Standard 38-02. Quality Level D and C can be
valuable for route studies. Level D SUE uses data from existing utility records while
Level C locates visible facilities such as manholes, valves boxes and pipeline markers
to correlate the Level D data. Quality Level B data involves geophysical methods to
determine the horizontal location of all underground utilities, while Level A involves
potholing utilities to verify the exact horizontal and vertical location. In some
instances it may be important to utilize Level B SUE data before completing the final
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route selection and alignment determination. Level A should be completed before
starting preliminary design.

In numerous instances, engineers have relied on as-built data on waterlines and other
utilities to set tunnel depths only to find that the depth of the utility is much deeper
than it was shown on the as-builts. In other cases, utility lines that were assumed to be
properly centered in their easement were actually installed well outside the easement.
When paralleling existing easements, SUE Level A should be used to verify the
location of the adjacent utility.

DESIGN

Several elements of the pipeline design are critical to the long term performance of
the piping system. This section will focus on these key elements and design tips to
achieve long, reliable service life with minimal maintenance.

Pipe Material Selection. There are a handful of pipe materials suitable for large
diameter transmission pipelines. These options include Steel Pipe (AWWA C200),
Pre-stressed Concrete Cylinder Pipe (AWWA C301), and up to certain diameters:
Ductile Iron (AWWA C151), Bar-Wrapped Concrete Cylinder Pipe (AWWA C303),
Polyethylene Pressure Pipe (AWWA C906) and Fiberglass (AWWA C950).

All projects are different and various pipe materials may be suitable for some projects
and not for others. In urban environments the mode of failure is also critical as
catastrophic failure can put lives and property in danger.

Embedment and Backfill Design. In an urban environment, factors that influence
the embedment and backfill design include the long-term reliability of the trench
system, reduction of settlement especially under pavement, the ability to place
materials and backfill quickly, and even the protection of the pipe from third party
damage. In some situations, flowable fill can provide superior support, reduce
settlement, allow backfilling to proceed in less than an hour, and provide some
measure of protection from third party damage. Flowable fill is preferable over lean
concrete due to its ability to be excavated without jackhammers. The Engineer and
Owner must weigh the additional cost of this embedment system versus the short
term and long term benefits.

Large diameter pipelines can create large obstructions for other utilities if sufficient
cover is not provided to allow those future utilities to be placed above the pipeline,
especially gravity lines for stormwater and sanitary sewer. However, extra depth
translates to extra cost so the engineer can’t be so conservative that prices are driven
up unnecessarily. Significant effort should be given to coordinating with any future
development to determine the correct depth of cover to place the pipeline.

Tunnel Design. Quality geotechnical information is critical to the design of tunnels
for large diameter pipelines. The risks associated with tunneling can only be assessed
once quality data is provided to the Engineer. Factors such as soil classification,
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groundwater depth, and other soil strength characteristics must all be evaluated to
determine if tunneling is the correct method of construction for a given location.

If groundwater levels are very high, significant dewatering measures may be required
and potentially the use of tunnel boring machines (TBM) to construct the tunnel.

Appurtenances. Special consideration must be given to pipeline appurtenances in an
urban environment. Engineers should plan for future tie-ins and include fittings to
assist with hydrostatic testing and disinfection. Coordination with the Owner and
project stakeholders is crucial to plan for future connections.

A transmission pipeline in an urban setting may require more main line valves to
enhance the ability to maintain the pipe by reducing the amount of dewatering that is
needed if man access is required and can isolate line breaks or sections for repair.

Pipeline construction in an urban environment can be combined with paving
replacements to reduce total costs. In the case of concrete paving, the pipeline can be
positioned where a panel replacement is satisfactory. When the street is in poor
condition, a full replacement may be warranted. Asphalt paving can be upgraded with
a mill and overlay.

Cathodic protection is a must for long term protection of all ferrous pipe materials.
This is particularly true of large diameter pipelines that require a high initial
investment that must be protected. Large pipelines in an urban environment are even
more critical due to the cost to rehab/replace and the consequence of pipe failure. To
make cathodic protection systems more robust, plan for redundant connections to the
pipe with short runs and wire protected in conduit. Isolation of pipelines is critical to
make the cathodic protection system efficient. Corrosion engineers must address
interference with other piping systems and adjacent cathodic protection systems.
Determining a source of power is also a critical planning component and locating the
rectifier for an impressed current system such that it can be easily accessed and
maintained is an important step in the design.

Constructability. Constructability is one of the larger challenges associated with
urban construction. What may come easily in a rural pipeline project can be much
more complex and difficult in an urban pipeline project. Caution must be taken when
excavating near so many existing facilities and that causes construction to take much
longer. Many utilities and pipeline owners require that excavation near their facilities
be done by hand which can significantly slow down construction progress.

Construction equipment can also be limited in the head space available due to
structures or overhead power lines. The equipment may also be limited in its mobility
horizontally due to narrow easements or tight working conditions. Additional
construction equipment may be required on site if some equipment is not able to
freely move around. Site conditions may also require the use of rubber tires instead of
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tracks to prevent damage to pavement. These are all limitations placed on the
contractor which can affect production rates and costs.

Haul routes may also need to be considered to establish how material can be brought
to or removed from the construction site as needed. If haul routes require longer trip
lengths for trucks it may increase costs and slow production. Counties and
municipalities may limit the timing for these operations to off peak times.

In urban areas there is likely a need for continuous access to businesses, residences,
and offices that may create many subdivided sections in the construction. Traffic
control plans need to provide access to these facilities and the engineer must consider
how much space there is between access points to ensure it is adequate for the
installation method specified.

All of these constructability issues need to be taken into consideration during design.
A good alignment must take into consideration the final location of the pipeline as
well as the ability to install the pipeline in that location.

Cost Estimating Considerations. Preparing an accurate opinion of probable
construction costs for an urban pipeline is difficult. Some tips that can increase the
accuracy of the estimate are as follows:

e Collect data on similar urban pipeline projects to help develop not only
unit costs but some big picture perspectives on total project costs.

e Be careful not to use past project bid tabs exclusively. All projects are
different and have different bidding environments and markets.

e Material costs are typically similar for urban projects; however, slow
construction in a congested environment may increase installation cost.

e Restoration of paving and landscaping is expensive but can be quantified.

e Talk to contractors to get their feedback on crew sizes, production rates,
special equipment needs and other factors that influence cost.

e Keep up with pipe and construction market conditions.

e Consider the rate of production in the cost, the longer it takes to install the
pipe the more it will cost.

e Account for contractor’s risk associated with working near so many
existing facilities, this risk will be reflected in a higher bid price.

e Traffic control may require concrete barriers and flagmen.

It is difficult to quantify how much additional cost may be incurred by the slowed
production rate of construction in urban areas which is why it is important to discuss
the project early on in design with contractors to remove as many limitations on the
construction as possible.

CONSTRUCTION
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An Engineer’s work does not end with design. Construction in urban areas requires
significant oversight and coordination between all parties involved in the process
from planning through construction.

Risk Assignment. An important factor to consider when designing and planning for a
pipeline project in an urban area is the risk involved in construction.

Working in an urban environment brings additional safety risks that must be
considered, such as working near traffic, proximity to pedestrians, hazardous
underground utilities, and potentially contaminated soils. Proper barriers or
construction fencing is essential for public safety as well as the safety of the
construction workers. Thorough geotechnical work can help mitigate some risk.

As previously discussed, SUE can help to clearly identify the existing infrastructure
near the project. Leaving the locating up to the contractor during construction can
lead to significant design changes, lost time, and increased costs when unforeseen
utilities are encountered. If some utilities cannot be located until construction, require
that the utility be located at the beginning of construction so that any changes can be
made without negatively impacting the schedule.

The project specifications need to clearly address how conflicts are handled and lay
out a process to resolve any issues as quickly as possible so the project schedule is not
significantly impacted. Additionally, the Owner may consider adding an allowance or
contingency in the bid to allow for unforeseen issues.

Another way to mitigate risk it to collect survey information for adjacent structures
and facilities that are near the construction site to confirm if there has been any
negative impact. Taking good pre-construction photos can also help with this.
Tunneling operations are particularly important to monitor due to the potential for
settlement.

Public Involvement/Communication. As a part of the social considerations in the
TBL, pre-construction meetings can be hosted to allow the public to ask questions
about the project and understand how the project may impact them. These meetings
can also help the project team to understand the concerns of the community so that
they can be addressed.

It is also important to keep the public informed on construction progress throughout
the life of the project. This can be done through mailings to landowners, door hangers
for homeowners, or a public website that is regularly updated with construction status
reports. Above all those things though, one on one communication can do the most
good in mitigating any issues that may come up with the community.

Scheduling. Construction scheduling is an important consideration for the success of
the project. Various seasons and events should be considered when laying out the
construction schedule. Some of the factors that may require consideration are:
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School year, consider constructing near schools during summer months.
Peak shopping months.

Holidays.

Community events (parades, fun runs, sporting events, etc.).

Wet weather, allow time in the construction duration for rain delays.

If service connections or other pipeline connections are required, consider the timing
of these connections. Some may require night or evening work to reduce service
outage impacts.

Construction Data Collection. Since large diameter pipelines are such critical
infrastructure, it is important that accurate data be collected and stored for future use
in repairs or maintenance. It is also important to properly identify joints and specials
as well as keep up-to-date records of the pipe as it is being installed. Accurate record
data should be maintained throughout the project.

Survey data is also important to maintain accurate data on elevation and alignment of
the pipeline to prevent third party damage in the future and allow maintenance crews
to easily find and maintain the system.

Construction Inspection. Generally, construction in urban areas will require more
oversight than in less developed areas. A good construction manager can save the
owner significant amounts of money by addressing construction issues before they
become major problems. The construction manager can also act as the owner’s
representative to the community to help address concerns and issues that come up
during construction.

Materials testing is also an important part to construction. As previously mentioned,
the embedment design is critical to the strength and long term performance of the
pipe and ensuring that the contractor uses the proper materials and meets the
installation requirements from the design is essential to successful construction of the
pipeline.

INPUT FROM CONTRACTORS

As a part of this paper, several contractors were contacted to discuss the challenges
faced and important considerations for designing and constructing large diameter
pipelines in urban areas. The following points reflect some of the input provided by
experienced contractors in this field.

Trucking. The most common challenge voiced by the contractors was the difficulties
involved with bringing in and removing construction material. Large pipelines can
potentially require huge amounts of embedment and backfill material to be imported
to the job site, the contractor’s ability to do this greatly impacts the cost and schedule
of the project. It is critical to ensure adequate access to the construction area during
allowable working hours. To help address this issue one may consider using native
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material or some combination of native and imported material to reduce the amount
of imported material. On-site recycling of asphalt and concrete was also suggested as
an alternative. Removing material also creates a large demand for trucking. A good
rule of thumb is that the maximum amount of material that can be removed in a given
day is 1,000 CY.

Traffic Control Planning. Early communication and coordination with the public to
mitigate traffic concerns can help to reduce scheduling issues and public impact. If it
is possible to implement detours and/or complete closures at street and intersection
crossings in lieu of constructing the intersection half at a time it will speed up
construction and reduce the overall time that traffic is impacted.

Working Room. A lack of working room can severely limit the contractor’s ability to
move and efficiently construct the pipeline. In an urban area, conditions may require
narrow working room but considerations must be given to where the contractor will
string out the pipe before it’s installed, how an excavator can move within the
working area, and where dump trucks can come in and out to bring in or remove
material.

Depth. Depth of cut should be minimized to decrease cost and difficulty of
construction. Any increase in depth may require larger working rooms and creates
more spoil material and import material needed.

Existing Utilities. This has been mentioned previously in this paper but the value of
locating existing utilities ahead of construction can not be overstated. Any utilities
that are unknown to the contractor ahead of construction are likely to slow down
construction, increase costs, and create safety risks.

Overhead Obstructions. Often overlooked, overhead obstructions can impact the
speed of construction and create new safety concerns for the contractor. Overhead
power and signalized intersections are the most common source of overhead
obstruction and need to be observed carefully during construction and all OSHA
requirements for working near these facilities must be observed.

CASE STUDIES

Allen-Plano-Frisco-McKinney (APFM) Pipeline. A thorough route selection
process was used in the planning of the APFM Pipeline for the North Texas
Municipal Water District. The four-phase project was 18.6 miles long, with the most
critical segments completed in priority order. The first three phases included 13.2
miles of 72-inch pipeline. The design team reviewed multiple corridors in pre-design,
some following a longer path to less developed road ways and others following a
shorter route but in a fully developed corridor. The cost analysis showed that even
though the cost per linear foot would be higher for the more congested route,
ultimately the shorter pipeline would be less expensive. In the end, the pipeline
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alignment followed a larger parkway that enabled lane closures and use of a median.
The project required heavy coordination with various municipalities.

Lessons learned from the project include:

e (Cost Analysis — Determining the cheapest route is not always clear from the
first look, it is worth taking the time to compare. For this project the more
congested corridor became the least expensive but this is not always the case,
spend the time to do a thorough cost analysis early on in the route selection.

¢ Avoiding Developing Areas — In some cases, designing around known
conflicts can be easier than designing for unknown future conflicts.

e Project Phasing — phased construction can reduce impacts to the community
and spread out the capital costs of the project.

_—
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Figure 1 — Allen-Plano-Frisco-McKinney Pipeline Construction down a median
with multiple utility conflicts and partial road closures.

Regional Carrizo Program 36-inch Water Delivery Pipeline

The 11.5 mile, 36-inch pipeline crossed four counties and three cities to deliver water
to the San Antonio Water System (SAWS) NACO pump station. The project was a
fast tracked design and construction with many road and interstate crossings, railroad
crossings, construction within a drainage channel, and other existing utilities that
required significant coordination and planning.

Lessons learned from the project include:

e Utility Conflicts — several unforeseen utilities and utilities located in a
different place than the record drawings indicated were encountered. More

© ASCE
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significant SUE work and construction contingencies would allow for a
smoother construction process.

e Acrial Topographic Survey — Surface features were encountered during
construction that were not visible from the aerial photography shot before the
project. Even if a full topographic survey is not possible, limited ground
survey in critical locations can help to reduce construction conflicts.

e New Development — New projects that were not identified during design
created conflicts with construction. It’s important to identify as many future
projects as possible during design and leave a contingency for dealing with
unforeseen new development when it is encountered during construction.
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Figure 2 — Water Delivery Pipeline Alignment

CONCLUSIONS

The planning, design, and construction of a large diameter pipeline in an urban area
comes with many challenges, but those challenges can be addressed if proper thought
and foresight is given to the project ahead of time. Following the framework of the
triple bottom line allows the engineer to address the economic, environmental, and
social issues associated with pipeline construction. Additionally, spending more time
on the front end of a project to identify all the risks and stakeholders involved will
help to mitigate issues that can arise down the road. With proper planning and design,
construction in urban areas does not have to be problematic, but instead can create
lasting infrastructure solutions that are simple to maintain while serving the
community for many years to come.
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Abstract

Box culverts are an essential component of highways and railroads since they
transfer storm runoffs from upstream to downstream. Box jacking (BJ) is a trenchless
technology method to install box culverts under embankments of existing highways
and railroads with minimum surface disruptions. Over excavation (overcut) during
box jacking operations is required to facilitate steering and reduce friction forces.
Surrounding soils may collapse into the annular space during or after project box
jacking and cause soil movements. Soil movement is reduced away from top of the
box due to arching effect. Arching is a mechanism where soil particles are prevented
from collapsing completely above the installed pipe/box and consequently less load is
applied to pipe/box. The objective of this paper is to investigate the applicability of
available empirical methods to estimate soil vertical displacements in box jacking
projects and compare their results with a case study. Finite element modeling (FEM)
using PLAXIS 2D is used to simulate box jacking operations. Data is collected from
a box jacking project to validate the FEM model.

GROUND MOVEMENT ANALYSIS

Empirical methods are commonly used to evaluate ground movements.
Empirical methods are based on mathematical relationships between measured values
from previous projects. Statistical Regression analysis is widely used in empirical
methods to find the relationships between project specifications such as pipe
diameter, depth of pipe and soil properties and estimate soil deformation. O’Reilly
and New (1982) conducted statistical analysis (regression analysis) on collected data
to investigate vertical soil displacement on top of circular sections (e.g., pipe). They
suggested an equation to determine maximum soil displacement using a parameter
called trough (channel) width parameter; i. It was observed that maximum settlement
(Smax) occurs exactly at the top of the opening and settlement magnitude decreases
away from opening centerline. Moreover, inflection point distance forms opening
(e.g., pipe/tunnel) centerline (i) increases as moving toward the ground surface.

Considering results from regression analysis, they suggested the following
equation to estimate trough (channel) parameter, i.

1,=K.Z
where:

i, = Trough (channel) width parameter at depth z above tunnel axis (m)
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K = A parameter that depends on the soil (e.g., i = 0.4 for strong clay and sand
below water level, 1 = 0.7 for soft clay, and i = 0.2-0.3 for sand above water table).

Z = Depth of the tunnel from ground surface (m)

Mair et al. (1993) performed research to evaluate subsurface movements due
to tunneling in clayey soils, and they showed that the normal distribution function can
be adapted to estimate subsurface settlements trough (channel) by modifying the
trough (channel) width parameter. However, they suggested that parameter K does
not have linear relationship with depth.

i=K.(zg — 2)
where,

. 0.175+0.325.(1—Zi)
K = A function of depth (K = —z 2

Zo
zo = Depth of tunnel axis from ground surface (m)
z = Depth of the specific horizon from ground surface (m)

O’Reilly and New and Mair et al. suggested the following equation to
calculate maximum vertical soil displacement, Sp,x.

V.
Smax = T
max 25i

where:

"(dg_d}ze))

V, = Volume of surface settlement (m*/m) (V; = "

1 = Horizontal distance of the inflection point of the settlement trough from
the tunnel centerline (m)

ds = Outside diameter of the jacking or shield machine
dr = Outside diameter of the jacking pipe

Mamagqani and Najafi (2014) collected and analyzed displacement data from
box jacking (BJ) projects. Statistical Regression analysis was adopted to develop an
empirical equation to estimate maximum surface settlement (Sp,x) in sandy soils with
small amount of cohesion.

Ssurfmax (Mm) =-0.58 +2.5w+0.49h+0.18 s—0.36 H+ 0.21 y—0.37 c
Where:

w = Box width (m)

h = Box height (m)

s = Overcut size (mm)

H = Depth of box from ground surface (m)

v = Soil Density (KN/m®)

¢ = Soil Cohesion (KPa)
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METHODOLOGY

PLAXIS 2D, geotechnical finite element modeling software (PLAXIS, 2011),
was used to simulate BJ operation. To simulate a real BJ project procedure, stage
construction feature was adopted. First stage of model analysis was generating initial
stress due to soil weight and second stage of analysis, which was plastic analysis, was
generated by activating box culvert and annular space, and deactivating soil inside the
annular space and soils inside the box culvert. Deactivating annular space soil allows
the soil to collapse into the annular space. Once the soil contacts the box culvert, the
box stops further movement. To calculate the displacements associated with BJ
operation, displacement due to initial stress generation reset to zero. Therefore, only
displacements due to soil collapse into the annular space was captured. Figure 1
illustrates boundary conditions and parameters in PLAXIS models.
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Figure 1. Boundary Conditions (Mamaqani, 2014)

Approximately 300 unique BJ project specifications were generated and
modeled in PLAXIS to investigate vertical soil displacement above box culvert.
Table 1 shows the minimum and maximum range of soil properties considered
herein. Soil properties listed in the table are derived using Standard Penetration Test
(SPT) relationships with modulus of elasticity (E), friction angle (¢), and unit weight
(7). Since there is no relation between SPT value and cohesion, a range of cohesion
from 0 to 24 kPa (0 to 3.5 psi) is considered for soils in this study.

Table 1. Minimum and Maximum Soil Properties Considered in the Research
(Mamagqani, 2014)

Modulus of Elasticity, Friction Angle Cohesion, Unit Weight,
Property

MPa (psi) (Degree) kPa (psi)  kN/m’ (Ib/ft})
Min 9 (1,305) 30 0 (0) 14 (89.1)
Max 32 (4,640) 40 24 (3.5) 20 (127.3)
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In this research, six groups of box culverts, as presented in Table 2, are
considered. Box sizes are selected based on standard dimensions provided by
manufactures catalogs.

Table 2. Considered Box Dimensions (Mamaqani, 2014)

No Width (Span), Height (Rise),

) m (ft) m (ft)
1 1.8 (6) 12(4)
2 1.8 (6) 1.8 (6)
3 2.4 (8) 1.2 (4)
4 2.4 (8) 2.4 (8)
5 3(10) 1.5(5)
6 3(10) 3 (10)

To analyze the effects of box depth from ground surface to top of the box
culvert on a surface settlement, different box depths ranging from 2h, 3h, 4h, 5h and
6h, where h is the height of the box, were considered. Installing box culverts at a
depth of less than h is either not economical compared with open-cut method or
requires special caution since it may causes large surface settlement. Since the depths
of box culverts from surface are less than five times that of the yielding strip width
(B1), arching effect extends to the ground surface and is, therefore, considered in this
study.

Since an overcut size of 25 to 50 mm (1 to 2 in.) is required to install box
culverts, the overcut sizes of 30 mm (1.18 in.), 40 mm (1.57 in.), and 50 mm (1.97
in.) were used in this research.

CASE STUDY

The case study for this research was in the City of Vernon, northwest of
Wichita Falls, Texas, under US Highway 287 (Figure 2). The purpose of this project
was to alleviate the flood problem on the upstream side of the highway facility.
TxDOT’s Wichita Falls District decided to install a 1.8 m x 1.2 m (6 ft x 4 ft) box
culvert to improve channel capacity at the depth of 6.7 m (22 ft) from the surface to
top of the box. Geotechnical investigations including sieve analysis, standard
penetration tests (SPT), and unconfined compressive strength (UCS) were conducted
to determine soil properties.
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Figure 2. ernon Project Location (Mamaqani, 2014)

Considering geotechnical reports and soil tests (e.g., sieve analysis, SPT, and
Unconfined Compressive Strength (UCS)) results, soil properties was calculated
using SPT relationships as presented in Table 3.

Table 3. Soil Properties of Vernon Project (Mamaqani, 2014)

Friction Modulus of Unit

Depth Soil . . Weight, Cohesion,
ID Nso Angle Elasticity, 3 .
m (ft)  Type . kN/m kPa (psi)
(Degree)  MPa (psi) (b/E)
(()(;}4% SM 50 38 16.8 (2,436) 20 (127) 23 (3.3)
=
v 1.2-48
- . .
o) 2 (4-16) ML 35 30 80 (11,600) 19 (121) 64 (9.3)
~ 4.8-12.2
(16-40) SP 24 34 19.5(2,827) 17.5(111) 2(0.3)
N g 0-12.2
= .
) > (0-40) SM 40 37 13.8 (2,001) 19 (121) 15(2.2)

A Total Station TC407 survey instrument was used to measure the existing
pavement surface to record settlement and/or heave at specific shoulder points. Also,
a Horizontal Inclinometer (HI) system by Durham Geo Enterprises, Inc. was used to
monitor settlement and/or heave around existing and new culverts (Figure 3).
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Figure 3. Horizontal Inclinometer Data Collection System
(DGSI, 2013)

To measure the soil movement in the vicinity of the box jacking operation,
three 85 mm (3.34 in.) casings were installed on each side of the highway for
inclinometer testing. The location of each casing in both the North and South sides
are presented in Figure 4 (a) and (b) respectively.

Inclinometer Casing
HI #1
85 mm or 3.34 in. Diameter

0.9mor3ft . "
Inclinometer Casing

Inclinometer Casing HI#2 ) )
HI #3 85 mm or 3.34 in. Diameter

85 mm or 3.34 in. Diameter 0 0.6mor2ft

/

New Culvert /
P
.
)

(a)

Inclinometer Casing
HI #4
85 mm or 3.34 in Diameter

Inclinometer Casing
HI#5 . Inclinometer Casing
85 mm or 3.34 in. Diameter HI #6

85 mm or 3.34 in. Diameter

0
; New Culvert
.
%
! 1.8mor6ft
(b)
Figure 4. Casing Locations; a) North Side, and b) South Side
(Mamagqani, 2014)
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RESULTS

Stress measurement on top of box culvert indicted that vertical stresses
changed after box installation. This is because the surrounding soils collapsed into the
annular space (overcut). Collapsing of soil into the annular space creates an active
arching which causes the load, due to soil prism weight above the culvert, to reduce
(Terzaghi, 1943) as illustrated in Figure 5. Arching effect causes less ground loss to
be transferred to the surface and consequently less displacement occurred than on top
of the box culvert at the ground surface.

‘ o s ='ii‘
iz s LT

Figure S. Stress Redistributions above Box Culvert (Mamagqani, 2014)

Considering soil vertical displacement distribution in depth, it was observed
that the distribution has reverse relationship with depth of desired point. The
following equation is suggested by the author to estimate vertical displacement at
different depths above box culvert.

tan (45 — Q)
Smax = — + Ssurf,max
(H — Ho)
Where:
Smax = Vertical Displacement at depth Hy
H = Depth of box from ground surface
Hy = Depth of desired point to calculate vertical displacement
Seurtmax = Maximum surface displacement

The main differences between suggested equation and the one suggested by
O’Reilly, New and Mair is K. In the suggested equation K is a function of soil
friction angle and is defined as 1 / tan (45+¢/2) while in O’Reilly and New K is a
constant number and in Mair equation depends on depth.
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Two scenarios (Scenario 1, and Scenario 2) were generated in PLAXIS 2D to
investigate soil displacement. Figures 9 (a) and (b) compare vertical soil displacement
distribution over the depth obtained from PLAXIS model, suggested equation and
field measurements.

Distnace from Top

Vertical Displacement (mm)

(a)

Distnace from Top
N
™~
N

Ny = ]

e T = = L

Vertical Displacement (mm)

= . « PLAXIS

Suggested =~ == Field = = = O'Reilly and New Mair

(b)
Figure 6. Vertical Displacements Comparison between PLAXIS, Suggested

Equation, Field Data, O’Reilly and New, and Mair;
a) Scenario 1, and b) Scenario 2

It was observed that vertical displacement decreases away from the top of the
box culvert until it reaches its minimum value on the surface. Vertical displacement
was diminished immediately in almost 1.8 m (6 ft) above the box culvert and then it
continued to decrease gradually to the surface.
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CONCLUSIONS

Results from this paper showed that arching happens above box culverts
regardless of its rectangular shape and prevents soil from collapsing completely on
top of box culverts. It was observed that soil displacement is reduced significantly at
top of the box culvert in an area with the height equals to box culvert width and then
gradually decreases away and reaches its minimum at the ground surface.

However, it was observed that the stress reduction above box culverts is less
than pipe culverts. This is because stress can be transferred toward two sides on top
of pipe culverts better than box culverts due to round section.
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Abstract

Placing material in the hard to reach places underneath a pipeline called the
haunches, is very difficult to do and very labor-intensive. This is one of the most
important tasks when installing a pipeline. The main objective of pipe haunching is
to provide firm uniform support to the pipe that will not change over time due to
consolidation, moisture ingress, collapse etc. This is the main reason for specifying
the use of a well-graded free-draining sand-gravel type of material in the pipe
haunches. The purpose of this paper is to evaluate the effect of different haunching
techniques (i.e., placement and compaction of material underneath the pipe in the
haunches) on the predicted structural responses and performance of buried pipes
using a non-linear finite element analysis program. Results are presented for the
following typical installation conditions:

e No haunching (i.e., loose/dumped support such as 50% Standard Proctor
density),

e Haunching (i.e., firmer support such as 85% Standard Proctor density),

e Placing silty sand (i.e., AASHTO A-2-4) material in the haunches,

e Placing well-graded sand-gravel material (i.e., AASHTO A-l-a, A-1-b)
material in the haunches, and

e Using flowable low-strength soilcrete (i.e., 700 kPa compressive strength) in
the haunches.

Results reported herein include predicted pipe structural responses for a
DNI1200 steel pipeline such as deflection, wall thrust, normal pressure and bending
moment. Lastly, the importance of proper pipe haunching and the beneficial use of
soilcrete are clearly demonstrated from the results of the parametric study.

INTRODUCTION

Placing material in the hard to reach places underneath a pipeline called the
haunches, is very difficult to do and very labor-intensive. This is one of the most
important tasks to accomplish when installing a new pipeline. The main objective of
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pipe haunching is to provide firm uniform support to the pipe that will not change
over time due to consolidation, moisture ingress, collapse etc therefore the
requirement for specifying a well-graded free-draining sand-gravel material.

PROBLEM STATEMENT

Utilize a non-linear finite element analysis (FEA) program capable of
modelling the non-linear stress-dependent stress-strain behavior of real soils. Model
different soil support conditions consisting of the following:

e No pipe haunching
(i.e., loose/dumped support such as 50% Standard Proctor density),
e Pipe haunching
(i.e., firmer support such as 85% Standard Proctor density),
e Use of silty sand bedding and backfill material
(i.e., AASHTO A-2-4 or USCS GM, SM) and
e Use of flowable fill low-strength soilcrete
(i.e., 700 kPa compressive strength maximum at 28 days).

DN1200 STEEL PIPELINE

A DN1200 steel pipeline with an 8 mm X42 wall thickness was selected for
all the cases. The pipe diameter to wall thickness ratio (D/t) is 150 with a pipe
bending stiffness of 274.4 kN/m/m based on EI/(0.149R*) and 5.2 kN/m/m based on
EI/D’. From a pipe handling and flexibility point of view the pipe is considered
quite stiff with typical minimum pipe stiffness values of 2.0 kN/m/m based on the
CIRIA recommendations (CIRIA, 1978). From experience, a minimum practical D/t
of 160 or pipe stiffness of 4.0 kN/m/m is recommended for steel pipelines
transported, installed and backfilled without installing any temporary props or
spiders. When the latter is used, the maximum D/t can be greatly increased whilst
pipe wall thickness is controlled by the maximum internal design pressure, external
loading and pipe buckling capacity.

FEA SOFTWARE OVERVIEW

The use of FEA in our design environment is continuously increasing and
FEA solution levels are getting more and more sophisticated and complex. It is
therefore critical that FEA users are well trained and experienced whilst using well-
proven FEA software solutions. One such FEA software is CANDE freely available
in the public domain or incorporated into commercial packages such as CandeCAD
Pro.

CandeCAD Pro

CandeCAD Pro (Culvert ANalysis and DEsign inside AutoCAD) is a
specialized finite element software application developed specifically for the design,
analysis and evaluation of buried pipes, culverts and other soil-structure interaction
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systems. CandeCAD Pro incorporates the widely used and accepted finite element
source code of CANDE (Katona et al., 1976, and Musser, 1989) developed under
sponsorship of the United States Federal Highway Administration (FHWA).

CANDE effectively models soil-structure interaction by various means such
as incremental construction, interface slip, hyperbolic stress-strain relationships for
soil, and simulation of compaction pressures. The program has been used
successfully in the past to model regular and large-span culverts and buried pipe
installations by various researchers and design consultants (Chang et al., 1980;
McVay and Selig; 1982, Katona et al., 1979; Vaslestad, 1990; McGrath et al., 1999;
Webb, 1999; Selig and McGrath, 1994 and Oswald and Furlong, 1993).

FEA Element Types

The pipe-soil structure is constructed of continuum quadrilateral and
triangular soil elements, beam-column elements, and interface elements. The soil
elements consist of either 3 or 4 external nodes with two translational degrees of
freedom at each node (vertical and horizontal displacements) in addition to internal
degrees of freedom.

Various soil models are available for representing stress-strain behaviour of
the soil elements from linear elastic to nonlinear stress-dependent. The beam-
column elements are bi-nodal with three degrees of freedom at each node, two
translational and one rotational. Various models are available to represent different
culvert and pipe material such as corrugated metal, reinforced concrete, plastic, and a
basic model for nonstandard materials or built-up pipe materials. The models
include nonlinear material behaviour such as metal yielding and concrete cracking
and crushing.

Interface elements are used to model the interface between two subsystems
such as the culvert wall and the surrounding soil, or the trench wall and trench fill.
These elements allow for frictional sliding (interface shear force exceeds the product
of normal force and friction coefficient), separation (interface normal force exceeds
the tensile breaking limit), and re-bonding if additional loading brings the subsystem
together again.

2D FEA MESH AND SOIL MATERIAL ZONES

Figure 1 below shows the geometry of the FEA mesh and the different soil
material zones. In total, seven (7) different material zones were specified each
consisting of unique material properties and stress-strain material behaviour (i.e.,
linear elastic, or non-linear stress-dependent). The soil material zones and soil
material models are summarized in Table 1.
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Figure 1. Non-Linear FEA Mesh and Soil Material Zones.

Table 1. Summary of FEA Soil Material Zones and Descriptions.

Soil . o Material o Colour
Zone Soil Description Model Description (Figure 1)
1 In Situ Linear Pre-existing material
. Red
Elastic
2 Bedding Imported bed@mg layers Green
underneath pipeline
3 Haunch Imported material in pipe
haunches / soil wedges| Yellow
underneath pipe springline
4 120° Support Material extending beyond
Cradle _ haunches to trench wall but| Light Blue
Non-Linear |excluding Zone 3
Stress- : : .
5 Embedment D Material surrounding pipe up
ependent
(Cover 0.2 m) to 200 mm cover but| Navy Blue
excluding Zones 3 and 4
6 | Backfill - Stage I Main trench backfill up to
(Cover: 2.2m) 22 m cover (arbitrarily| Purple
selected)
7 | Backfill - Stage I1 Main trench backfill above White
(Cover: 3.5m) Zone 6 to final 3.5 m cover

© ASCE

The pipe was installed during Construction Increment No. 1 (CI1) together
with the in situ material. As the natural in situ settlement has already taken place, the
in situ material (Zone 1) was assigned zero unit weight (i.e., considers the net effect
of filling the trench only). For the purpose of the parametric study, backfill material
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was placed sequentially in layers of 200 mm thickness alternating on the sides of the
pipe to avoid creating unbalanced loading. Also, fifteen layers were used to place
the trench material to avoid large load steps and possible material convergence issues
as shown in Figure 2.

15

Figure 2. Incremental Construction Modeling and Backfill Placement Layers.

SIMULATION CASES

Table 2 below summarizes five parametric case studies simulated with the
FEA model to investigate the haunching requirements.

Table 2. Summary of Parametric FEA Cases — Pipe Haunch Investigation.

Backfill Material Zones
Soil #4: Soil #6: | Soil #7:
Case Brief Descrintion Soil #1: | Soil #2: | Soil #3: 120° : Soil #5: | Backfill: | Backfill:
! 'ptt In Situ |Bedding| Haunch Embedment| 2.2m 3.5m
Cradle
Cover | Cover
Imported SW bedding; Lincar
H1 [No haunching; Flastic SW90 | ML50 | ML90 ML90 ML85 | MLSS
Silty Sand backfill
po |Similarto Hlabove. | Linear | qy00 | \iroo | MLO0 | ML9O | ML8S | MLSS
Haunching; Elastic
Similar to H1 above. Linear
H3 Silty Sand bedding: Elastic ML90 | ML50 | ML90 ML90 MLS85 MLS85
Soilcrete Bedding, Lincar
H4 |Haunches & 120° . |Soilcrete|Soilcrete| Soilcrete ML90 MLS85 | MLS85
Elastic
Cradle
Silty Sand Bedding,
Haunches, Cradle & Lincar
HS5 |Embedment at 85% Std . ML85 | ML50 | MLS5 MLS85 MLS85 MLS85
. Elastic
Proctor: No haunching
(ML50) (Not saturated)
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Case HI1 forms the base case for the comparisons and consists of placing an
imported well-graded sand-gravel (GW, SW) bedding layer of 200 mm thickness in
the bottom of the trench and compacted to 90% Standard Proctor density (SPD)
(equivalent to 85% MOD AASHTO maximum dry density). Poor haunching is
simulated by specifying a loose (dumped) compaction density of 50% SPD using a
fine-grained silty sand (SM, GM) material according to USCS or an AASHTO A-2-4
material. Silty sand (SM, GM) material compacted to 90% SPD is used for the 120
degree bedding support cradle as well as for the pipe embedment material (Zone 5).
Similar material compacted to slightly lower density of 85% SPD (conservative) is
specified for the main trench backfill (Zones 6 and 7).

RESULTS

Horizontal and Vertical Soil Stress

Predicted soil horizontal and vertical stresses are presented in Figures 3 and
4, respectively for illustration purposes and for the final construction increment
(CI16) only (i.e., soil cover of 3.5 m).

Figure 3. Case H1 - Predicted Horizontal Soil Stresses.
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Figure 4. Case H1 - Predicted Vertical Soil Stresses.

Note that the magnitude of stress is a function of the colour intensity with maximum
stresses of about 60 kPa and 120 kPa for Figures 3 and 4, respectively. Figures 3 and
4 clearly depict the soil stress distributions mobilized to provide the required support
to the pipe and soil overburden.

Horizontal and Vertical Soil Strain

Similarly, Figures 5 and 6 present the predicted soil horizontal and vertical
strains for the final construction increment (3.5 m of cover). In Figure 5 below, the
maximum compressive strain represented in bright red equates to >0.26% whilst the
dark red zones represent strain levels of between 0.08% and 0.26%.

Figure 5. Case H1 - Predicted Horizontal Soil Strains.
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Figure 6. Case H1 - Predicted Vertical Soil Strains.

It is interesting to note the soil strain bulbs underneath the pipe in the region
of the pipe haunches illustrated in Figure 6 above. As expected, the largest vertical
soil compressive strain (i.e., varying from 1.5 % to 7.2%) occurs underneath the pipe
in the haunches due to the very compressible nature of the haunch material
essentially providing very little support. The white and light grey zones represent
vertical strain levels as low as 0.2% to 0.9%.

Pipe Normal Pressure Distribution — Case H1

The predicted normal pressure distribution around the pipe is presented in
Figure 7. As expected, the normal pressure distribution is not uniform varying quite
noticeably around the pipe circumference with increased contact pressures at the pipe
invert due to the compressible haunch material. The predicted pressures in the
haunch zone decrease to as little as 15 kPa while increasing to 77 kPa near the invert.
This variation in pressure will affect the pipe wall thrust too as will be shown next.

Figure 7. Case H1 - Predicted Pipe Normal Pressure Distribution.
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Pipe Wall Thrust — Case H1

The predicted wall thrust around the pipe circumference during CI16 (soil
cover of 3.5 m) is presented in Figure 8.

Figure 8. Case H1 - Predicted Pipe Wall Thrust.

The predicted pipe wall thrust varies around the pipe circumference with a maximum
value of 36 kN/m at the pipe springline and reducing to 20 kN/m at the invert.

Pipe Wall Moment — Case H1

The predicted pipe bending moment distribution around the pipe
circumference during CI16 (soil cover of 3.5 m) is presented in Figure 9.

0.9317kNm/m

Figure 9. Case H1 - Predicted Pipe Wall Bending Moments.

The maximum positive bending moment (tension on inside fiber) occurs at
the pipe invert with a value of 1.33 kN/m/m followed by the crown with a value of
0.63 kN.m/m. Note that positive moment is tension on the inside fiber and moment
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is plotted on the tension side of the pipe in Figure 9. Similarly, the maximum
negative moment occurs at the pipe haunch with a value of 0.93 kN.m/m.

Pipe Deflections and Soil Displacement — Case H1

Figure 10 presents the predicted pipe deflection and resulting soil
displacement during CI16 (soil cover of 3.5 m).

Figure 10. Case H1 - Predicted Pipe Deflection.

The pipe is predicted to settle 7.1 mm due to compression and settlement of the
underlying soil layers. The net pipe vertical deflection is therefore 18.1 mm or about
1.48 % under 3.5 m of soil cover. Similarly, the horizontal deflection increase is
14.5 mm or about 1.19%.

Pipe Wall Strain and Stress

Maximum and minimum predicted pipe wall strains and stresses during CI16 are
summarized in Table 3 below.

Table 3 Predicted Pipe Wall Strain and Stress — Case H1 (No Haunching)

Inner-Fiber | Outer-Fiber Strain Ratio
Strain Strain Max-to-Yield
Microstrain | Microstrain %
531 371 44% Max
-404 -553 5% Min
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Factors of Safety

Predicted pipe factors of safety against wall thrust, displacement, elastic
buckling and maximum bending stress are summarized in Table 4 below.

Table 4 Predicted Pipe Factors of Safety — Case H1 (No Haunching)

Predicted Factors of Safety

Displacement | Displacement . Bending | Yield
Thrust at 5% at 2% Buckling Stress | Strength
61.41 33 1.3 31.14 2.32 43%

Case H2 — With Haunching

Selective results for Case H2 which includes pipe haunching are presented
below in Figures 11 and 12 and Tables 5 and 6 at the maximum soil cover of 3.5 m.
Haunching is modelled assuming that the material can be placed and compacted to
90% SPD.

Pipe Normal Pressure Distribution — Case H2

Figure 11. Predicted Pipe Normal Pressure Distribution for Case H2.

Unlike Figure 7 (no haunching), the normal pressure distribution is more
uniform with increasing pressures at the pipe springline locations of 74 kPa. The
predicted pressures in the haunch zone are higher too (45 kPa compared to 15 kPa
before) while invert pressures reduce to 46 kPa compared to 77 kPa before without
haunching.
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Pipe Wall Moment — Case H2

The predicted pipe bending moment distribution around the pipe
circumference is presented in Figure 12.

Figure 12. Predicted Pipe Wall Bending Moments for Case H2.

The maximum positive bending moment (tension on inside fiber) occurs at
the pipe invert with a much reduced value of 0.883 kN/m/m compared to 1.3
kN/m/m before (33.5% reduction) followed by the crown with a value of 0.67
kN.m/m (essentially unchanged). Similarly, the maximum negative moment occurs
at the pipe haunch with a much reduced value of 0.65 kN.m/m compared to 0.932
kN.m/m before (30% reduction).

Pipe Deflections and Soil Displacement — Case H2

The net predicted vertical pipe deflection is 16.2 mm or about 1.3 % under
3.5 m of soil cover compared to 18.1 mm (1.48%) before without haunching. The
relevant change is small. The predicted horizontal deflection is exactly the same as
before (14.5 mm).

Pipe Wall Strain and Stress — Case H2

Maximum and minimum predicted wall strains and stresses at 3.5 m of soil
cover are shown in Table 5 below.

Table 5 Predicted Pipe Wall Strain and Stress — Case H2 (Haunching)

Inner-Fiber | Outer-Fiber Strain Ratio
Strain Strain Max-to-Yield
Microstrain | Microstrain %
349 245 29% Max
-285 -372 6% Min
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Factors of Safety

Predicted pipe factors of safety against wall thrust, displacement, elastic
buckling and maximum bending stress are summarized in Table 6 below.

Table 6 Predicted Pipe Factors of Safety — Case H2 (Haunching)

Predicted Factors of Safety

Displacement | Displacement . Bending | Yield
Thrust at 5% at 2% Buckling Stress | Strength
55.82 3.7 1.5 29.35 3.48 29%

Case H4 — Soilcrete Pipe Support

Selective results for Case H4 which allows for placement of soilcrete in the
bedding, haunches and 120° support angle are presented below in Figures 13 and 14
and Tables 7 and 8 at the final soil cover of 3.5 m.

Pipe Normal Pressure Distribution — Case H4

Figure 13. Predicted Pipe Normal Pressure Distribution for Case H4 (Soilcrete).

The predicted normal pressure distribution is very similar to Case H2 which
included pipe haunching to 90% SPD.

Pipe Wall Moment — Case H4

The predicted pipe bending moment distribution around the pipe
circumference is presented in Figure 14.
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Figure 14. Predicted Pipe Wall Bending Moments for Case H4 (Soilcrete).

The predicted pipe bending moments are very similar to Case H2 which
included pipe haunching to 90% SPD. Although not plotted, the predicted vertical
and horizontal pipe deflections are similar to Case H2.

Pipe Wall Strain and Stress — Case H4

Maximum and minimum predicted pipe wall strains and stresses are
summarized in Table 7 below. The values are slightly lower compared to Case H2.

Table 7 Predicted Pipe Wall Strain and Stress — Case H4 (Soilcrete)

Inner-Fiber | Outer-Fiber Strain Ratio
Strain Strain Max-to-Yield
Microstrain | Microstrain %
324 238 27% Max
-280 -347 6% Min

Factors of Safety

Predicted pipe factors of safety against wall thrust, displacement, elastic
buckling and maximum bending stress are summarized in Table 8 below.

Table 8 Predicted Pipe Factors of Safety — Case H4 (Soilcrete)

Predicted Factors of Safety

Displacement | Displacement . Bending | Yield
Thrust at 5% at 2% Buckling Stress | Strength
54.72 3.8 1.5 29.16 3.74 27%
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SUMMARY

1)

2)

3)

4)

5)

6)

7)

The importance of pipe haunching was clearly demonstrated by this
parametric study. Although the different haunching techniques were not
specifically described herein, they may include shovel slicing and rod
tamping.

Haunching is very effective in reducing the pipe invert moment by as much
as 33.5%.

Use of soilcrete can reduce the pipe invert moment by an additional 4.5%
compared to haunching alone.

Predicted pipe bending stress may be as high as 43% of the specified
minimum yield strength (SMYS) of the material due to no haunching.

However, by specifying haunching and by replacing the material with
soilcrete can reduce the maximum bending stress to 29% and 27% of SMYS,
respectively.

Predicted pipe inner-fiber strains reach 531 and -404 microstrain, while outer-
fiber strains reach 371 and -553 microstrain when no haunching is done.
These are easily reduced to 349 and -285 microstrain and 245 and -372
microstrain for the inner and outer fiber strains, respectively by haunching.
Using soilcrete will produce very similar results compared to haunching.

Both haunching and soilcrete will provide much more uniform pipe support
as evidenced by the predicted normal pressure distributions.

RECOMMENDATIONS

1)

2)

It is critical to ensure proper uniform support to the bottom of the pipe that
will not change over time due to time-dependent material behaviour (i.e.,
settlement and consolidation), possible migration of fines (i.e., loss of soil
support) or moisture changes (i.e., collapse) all of which may affect the long-
term structural stability and durability of the pipeline and its protective
linings and coatings.

Haunching is critical and all efforts should be taken to ensure that a material
meeting the above requirements is properly placed and compacted in the pipe
haunches while working in thin layers and without damaging the pipe
coating. A free-draining well-graded sand-gravel material meets these
requirements. Also, such material requires less compaction energy to achieve
the design soil stiffness and strength compared to finer grained and poorly
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graded soils. The risk of damaging the external pipe coating and the amount
of compactive effort required both increase with decreasing soil quality.

3) In lieu of the above requirement, it may be quite feasible and practical to
utilize excavated trench material in many instances in a 3 to 5 % soilcrete mix
for the pipe bedding, haunches and 120° support cradle. Controlled low
strength material (CLSM) also known as soilcrete, flowable fill, controlled
density fill, and flowable mortar, has been used as structural backfill for
many years and for reasons that include:

a) Ease of placement in hard to reach places (haunches) or in narrow
trenches where space is limited,

b) Fast backfilling operations since soilcrete is not compacted or tested for
compaction requirements,

¢) Readily available from most ready-mix suppliers or mixed on site, and

d) Ability to be removed if correct mix design is used.
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Abstract

Grottoes, Virginia discovered severe corrosion in portions of their stormwater
system during a routine annual inspection in 2013. A large set of elliptical CMP
culverts didn’t pass inspection. The culverts were in poor condition with severe
corrosion. Individual sections were failing and misaligned, and the town’s consultants
recommended replacement. Complicating the issue, the failing pipes were four
parallel culverts which are all are quite large, 70” by 44”, running directly underneath
Dogwood Avenue, one of Grottoes’ two main thoroughfares. The town obtained cost
estimates for trench-and-replace from Brunk & Hylton Engineering, Inc. and, as
expected, the price was high and the plan called for significant and lengthy traffic
disruptions. Fortunately, Grottoes Town Manager Jeff Nicely had seen a trenchless
rehabilitation process called CentriPipe that looked like it could be useful in this
situation. In researching the solution, Nicely discovered the project cost was 15
percent less than the dig and replace estimate they had received, and had the added
benefit of eliminating weeks of traffic disruptions. This paper will review the breadth
of aging infrastructure situation that state and local agencies in the United States are
facing, the engineering considerations in addressing failures, and the process, quality
control measures, and results of the critical project in Grottoes, Virginia.

INTRODUCTION
A report published by the Midwest Regional University Transportation Center

College of Engineering, Department of Civil and Environmental Engineering at the
University of Wisconsin, Madison in 2008 provides insight into the number of

171



Pipelines 2015

© ASCE

culverts located underneath roadways and the impact on states and local agencies
responsible for maintaining them. As the report states, the United States of America
has the world’s biggest transportation network system. The industrial growth during
1950s marked a rapid development in construction of high-speed, high-capacity
roadway infrastructure. Today, the United States has 3,981,521 miles of roadway of
which 46,726 miles belong to national highway system, 2,318,043 miles are paved
roadway and 1,624,207 miles are unpaved roadway, which is the largest in the world.
During the construction of these roadways, billions of culverts were installed under
them. Since being installed, the location and condition of these pipes comes to notice
generally only when there is a problem such as settlement or complete failure of a
roadway.

The 2008 report further asserts that most of the states throughout the country
are suffering from heavily deteriorating culverts, citing as an example, estimates by
the Michigan Department of Transportation (MDOT) that there are about 200,000
culverts in the state of Michigan. As the 2008 report also notes, the Ohio Research
Institute for Transportation and the Environment, at the University of Ohio made an
important contribution in their report entitled “Risk Assessment and Update of
Inspection Procedures for Culverts,” (Mitchell et al, 2005). They introduced detailed
culvert inspection system from data collected at sixty culvert sites. They reported that
loss of culvert integrity could result in temporary roadway closure and considerable
remediation costs and total collapse of culverts could result in a major safety risk for
motorists. (Najafi, M., et al, 2008)

Clearly as these pipes reach the end of their useful life, state and local
agencies must regularly inspect and repair or replace them. If not, these pipes are
destined to fail and create a traffic danger. When culverts running underneath
businesses and roadways are in need of repair, both failures and non-trenchless repair
methods are disruptive to the local economy, causing serious hardship to business
owners and individuals living and working in the community.

Sudden failures can cause a road section, parking lot, or building foundation
to subside or collapse, thereby creating a sinkhole. Commercial areas have also been
endangered when underground culverts fail — with responsibility often falling to local
municipalities.

SITUATION OVERVIEW

Grottoes, Virginia is a town of 2,600 noted for its proximity to Grand
Caverns, America’s oldest show cave. In 2013, a different but significant
underground asset — a large stormwater system — was found to have extensive
corrosion.

The Virginia Department of Transportation (VDOT) gives the town funds for
the maintenance of streets and stormwater networks, and as part of that arrangement,
VDOT requires the town to conduct annual inspections. In the last report, a large set
of elliptical CMP culverts didn’t pass inspection. The consultant, Schwartz &
Associates, told the town their culverts were in poor condition. The consultant
informed Grottoes Town Manager, Jeff Nicely that “there was severe corrosion, and
that individual sections were failing and misaligned.” They recommended
replacement.
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The prospect of
repairing four large parallel
culverts — 70” by 44” —
directly underneath
Dogwood Avenue, one of
Grottoes’ two main
thoroughfares, was a major
concern. Shutting down
Dogwood would cause very
real problems for town
residents and visitors. But
repairs in this case were not
optional, so finding a
workable solution quickly
became a top priority. Figure 1: Four parallel culverts under Dogwood Avenue

ENGINEERING AND Load
DESIGN | 3 1 l 1 1

Inspection is the l I l R ‘ l

first step in identifying

critical issues. —————
Understanding the size, s e
shape, and material type / N

of the original pipe, the /’/ \\\ Soil Arch
local soil and water / /‘{
conditions, and the depth & \

*/ \h

and load involved are all
critical aspects when

inspecting pipe i / \ 5
condition, calculating
strength requirements,
evaluating rehabilitation
methods, and designing
for repair. Figure 2: CMP Ring Compression Loading

In the case of
flexible pipe materials (CMP, PVC, Welded Steel Cylinder, FRP, etc.), as the soil and
surface loads are first applied the ring’s geometry tends to deflect somewhat in
response to the magnitude of the loading and the resistance available from the
embedment soil that has been placed around it. For a round pipe this deflection leads
primarily to an elliptical shape with a decrease in the vertical diameter and an almost
equal (slightly greater) increase in the horizontal diameter. This increase in horizontal
diameter develops lateral soil support which, in turn, increases the load-carrying
capacity of the pipe ring. The decrease in vertical diameter actually partially relieves
the ring of some of the loading. The soil envelope around the pipe evolves quickly
over the first few months of the new installation and takes on an arching reaction to
the loads over the pipe (as illustrated in the Figure 2) — much like a masonry arch

Ring Compression
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takes on its loading. Both the increase in the strength of the ring through the lateral
soil resistance and the soil arching action contribute to the flexible pipe’s in situ
structural integrity. Because the modulus of the soil is far greater than the bending
modulus of the flexible pipe, the resistance of the pipe to the applied dead and live
loads present are borne almost exclusively by the surrounding soil.

The corrugated metal pipe arch (CMPA) is a commonly employed shape for
culvert piping. This geometry has the ability to provide a single barrel opening that
maximizes the hydraulic open area while minimizing the elevation of the hydraulic
grade line (HGL). These single openings equate to easier maintenance for the owner
as they are less likely to become clogged from any floating debris. The geometry of
the ring is a composite of
four arcs consisting of
three different radii. o L
Figure 3 depicts this '
shape and the initial load Rt
responses seen by the of \«
arch’s cross-section. | e '

These reaction loads N Rb / Ll Dk
seen during the Tl

installation process e By

shown at the corners and

along the bottom are a Figure 3: Initial Soil Loading Diagram for a CMPA
function of the thrust

loading coming onto the

top radius and the ratio of the adjacent radii. Installation of pipes with this
geometrical shape demands a very good foundation; and an essentially intact
geometry over time is a testament to the quality of the foundation materials and their
in situ performance to date.

Corrosion is the typical deterioration mechanism for corrugated metal pipes.
Corrosion usually initiates from the invert of the pipe spreading upward onto the sides
of the pipe. The strength of the new lined pipe will depend upon its foundation
consisting of the existing host pipe and embedment soil envelope, and thus the design
of the liner is based upon the assessment of these two components and how they will
likely respond to new loads coming on the pipe installation after lining. For
installations where the invert is missing (a discontinuity in the pipe ring exists) but
the geometry is essentially still intact, the engineer is presented with irrefutable
evidence that the surrounding soil has taken on the portion of the thrust load that was
previously carried by the CMP itself.

Where the geometry or shape of the existing pipe appears to be distorted from
its original as-built shape, this could be an indication that the density of the pipe
embedment has deteriorated (been compromised). In this case, the engineer is advised
to undertake an investigation to determine the in situ density of the soil. If the density
is at least 70% of the AASHTO T99 (standard proctor) density, the filling of any
voids in the soil and restoration to the pipe ring can proceed on. If, however, the
density of the embedment material falls below the 70% threshold, rehabilitation by

174



Pipelines 2015

© ASCE

lining of the pipe may not be feasible. The design engineer will in this instance need
the input from a more thorough geotechnical investigation of the project site.

Following the inspection, depth of cover and soil type information is recorded
and most often transmitted to a third-party engineer experienced in rehabilitation to
recommend, design and sign off on a plan. When CCCP is the selected method — as
was the case with the Grottoes project presented in this paper — relevant details
including new pavement type and thickness, plus material and application notes are
also included with the design.

PIPE AND ENVIRONMENTAL CONCERNS

As noted
previously, the Grottoes
project consisted of four
large parallel culverts 112
feet long, for a total of
448 lineal feet, running
directly under a main
thoroughfare where traffic
disruption would be a
burden on the community.
The culverts were found
to be in poor condition N A ¢
with severe corrosion. 0% by T e, s =
Individual sections were s O -3 PP SRR S AR NS
failing and misaligned, Figure 4: Four large parallel culverts
however the CMP was not
falling apart, so spot repairs and a new invert were not required prior to casting the
new pipe. And fortunately the work was completed during a dry period so dewatering
was not an issue.

CONTRACTING

The town obtained cost estimates for trench-and-replace from Brunk & Hylton
Engineering, Inc. As expected, the price was high and the plan called for significant
and lengthy traffic disruptions. Nicely then suggested a trenchless solution he had
seen at a Rural Water Association conference called CentriPipe. After discussing it
with the CentriPipe contractor in the area, Mike Shepherd, Nicely asked Brunk &
Hylton to take a closer look at the trenchless system as a possible option for their
specific situation.

The CentriPipe process is a centrifugally cast concrete pipe (CCCP) solution
based on SpinCasting technology developed by AP/M Permaform. It was originally
used in vertical applications, especially in manholes, but beginning in the 1990s the
process has been refined for horizontal applications and is quickly becoming a
standard for large diameter pipe and sewer rehabilitation. In essence, the CentriPipe®
SpinCaster is pulled back through failing pipes while spraying very strong, highly
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adhesive, fiber-reinforced cementitious grout onto the pipe in thin layers. As the
layers accrete, typically to a design thickness of around two inches, they form a new,
structurally sound concrete pipe within the old pipe.

The system has
several advantages over
competing solutions.
Since it’s an intrinsically
structural solution, the
structural strength of the
failing sewer is
immaterial—it just has to
stay in place long enough
to act as an outside form
for the new concrete pipe
to cure. And since the new
pipe is thin, and adheres g i =
tightly to the existing pipe = % . SR, o
or culvert—the material = = e I <~ .
used, PL-8000 from Figure 5: Minimal off-road staging area for equipment
AP/M Permaform, and materials

adheres to metal, clay,
brick, and HDPE—sewer
flow capacity is
minimally affected, and
no annular space is left
between the old and new
pipes, so there is no
ground or stormwater
flow in that area. And
CentriPipe is also cost-
effective; prices are
generally less than for
other large-diameter
rehabilitation methods.

After review by
Brunk & Hylton,
CentriPipe was selected
for the Grottoes project
for several signification
reasons. First, compared just on a project cost basis, using CentriPipe was 15 percent
cheaper than digging up the old sewers and replacing them. But that doesn’t even
account for the savings gained by not disrupting traffic for weeks, an even more
attractive aspect for Nicely. He estimates that avoiding the costs of traffic monitoring
saved another five percent or so, and that saving the town the hassles of disrupted
traffic is an incalculable but significant benefit. Also, the lengthy permitting process
may have been eased by the relative lack of disruption and excavation.

Figure 6: Trenchless repair leaves road open to traffic
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QUALITY CONTROL

Quality control for this project was performed in two ways. The thickness of
the new pipe is the key factor, so the old CMP was measured from the top of the
corrugations prior to rehabilitation, and again following rehabilitation to ensure the
specified thickness had been achieved. Additionally, several holes were drilled along
the new concrete, to verify thickness. These measures ensured that the work was
completed to specification.

INSTALLATION

The work was
completed in two phases
by Mike Shepherd’s crew
at D&S Contractors, and
Arold Construction, both
licensees of AP/M
Permaform. The crews
cleaned the culverts using
the CentriPipe spincaster
as a high-pressure washer
to clear out debris that
could affect adhesion.

They then made multiple  Figure 7: Spincaster and sled
passes, pulling the

spincaster on skids and pumping PL-8000 that was mixed on site (the material is dry,
and delivered to the staging area in bags) to build up a final thickness of two inches.
This dimension and other specifications were established by consulting engineers
contracted by AP/M Permaform and based specifically on the conditions and
requirements of the Grottoes project.

When the CentriPipe spincaster is pulled through the pipe, it evenly casts a
centrifugally-compacted layer of PL-8000 into the interior of the pipe. The
application head is retracted at the properly calculated speed to ensure an even
thickness of PL 8000. A high strength, high build, abrasion resistant and corrosion
resistant mortar, based on advanced cements and additives, PL 8000 has a
compressive strength of 8,000 psi while standard concrete is typically 2,500 to 4,000
psi. When mixed with the appropriate amount of water, a paste-like material will
develop which may be sprayed, cast or pumped into any area "4 inch and larger. Two
to four layers may be needed to achieve the appropriate design thickness which
typically ranges from one to four inches. The hardened liner is dense and highly
impermeable. The above stated performance is achieved by a complex proprietary
formulation of mineral, organic and densifying agents and sophisticated chemical
admixtures including rust inhibitors. Graded quartz sands are used to enhance
particle packing and further improve the fluidity and hardened density. The
composition also possesses excellent thin-section toughness, high modulus of
elasticity and self-bonding. Fibers are added as an aid to casting, for increased
cohesion and to enhance flexural strength.
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CONCLUSION

Evaluating and
repairing the aging storm
and waste water systems
managed by our
municipal, county, state,
and federal agencies is
an on-going long-term
prospect with very real
challenges. And while
infrastructure requires
constant maintenance,
agencies must also
balance shrinking
budgets and roads and
other facilities that must
stay open to serve the
public. Selecting the best Flgure 8: Smooth, seamless, watertight, and structurally
method for each sound rehabilitated culvert
situation requires
experience and knowledge of the available solutions and the ability to inspect and
assess pipe and environmental conditions to make the best possible rehabilitation
decisions. Experience and knowledge are also critical to the successful installation of
the selected methods.

In the case of Grottoes, VA, the town was able to renew existing culverts
using the CentriPipe process to make them smooth, seamless, watertight, and
structurally stronger than the old CMP, with longer projected service life. Nicely is
quite happy with the results, and best of all, traffic never had to stop.
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Abstract

The tunneling industry involves countless number of variables and complexities that
have to be considered when selecting the construction method to be applied in
different types of projects. In addition, the availability of different trenchless
technologies makes it difficult to select the most suitable trenchless technology to be
used. This paper introduces a framework for developing a Trenchless Technology
Decision Support System (TTDSS) using a newly-introduced technique
“Hierarchical Artificial Neural Networks (ANN)”. The system integrates the concept
of hierarchies with the ANN, taking into consideration the direct effect of the factors
on each hierarchical selection. Sixty projects were introduced to the HANN, 80% of
them were used as training cases and the remaining 20% were used for testing.
Results indicated the potential of TTDSS in supporting trenchless technology

specialists in their selection decisions, where the error percentage did not exceed 5%.

INTRODUCTION

Trenchless Technology (TT) is a collection of technologies and methods of
subsurface construction for installation, rehabilitation or replacement of
underground infrastructure systems with minimal surface disruption (McKim, 1997).
In the past, the construction industry has been resistant to accepting new or
unproven technologies and methods into projects. This can be attributed to the
unknown risks associated with such new technologies and the lack of knowledge
and understanding of its capabilities (Ueki, Haas, & Seo, 1999). Inappropriate
utilization of TTs made stakeholders resistant to applying such technologies. As a
result, there is a strong demand for intelligent models that are able to aid decision
makers in their selection of TTs. With the rapid population growth and increasing
subsurface infrastructure, TTs emerge to fulfill the need for rehabilitation and new
construction. Developing a Trenchless Technologies Decision Support System
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(TTDSS) taking into account user's project conditions will yield more reliable and
rationale results. TTDSS should be useful to both new and experienced decision
makers in the TT industry who are interested in choosing between a TT, optimized
by the TTDSS for their conditions, or the traditional Open-Cut Construction (OCC).

TTs can be divided into Directional Trenchless Technologies (DTT) and Non-
Directional Trenchless Technologies (NDTT). There are many types of TTs that fall
under these two categories. This model will be concerned with 7 types of TTs that
are subdivided into 4 major types of TTs, 2 major types under DTT and the other 2
under NDTT. Micro-Tunneling (MT) and Horizontal Directional Drilling (HDD) are
types of DTT whereas Pipe Ramming (PR) and Horizontal Auger Boring (HAB) are
types of NDTT. MT is a remotely controlled pipe jacking process where the MT
machine is mounted with a guidance system for directional tunneling. MT uses fluid
pressure to control excavation face stability and hydraulic jacks to push the machine
forward. MTs are divided into Open face Micro Tunneling (OMT) and Closed face
Micro Tunneling (CMT).

HDD consists of 2 stages in its application, drilling the directional pilot bore hole
along the required path and pulling back the required pipe along the same path. The
profile of HDD is usually an arc filled with slurry as the pilot bore is drilled. The
slurry is then pushed into the soil as the pipe is pulled through. HDDs are divided
into Mini Horizontal Directional Drilling Mini-HDD, Medium Horizontal

Directional Drilling Mid-HDD and Maxi Horizontal Directional Drilling Maxi-HDD.

HAB is a technique where two shafts are constructed, one for driving and the other
for receiving the pipe. The auguring process involves excavating inside the steel
casing that is continuously jacked. PR is like the HAB in that it has two shafts as
well, one for driving and the other for receiving the pipe; however, it utilizes
dynamic vibrations for installing the steel casing through the use of a hammer
(Salem & Najafi, 2008).

Comparing TTs with OCC, OCC may be less expensive in the presence of favorable
conditions and is applicable for all types of pipes; however, it requires more
excavation and has a limited depth and applicability based on site conditions. As for
TTs, they are favored over OCC, where minimal surface and subsurface disruption is
important to the success of the installation. However, their main disadvantage would
be cost if no restricting site conditions are present.

As shown in Table 1, TTDSS takes into account the following eight types of
construction methods: OCC, OMT, CMT, Mini-HDD, Mid-HDD, Max-HDD, HAB
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and PR. Based on user-selected project conditions, the model decides the most
convenient construction method for a project with the specified characteristics from
a predetermined set of factors that influence selection. The model takes into account
total project length, drive length, required accuracy, soil type, ground water impacts
(e.g., de-watering), existing underground utilities, surrounding above-ground
structures, work space requirements (e.g., street width), acceptable noise level,
traffic impacts, pipe diameter, pipe material and pipe depth as the factors that most
affect the selection of appropriate construction method.

Table 1. TTDSS Construction Methods

Abbreviation Construction Method

OoCC Open Cut Construction

OMT Open-Face Micro Tunneling

CMT Closed-Face Micro Tunneling

Mini-HDD Minimum Horizontal Directional Drilling
Mid-HDD Medium Horizontal Directional Drilling
Maxi-HDD Maximum Horizontal Directional Drilling
HAB Horizontal Auger Boring

PR Pipe Ramming

In this model, various factors were taken into consideration for system selection. For
instance, the variations in drive length will definitely affect the choice of TT, or
whether OCC will be sufficient for this project depending on a combination of the
other factors. In addition, the required level of accuracy of the project is another
vital factor that could impact the selection: e.g., where gravity lines may require a
very high vertical accuracy, a Distribution network may only need medium accuracy,
and the installation of cable lines may require the least accuracy. Moreover, soil
condition includes the type of soil (sand, clay, silt, or rock and ground water
existence). Furthermore, the presence of existing subsurface utilities will impact the
choice of TT based on the attributes of the existing utility. It takes into account
existing underground utilities such as network of gas pipes, high pressure gas pipes,
crude oil, solar, normal voltage electricity cables, super high voltage electricity
cables, or more than one type of utility.

Surrounding structures would also affect the TT used. Surrounding structures in the
model included parks, historic areas, cemetery, residential development, industrial
development, business development, or landscape area. Likewise, street width,
subdivided into more than 4m and less than 4m, affects the choice as well. Besides,
the noise and traffic levels are taken into consideration while choosing the most
appropriate method. Pipe diameter is also an essential factor in TT as there are
diameter limitations associated with the various techniques. In addition, pipe
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material is an essential factor that depends on the TT selected; where the model
incorporates Reinforced Concrete Pipe (RCP), High Density Poly Ethylene (HDPE),
Glass Fiber Reinforced Plastic (GFRP), Polymer Concrete Pipe (PCP), Vitrified
Clay Pipe (VCP), Ductile Cast Iron Pipe (DCIP), Poly Vinyl Chloride pipe (PVC)
and Steel Pipe (SP) as pipe material types. The pipe depth is a critical factor as well
in determining the most appropriate TT.

LITERATURE REVIEW

Artificial Neural Networks (ANN) is an adaptive process, a mathematical model, a
network of interconnected groups that process information, changing its structure
during its learning phase. ANNs originated from central nervous systems, where
they consist of nodes, the processing units, connected together similar to a biological
network. Integrating ANNs with Genetic Algorithms (GA) alter the strength of
network connections for optimized results. GA is a heuristic process similar to
natural evolution. This process produces more reliable optimized solutions to search
problems.

One of the models developed is a selection method (McKim, 1997) that utilizes a
hierarchy based model. McKim's model divided the methods into specific
components that define their capabilities and compares them to the required
capabilities as per the characteristics of the project. This study did not incorporate
the economic aspect in the method selection. Conducted in 1997, this study assumed
the rather slow acceptance of stakeholders to new technologies like TTs. It included
only TTs for repair and upgrade of existing infrastructure and facilities; however, it
lacked TTs associated with installation of new infrastructure (McKim, 1997).

Other researchers developed a decision model for micro-tunneling method selection.
This research tackled the increasing demand for appropriate TTs selection. Similar
to McKim's research, this research was conducted early in 1999 when decision
makers were not familiar with this technology and were not confident in its use due
to the risks and costs that would be associated with the selection of an improper
method. They developed a decision model that would select the micro-tunneling
method of construction, then select the pipe type and choose the machine such that
all selections were coherent. The method of micro-tunneling is based on the depth,
diameter and drive length of pipe, ground-water table, site conditions, soil
conditions, and existence and size of boulders. For pipe selection, the tool would
select and list pipes in order of strength as per the user input data. Based on the input
data and the pipe selected, the model would determine a recommended type of
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method that meets all of the user’s requirements (Ueki, Haas, & Seo, 1999).

Another researcher developed Decision Support System software (Mathews &
Allouche, 2012). The research tackled the growing concern regarding the constantly
changing technologies through incorporating an up-to-date web-based source. This
research resulted in the Trenchless Assessment Guide for Rehabilitation online web-
based tool. The tool assesses the suitability of the new construction or rehabilitation
method based on different types of pipelines, gravity sewers, sewer laterals,
connection seals, pressure water pipes and manholes, where it uses the attributes
included in the online database for the different categories according to defined
parameters, length, depth, groundwater depth, diameter, grade and alignment
accuracy, soil conditions and accessibility, to aid decision makers in their selection
(Mathews & Allouche, 2012).

Several decision support systems for trenchless specialists were developed as
highlighted above. However, the need for an extendable database of previous
projects was highly recognized, especially for ANN-based models. Hierarchical
modeling refers to the structural arrangement of parameters into multilevels where
lower units belong to the hierarchy of successive higher units. The integration
between the concept of hierarchies and ANN was the solution for guaranteeing an
accurate decision-support system that would minimize the required running time,
whenever extending the database. The system’s objective is to act as a decision-
support tool that will select the best construction method to be applied for each
project based on pre-defined factors.

MODEL DEVELOPMENT
Model Framework

The TTDSS framework was inspired from the integrated relationship among several
Hierarchical Artificial Neural Network (HANN) modules to reach the optimal
decision. Figure 2 describes the general processes of the TTDSS and their
interrelation. The framework features three different modules: (1) A Central
Database Module that contains the projects data together with the implemented
construction method for each project; (2) A HANN, which selects the result of each
hierarchy based on pre-defined factors. This module is divided into 6 HANNs’ that
simultaneously work together to guarantee a high accuracy and precision for the
system results; and (3) an optimization engine that minimizes the training error
percentage between the ANN results and the actual outputs. As a result, the ANN
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module will set-out the weights among the input, hidden and output neurons to
achieve a near optimum solution with a minimal error percentage.

Central Database Module

This database comprises a list of projects, along with their surrounding conditions
and environment as shown in Table 2. Moreover, the central database includes the
actual construction method applied for each project based on the expert provided
database. The surrounding conditions and environment with the project requirements
act as an input for the HANN in the following stage of the model process. Figure 1
shows a list of the factors taken into consideration in the TTDSS.

Table 2. Extract from the Central Database Showing Some of the Projects

Total Project | D Lengen | Usage | Typeor | CroundWader)  Eiing f Surrounding | WorkSpace | s | rramc eve | i Damete | PP Ml Pipa Dupty
S Lognim) | | ey | san [P 4 Noise Lewl | fimpict iy | 200 Diameter | Pige aeria[Pige Deth | and Pipine | Proec Type
| Exsstence [De- | Unilitien Structures | [Street Width] Checit Check
- o N Doeg notmead | Netwosk of gas Eatymes Conoem
e 2y ks - T o Cronaing
Project 1 Gravty Lines | Grawel o o dscae wea | Mo fan B Non-Crossing
Yeeds
Project 2 00 e Loes | Cay ¢E_$ S P |Worsminm|  Vedem Vs Nor- s
Project 3 0 N | Cotles a3 ban . Boa Crontic
? et ez o
Project 4 50 ] Caties Flock lessemdm Low N TEEG

Drive Length
Usage (Accuracy)

Type of Soil

Ground Water Table Existance

ExistingUnderground Utilities

Surrounding AbovegroundStructures
Work Space Requirments

Figure 1. TTDSS key factors

Noise Level

Traffic Impact

Pipe Diameter

Pipe Material

Pipe Depth
Project Type
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Figure 2. TTDSS Model Framework
Hierarchical Artificial Neural Network (HANN)

The HANN module passes through a chain of six consecutive decision-making
systems that are linked through an automated system to guarantee limiting the
number of decision variables, based on the nature of the inputs. This newly
introduced framework simulates the real-life thinking of decision-makers while
taking their decisions for the application of TTs. As shown in Figure 3, the 1st chain
of hierarchies selects either method OCC or TT. If the decision is OCC, then the
process ends and the OCC will be the chosen construction method to be
implemented for this project. However, if TT is chosen, then the system
automatically moves to the 2nd chain of hierarchies, which selects either directional
or non-directional TT. If the decision is directional TT, the system automatically
moves to the 3rd chain of hierarchies. But, if the decision is non-directional TT, the
system automatically moves to the 4th chain of hierarchies. The 3rd chain of
hierarchies contains the list of directional TT either MT or HDD. If MT is chosen,
then the system automatically moves to the Sth chain of hierarchies to choose either
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OMT or CMT. But, if HDD is chosen, the system automatically moves to the 6th
hierarchy to choose one of these three construction methods: Mini-HDD, Mid-HDD,
and Maxi-HDD. The 4th chain of hierarchies contains the list of non-directional TT
varying among HDD, HAB and PR. If HDD is chosen, the system automatically
moves to the 6th chain of hierarchies as discussed above.

1st Hierarchy ANN
3
Open-Cut Construction (OCC) Trenchless Technology (TT)

]
2" Hierarchy ANN
i 3

Directional Trenchless Non-Directional Trenchless
Technology (DTT) Technology (NDTT)
3rd Hierarchy ANN l 4th Hierarchy ANN l

I3
Micro Horizontal
Tunneling (MT) Directional
Drilling (HDD)
|
l 6t Hierarchy ANN l

Mini Medium Maxi
Horizontal Horizontal Horizontal

Horizontal
Auger Boring

Horizontal
Directional
Drilling (HDD)

(HAB)

5t Hierarchy ANN

Open Faced Closed Face
Micro Micro

Directional Directional Directional
Drilling (Mini- Drilling (Mid- Drilling
HDD) HDD) (Maxi-HDD)

Tunneling Tunneling
(OMT) (CMT)

Figure 3. The Hierarchical Artificial Neural Network (HANN)
Modeling Setup

The 1st HANN obtains the required project data from the central database module.
To guarantee a high precision, attributes affecting the choice between OCC and TT
are defined: total project length, drive length, required accuracy, soil type, ground
water impacts (e.g., de-watering), existing underground utilities, surrounding above-
ground structures, work space requirements (e.g., street width), acceptable noise
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level, traffic impacts, pipe diameter, pipe material and pipe depth. Projects are
processed and the ANN starts with the 1st level of hidden neurons to obtain the
impact of each factor on the output. The 2nd level of hidden neurons chooses
between OCC and TT based on the pre-defined factors. Several functions were
investigated and the best fitting one, that reached the lowest training percentage of

error, is the Int(Tanh) resulting in -1 and 1 representing the OCC and TT respectively.

The 2nd HANN chooses TT projects and obtains their data from the central database
module. The main factors affecting the choice between DTT and NDTT are accuracy
and pipe material. All TT projects are processed and the ANN begins with the Ist
level of hidden neurons to obtain the effect of each factor on the output. The 2nd
level of hidden neurons chooses between DTT and NDTT based on the pre-defined
factors. The 3rd HANN selects DTT projects and obtains their data from the central
database module. The main factors affecting the choice between MT and HDD are
pipe material and type of soil. All the DTT projects are processed and the ANN
starts with the Ist level of hidden neurons to obtain the effect of each factor. The 2nd
level of hidden neurons chooses between MT and HDD based on the pre-defined
factors. The 4th HANN selects NDTT projects and obtains their data from the
central database module. The main factors that affect the choice between HAB,
HDD and PR are pipe material and soil type. All the NDTT projects are processed
and the ANN begins with the 1st level of hidden neurons to obtain the effect of each
factor. The 2nd level of hidden neurons chooses between HAB, HDD and PR.

The 5th HANN selects MT projects and obtains their data from the central database
module. The main factor affecting the choice between OMT and CMT is ground
water existence. All MT projects are processed and the ANN passes through one
level of hidden neurons to obtain the effect of the only factor. The 6th hierarchical
selects HDD projects resulting from both hierarchies and obtains their data from the
central database module. The main factors that affect the choice are drive length and
pipe diameter. All MT projects are processed and the ANN starts with the 1st level
of hidden neurons to obtain the effect of each factor. The 2nd level of hidden
neurons chooses between Mini-HDD, Mid-HDD, and Maxi-HDD.

Optimization Engine

The Optimization Engine features the MS Excel® Evolver TM V.5.5 add-in, and
uses the GA optimization option. The complex nature of the previously introduced
problem initiated the need for integrating the HANN with the GA-based
optimization engine for applying the concept of perquisite hierarchies with an
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objective of minimizing the percentage error between TTDSS and actual outputs.
Table 3 shows the optimization attributes that was identified for this complex
problem, defined separately for the 6 HANN’s. As shown in Table 3, the objective
was to minimize the percentage of error from the actual applied construction method
in each hierarchy. The variables are the hidden neurons, which differ according to
the number of factors considered in the hierarchy.

Table 3. Optimization Attributes

Attribute Description

Objective  Minimize the percentage of error between the construction methods
function recommended by the TTDSS vs. the actual output for the training cases.

Decision ~ The weights among the input and hidden neurons and hidden neurons
Variables  and output neurons.

Model Training and Testing

To validate the proposed approach, 60 different projects were introduced to the
system. The input neurons contained the following: drive length, soil type, pipe
diameter, pipe depth, project type, usage, surrounding above conditions, existing
underground utilities, traffic impact, noise level, project length, ground water
existence, and pipe material. The output neurons differ from one hierarchy to
another. These output neurons are used as inputs for the higher level HANN to
achieve the final TTDSS output (most appropriate construction method). 80% of the
projects (48 projects) were taken as training cases for the system, while 20% (12
projects) were taken as testing cases. The system functions through 4 main modules
as follows: (1) Central Database Module, (2) HANNS, (3) Optimization Engine, and
(4) Project Construction Method Module. The central database module contained the
60 projects inputs and actual outputs. The HANN was composed of: (1) an input
layer to convert the subjective factors into numerical inputs, (2) a two-level hidden
layer to guarantee more precision and accuracy for the system where the number of
hidden neurons differs according to the number of factors considered in this
hierarchy, (3) an output layer that converts the numerical model into subjective
outputs (construction methods) to compare it with the actual output based on the
pre-defined experts results. After that the optimization engine runs each hierarchy
solely to get the weights for the factors considered. Finally, the projects construction
method module predicts the output (construction method). The results of the TTDSS
were promising, showing a negligible percentage of error for both the training and
testing cases. Table 4 shows the error percentage for both the training and testing
cases respectively for the six-chain of hierarchies. The integration of HANN and
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GAs resulted in a low error percentage not exceeding 5% for both training and
testing cases.

Table 4. Training and Testing Results

Hierarchical Chain Training Cases (% Error) Testing Cases (% Error)

¥ 1.5% 1%
2 1% 0.5%
31 1% 1%
4" 0.5% 0%
5® 0% 0%
6" 1% 0.5%

Total 5% 4%

TTDSS promising results demonstrated the success of the newly-introduced concept
of HANN to effectively provide decision makers with a reliable tool that guides
them to the most appropriate construction method for their projects, based on the
project nature, surroundings characteristics, etc.

CONCLUSION

TTDSS is an appropriate tool for providing decision makers with the best
construction method to be applied for a given pipeline project. In this case, the new
concept of hierarchies was applied on the ANN model to guarantee more precise and
accurate results. The TTDSS resulted in a very low percentage of error, not
exceeding 5%, which ensures the success of applying the new concept of hierarchies
in the ANN. Finally, the flexibility of the TTDSS widens its application for use in
many locations and project environments.
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Abstract

The use of polyethylene (PE) pressure pipelines is increasing in international
significance and therefore being used in increasingly challenging conditions. The
reasons for this are manifold, including the excellent corrosion resistance of the
material, the flexibility of high-density polyethylene 100 (PE 100) pipes, and the
resulting installation and cost advantages. The construction of a80 km long water
pipeline through the Mediterranean sets new standards in water supply. Requested
by the Turkish Republic of Northern Cyprus (TRNC), it runs from the Turkish
mainland (Mersin Province) to the Turkish part of the island of Cyprus. For the
project, individual lengths of 500 m (1600 ft) PE 100 pipe were produced and
installed so that they float 250 m (918 ft) below the surface of the Mediterranean.
In 2011, a dam was built in the mountains of the province of Mersin which directs
water from the Dragon River to the north-east of the town of Anamur. The dam is
also to be used for generating hydroelectric power, as well as for storing the water
for the pipeline. The prerequisite for the success of this project was the
development of an ultra-demanding and innovative flange design for a stub end
that can durably join steel and PE 100.Due to the excellent communication and
cooperation between Reinert-Ritz GmbH and the project managers, a high level of
confidence was generated for the long-term tightness and safety of the flange
connection.

INTRODUCTION

To meet the water needs of the Turkish Republic of Northern Cyprus (TRNC), a
project was developed to transfer water through a pipeline from Turkey to the
TRNC. The planning phase of this project started in 1998 and was approved by
the Council of Minister’s Decree No. 98/11202 on May 27, 1998.Engineering
services for the project have been included in the investment program of the
Turkish State Hydraulic Works (DSI) since 2002.The project involves on-shore
structures as well as off-shore structures. The on-shore structures consist of the
construction of a dam, storage tanks, pumping stations, valve chambers and
transmission lines. The off-shore structures consist of manufacturing facilities and
the construction of a pipeline at a depth of 250-280 m (820-918 ft) in the
Mediterranean. Water will be carried from the Alakdprii Dam, built on the Dragon
River, to Anamur in Turkey and from there through the Mediterranean to the
existing Ge¢itkdy Small Dam in TRNC.By raising the height of the Gegitkdy
Small Dam, it will be converted to Ge¢itkdy Dam, a reservoir that will be used for
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water supply and irrigation. The pipeline will supply 75 million m? (60,800 acre
ft) of water per year from southern Turkey to the TRNC.

PROJECT COST

A $450 million intergovernmental framework agreement for the gigantic project,
called the Peace River Project, was signed in July 2010. The project, planned to
be completed by July 2015, is funded by Turkey. The total investment cost of the
project is budgeted at TUL 782 million (approx. US$ 432 million) consisting of
TUL 45.6 million (approx. US$ 25.2 million) for structures in Turkey, TUL 630
million (approx. US$ 348 million) for the undersea pipeline, and TUL 26.9
million (approx. US$ 14.9 million) for the structures in Northern Cyprus.

CONSTRUCTION STAGES
The project includes the construction of a dam and a pumping station on both

sides of the project, as well as a pipeline of 107 kilometres (66 miles) that mainly
runs across the sea. The construction will have five stages:

Alaképri Dam < 7, - % £

¥
23 km Transmission Line

80 km Sea Crossing
Pipeline

3 km Force Main

:. .

Gegitkéy Dam

o

Figure 1: Overview of Construction Stages

Stage 1 - Alakoprii Dam on the Turkish Side

In 2011, a dam was built in the mountains of the province of Mersin which leads
from the Dragon River to the north-east of the town of Anamur. The dam is also
to be used for generating hydroelectric power, using a new plant with a capacity
of 26 megawatts, as well as for storing the water required for the pipeline.

Overall, the water storage capacity of the dam, collected from the Dragon River,
is 130.5 million m? (106,000 acre ft). The height of the dam is 88 m (289 ft) above
the river bed and 93 m (305 ft) from the base.
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Figure 2: Alaképrii Dam
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Stage 2 - Ductile Iron Pipe on the Turkish Side

From the dam to the coast, the water is transported by gravity. The transporting
ductile iron pipe of 1,500 mm (60 in) diameter and a total length of 23 km (14.4
miles) ends in the Anamur valve chamber next to the coast.

Figure 3: Ductile Iron Pipe Path on the Turkish Side
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Stage 3 - PE 100 Sea Crossing

The construction of the 80 km (= 50 mile) long drinking-water pipeline through
the Mediterranean Sea sets new standards in water supply and is unique in the
world. The sea crossing is divided into three sections.

Figure 4: Sea Crossing Overview

Section 1 - Transition from the valve chambers to the off-shore section

From the valve chambers on the Turkey side runs a 1,600 mm diameter (63 in),
SDR 21, PE 100 pipe in a water depth of 20 m (66 ft) below sea level. It is
surrounded by round concrete blocks and covered with gravel to resist the effect
of buoyancy.

Figure 5: PE 100 Pipe In-Shore Transition
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Section 2 - Off-shore laying with concrete blocks

The next step is to transition from the shallower edge of the sea to reach the
deeper, first anchor point from which the PE 100 pipe begins to float in the water.
The PE 100 pipe in this and the following section has an SDR of 21. In this
section it is fixed to the seabed with concrete blocks.

280 meters VVater Depth

Figure 6: PE 100 Pipe with Concrete Blocks

Section 3 - 80 km of floating and tethered pipeline

Single lengths of 500 m (1,600 ft) PE 100 pipe are installed at a depth of 250-280
m (820-918 ft) below the surface of the Mediterranean Sea. The line is anchored
every 500 m (1,600 ft) and floats in the sea.

The production of pipes for the project begins close to the Tasucu receiving basin.
Here, the 500 m (1,600 ft) long sections of PE 100 pipes with an outside diameter
of 1,600 mm (63 in) are manufactured by three extrusion machines in parallel.
This not only achieves cost advantages, but for further projects, it provides a
security factor which is desirable and mandatory in many cases.

The design pipe length results from the fact that PE 100 pipes, due to their
specific gravity of less than 1 g/cm? (=0.955 g/cc), would normally float on the
surface of the water. This fact, in combination with the lower relative density of
freshwater compared to seawater, causes enormous buoyancy forces. These
buoyancy forces are counteracted by the pipe joining yokes, each consisting of
two flanged connectors and a steel pipe bend to which the flanged connector is
fixed. The steel yokes have an outside diameter of 1,514 mm (=60 in), a curvature
radius of 8,000 mm (=315 in) with a bend angle of 30°, and weigh around 10
tonnes (11 tons) without the connecting elements. The total weight, including the
two connecting elements, is around 13 tonnes (14.33 tons). The steels yokes,
which also act as fixing and anchoring points, are subsequently drawn down to a
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depth of 280 m (820 ft) by means of steel cables and then anchored to the seabed,
illustrating even better the special features of this project.

GEINEHT—FIITZ

Figure 7: Yoke Point Every 500 m (1,600 ft)

The otherwise customary installation was not the first-choice solution for this
project. One of the reasons was the depth exceeding 1,430 m (4,690 ft),
interspersed with numerous underwater ridges and trenches along the installation
route. The installation of the PE 100 pressure pipeline is now merely the
conclusion of a long chain of events.

Stage 4 - Force Main on Cyprus Side
From the Cyprus coast, the water is transported by a 1,400 mm (55 in) force main

pipeline made of ductile iron to the Giizelyali Pumping Station where it is pumped
into the reservoir of the Gegitkdy Dam, 3,157 meters (= 2 miles) away.

© ASCE
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Figure 8: Giizelyali Pumping Station
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Stage 5 - Ge¢itkdy Dam on Cypriot Side

Gegcitkdy Dam, which has a height of 65 m (213 ft) from the ground and 58 m
(190 ft) from the river bed, has a storage capacity of 26.5 million m? (21,500 acre
ft).

milion cubic meters

Figure 9: Gegitkoy Dam on Cyprus Side
DEVELOPMENT OF THE FLANGE CONNECTION

On site, the custom made stub ends are welded to the PE pipes and bolted to the
steel tube yokes by means of a special flange provided for this purpose. This yoke
is then anchored to the seabed by means of steel cables to the securing and
anchoring point. The challenge for Reinert-Ritz was to provide a product to join
the PE pipes and steel yokes durably and securely so that even the most adverse
conditions encountered underwater in the Mediterranean Sea could not impair the
connection. At a depth of about 250 m (820 ft), the design has to deal with the
following technical challenges: buoyancy forces exerted by the PE 100 pipe,
stress due to buoyancy caused by conveying drinking water in a salt-water
environment, powerful and dynamic sea currents, high marine and submarine
traffic frequency, potential earthquakes and the operating pressure of 7 bar (101
psi). The encapsulated flange connection is additionally supported by a
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polyurethane stiffening system. The expected forces were simulated in an
approved testing facility.

Figure 10: Test for the Whole Flange Connection

The extreme dynamic loads to which the flanged connection is exposed in
underwater operation were considered during the development.

The extrusion of hollow bars of 1,900 mm (75 in) / 1,400 mm (55 in) diameter
with a wall thickness of approx. 250 mm (10 in) is the first stage in the fabrication
of the special flanged connection. The subsequent machining takes place on a
milling machine capable of processing material up to sizes of 2,800 x 1,500 x
4,800 mm.

Figure 11: Milling process at Reinert-Ritz
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A particular challenge was presented by the large dimensions of the PE pipeline
and the extremely high dimensional accuracy required, with tolerances of -0.0 mm
and +0.5 mm (-0.0 in and +0.002 in). On site in Turkey, the finished PE 100 stub
end is secured geometrically in two steel clamping assemblies into which it must
fit perfectly.

— .
®1474

| $ 1554 |
©2050

Figure 12: Encapsulated PE 100 Stub End Cross Section

On a special installation ship, the high-precision flanged connectors are assembled
on both ends of the steel yoke with twenty-four connecting bolts. The yoke is then
anchored to the seabed, in order to enable the pressure pipeline to float at an
average depth of 250-280 m (820-918 ft).

DECISION FOR HIGH QUALITY AND SAFETY

Reinert-Ritz was able to meet the project’s requirements of full pressure
classification, according to the nominal pressure of the pipe, for large dimension
fittings up to an outside diameter of 2,000 mm (79 in). Over forty years of
experience in plastics as well as the company’s pronounced standards for quality,
helped it to become a valuable member of the project team. From the high quality
of the resin used for the production of the semi-finished products, through to the
machining of the finished stub ends, it was able to guarantee the high production
standards vital for the performance and completion of this demanding project.
There are different production routes for full pressure rated fittings, for example,
injection moulding and machining. The hollow bars and solid rods horizontally
extruded are used in the latter process. This method provides a product free of
voids that reflects their many years of design processing and testing experience.

CONCLUSION

The prerequisite for the success of this project was the successful development of
an ultra-demanding and innovative flange design for a stub end that durably joins
steel and PE 100. The extreme dynamic loads to which the flanged connection is
exposed in underwater operation were considered during the development. Due to
the excellent communication and cooperation between Reinert-Ritz GmbH and
the project managers, a high level of confidence was generated for the long-term
tightness and safety of the flange connection.
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Abstract

The Valley Transit Authority is working with the Bay Area Rapid Transit
(BART) to ultimately expand BART’s existing light rail system south to San
Jose. Several new stations are proposed as part of the Light Rail Track
extension. However, two of the new stations will impact two existing large
diameter water pipelines, owned by the Santa Clara Valley Water District.
These existing lines have to be relocated away from the new stations. This paper
will discuss the technical design aspects of installing new pipe and fittings into
an existing 66” concrete pressure pipe raw water main and into an existing 42”
steel pipe treated water main in order to properly relocate both lines. A key
consideration in this modification to the existing lines is the thrust forces
generated from the realignment. The thrust restraint of the old 66 line posed a
number of challenges since the original pipe in this area did not have
longitudinal thrust forces. Additionally the owner, the Santa Clara Valley
Water District, has their own specialized thrust restraint procedure that is based
on a 1960s paper. This approach is different than what is recommended by the
AWWA in the pertinent AWWA design manuals. Other challenges
encountered during the relocation design included a number of pipe design
considerations such as internal and external load, buckling, and fittings design.
Further complicating the relocation effort is the need to account for a special
“rattle box” casing to protect existing gas lines under a new “floating slab” for
the Light Rail Track at one location. Included in the discussion will be
recommendations on a few “lessons learned” from the relocation design efforts.

BACKGROUND
Big changes are coming to Silicon Valley with the San Francisco 49er’s football team

building a new stadium in San Jose, leaving their friendly confines in San Francisco.
With this new stadium located further south than the southernmost station on the
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BART rail system, along with the influx of people that have moved to Silicon Valley
over the past few decades, the time was ripe for BART to extend their light rail
system south.

The project was awarded as a Design-Build contract to the joint-venture construction
team of Skanska Shimmick Herzog (SSH) who teamed with Lockwood, Andrews and
Newnam, Inc. (LAN) and TY Lin International as their project engineers.

Several new stations would have to be constructed along the 10 additional miles of
this rail extension, and it was found that there were existing water pipelines owned by
the Santa Clara Valley Water District (SCVWD) in the way. It was quickly decided
by the Design-Build team that it would be easier to “simply” relocate these water
lines rather than finding other sites for the new stations. A local San Jose firm, HMH
Engineers (HMH), was named as the lead engineers for this relocation effort, who in
turned asked LAN to assist with the large diameter design issues. HMH would
provide the pipeline design and agency interface while LAN would provide the pipe
design calculations.

A number of factors made this project more challenging than expected. First, the
SCVWD has very limited experience with design-build projects on SCVWD
facilities. With the critical nature of the SCVWD pipelines to the county's water
supply, the cut-over times to tie-in both relocated pipelines to the existing pipelines
were limited to 10 calendar days each, and there were very limited tie-in windows.
Finally, due to the size of the lines and their critical nature, SCVWD’s pipelines are
not often relocated and the agency demands a very cautious, robust, and long time-
horizon approach to relocation.

Existing Water Lines

The two existing SCVWD pipelines to have sections relocated were the 66-inch
Central Pipeline, constructed in 1964-5, and the 42-inch Milpitas Pipeline constructed
in 1992. Fortunately for the design team, SCVWD keeps excellent records and was
able to provide HMH/LAN with original plans, line layouts and as-built drawings for
these two pipelines.

The first challenge was determining the existing pipe material utilized on the 66-inch
Central Pipeline in the relocation area, as it appeared three different pipe materials
might have been provided for this line according to the historical information. These
three materials are:

e Embedded Cylinder Prestressed Concrete Cylinder Pipe (PCCP) designed in
accordance with the original project specifications and the AWWA C301
standard that was current at that time.

e Modified Prestressed Pipe (also referred to as Concrete Cylinder Pipe (CCP))
that American Pipe and Construction (now NOV-Ameron) designed in
accordance with the original project specifications and Federal Specification
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SS-P-381A. Today we refer to this product as Concrete Pressure Pipe, Bar-
Wrapped, Steel-Cylinder Type per AWWA C303.

e Welded Steel Pipe with cement mortar lining and cement mortar coating and a
rod wrap over the steel cylinder. This was a hybrid product, part steel pipe
per API 5SLX with bar wrapping, cement mortar lining and cement mortar
coating similar to SS-P-381A.

Upon closer examination of the pipeline documentation, the pipe material product
that the design team would have to work with was the second bulleted item above,
CCP. Figure 1 presents the joint cross section and the design of the existing pipe.
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Figure 1 — 66-inch CCP

The line layout drawings for the 66-inch CCP showed the pipeline areas that
contained restrained joints for thrust restraint along with areas where push-on, rubber
gasketed, Carnegie-style joints were utilized. In the area of the proposed relocation,
only the rubber gasketed 66-inch CCP was installed, meaning that the relocation
design would have to address thrust issues that would arise from the relocation.

SCVWD’s records for the 42-inch Milpitas Pipeline clearly indicated this was
constructed with cement mortar lined and tape coated steel pipe as shown in Figure 2.

As can easily be seen in Figure 2, the existing 42-inch diameter pipe is operating at
high pressure. Furthermore, as has been SCVWD standard design philosophy for
reliability and protection of the public water supply, the field joints were all bell and
spigot welded lap joints. Because a fully welded steel pipeline provides restraint
against movement due to thrust forces, the relocation of this 42-inch pipe was thought
to be much less of a design problem.
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Figure 2 — 42-inch Steel Pipe
.
Relocated Water Lines

SCVWD required that the new relocated pipe be steel pipe and not PCCP or CCP.
This was felt to be the best option to minimize future maintenance and risk to
adjacent facilities and to water pipeline function. Furthermore, all field joints were
specified to be welded, utilizing bell and spigot lap joints. Because elbows would be
required to realign the existing pipe to accommodate construction of the stations, it
was decided that the design and pipe installation would be much “simpler” and
“cleaner” with all welded restrained joints. Finally, SCVWD required that the steel
pipe have the same type of coating as the existing pipe. This would simplify
corrosion control and minimize corrosion risks to both the new and old pipe.
Therefore, the 66-inch pipe would have cement mortar coating and the 42-inch pipe
would have tape coating.

DESIGN CHALLENGES

Design Challenge One — Thrust Restraint

Thrust restraint for steel pipe is typically accomplished in accordance with AWWA
M11 along with any owner supplemental design requirements. However thrust
restraint for CCP is now often accomplished utilizing AWWA M9, third edition for
concrete pressure pipe. This relatively new (2008) design procedure is slowly
gaining acceptance with designers and owners in the United States. However, many
designers and owners prefer to utilize the older, second edition of M9 (1995) as it is a
much simpler design procedure.

SCVWD has their own unique thrust restraint design procedure that is based on a
relatively unknown paper written in 1963 by James M. Gere, a professor at Stanford
University at that time. The overall premise of the paper resembles the current M9
design procedure; that is, it utilizes frictional forces along the axis of the pipe as well

© ASCE
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as lateral displacement due to the angular change at a bend. This lateral displacement
is greatest at the point of intersection of the elbow and diminishes as the length of
pipe from the elbow increases. Figure 3 is from the original Gere paper, showing the
length of pipe that undergoes lateral displacement, denoted as bL.. Where the pipe
undergoes both lateral and longitudinal displacement (the bL length), the cylinder
thickness in concrete pressure pipe must often be increased to withstand these
combined stresses. The total “tension anchorage” length for longitudinal
displacement is denoted as L.

F igufe 3 — Tension Anchorage Length

There are a few inherent flaws in the Gere paper that SCVWD has addressed in their
own design manual, portions of which were shared with the design team. However,
when the deflection angle is small, such as 30° or less, the calculated lateral
displacement length (bL) may be longer than the total tension anchorage length (L)
(based on the initial guess of b=1 when following the design procedure). When this
happens, the SCVWD procedure is to artificially increase L by 1.55.

The thrust design of the 42-inch steel pipe was straight forward. First the design was
accomplished in accordance with AWWA M11. A second design was then
performed in accordance with AWWA MO third edition, in order to combine stresses
in the pipe, similar to the Gere methodology. Following is the technical memo
conclusion written for the 42-inch thrust design on this project:

“The tension zones should be designated based on Method 2 lengths. This method
addresses the additive effect of bending and shear to the axial loads on the pipe,
which the District is requiring. However, because every joint is still a single welded
lap joint, there is no impact to the overall project.”

The thrust restraint design for the existing 66-inch CCP required a different process.
CCP has a much thinner cylinder than steel pipe, as the bar wrap accounts for much
of the total steel area required in the hoop direction. However, the bar wrap steel area

206



Pipelines 2015

© ASCE

does not participate in resisting the longitudinal forces related to thrust restraint.
Preliminary designs demonstrated that the steel cylinder and the joint ring attachment
to the steel cylinder in the old existing 66-inch CCP were adequate for the thrust force
generated by the 22.5° elbows involved for the relocation (see Figure 4 for new
layout). Initial designs required installation of 45° elbows, but both SCVWD and the
designers agreed that a smaller angle would lessen the thrust forces.

Figure 4 — 66-inch CCP Relocation \

To be conservative, LAN decided to review the thrust restraint requirements for the
CCP based on the following three methods:

e Method 1, AWWA M9, 2nd Edition
e Method 2, Gere as modified by the SCVWD Design Manual
e Method 3, AWWA M9, 3rd Edition

Method 1 resulted in a restrained joint length of 53 feet on each side of the elbow
point of intersection (PI). Method 2 required restrained joint lengths of 59 feet on
each side of the PI, but only after the original L was multiplied by 1.55 (as previously
discussed). Method 3 resulted in a restrained joint length of 51 feet on each side of
the PI. Similar to the 42-inch design, a technical memorandum was written for the
66-inch thrust design, with the conclusion as follows:

“It appears that Method 3, per the current AWWA M9 manual is the proper thrust
methodology to follow for designing this project. This method properly incorporates
small angles into the design procedure while the Gere methodology is limited. In
addition, the latest version of M9 addresses the bending and shear stresses along with
soil properties in the design where the older version (2nd edition) of MY is silent on
these subjects.

The new steel pipe 22.5° elbows may be supplied as part of a longer length of pipe
(as compared to elbows for bar wrapped steel cylinder pipe or PCCP). If the “tie in
leg is longer than 16 feet from the elbow point of intersection (PI), then no other old
bar wrapped steel cylinder pipe joints would need to be field welded as the restrained
length would be 16+ feet due to the elbow leg length plus 40 feet for the first piece of
bar wrapped steel cylinder pipe totaling the required 56 feet. If the new elbow leg

2
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length is less than 16 feet, one additional old bar wrapped steel cylinder joint would
need to be welded.”

Concurrent with the design team’s efforts, SCVWD performed their own calculations
and arrived at a length of 130 feet. LAN then tried to match the 130 foot length by
using differing assumptions. The closest LAN result was a length of 112 feet
assuming a high ground water table. However, the original pipelines and the current
soils report did not show or reflect a ground water table above the pipe. Practically,
the differences in thrust restraint lengths between the two designs resulted in the need
to weld only a couple of joints of the existing 66-inch CCP on either end of the
relocation. Knowing that further calculation exchanges between the design team and
SCVWD would only delay the pipe approval process, and considering this pipe
relocation project was on the critical path for the overall BART extension, the design-
build team decided to use the SCVWD calculated 130 foot length on the existing 66-
inch pipe.

Design Challenge Two — Pipe and Fittings Design
Overlapping with the thrust calculations were typical pipe design calculations that
included:

Internal Pressure Design

External Load Design Review including rail road loads
Buckling Load Design Review

Outlet Reinforcement Design

Test Head Design

Differential Settlement Design (at buried structure penetrations)

Most of the pipe and fitting designs were straight forward with minor discussion on
the various pressure situations (operating, transient and field test), allowable stresses
for the two pipe coating options, and steel cylinder materials and calculation
procedure (AWWA or ASME Boiler and Pressure Vessel Code).

One of the major design challenges was in reaching agreement on the steel wall
thickness for the 42-inch pipe. Based on internal pressure, external loads and
buckling, and the steel cylinder material selected, the required design thickness was
found to be 0.327-inch. However, SCVWD had originally specified a thickness of
0.4531-inch in 1992 (as shown in Figure 2). A previous relocation of a segment of
this pipe under a different construction contract had utilized 42-inch steel pipe with a
Y2-inch steel cylinder thickness. Therefore, SCVWD required this relocation to utilize
the same 2-inch thickness to achieve matching functionality, even though the
thickness was not required by the design standards utilized.

66-inch pipe wall thickness design occurred without debate, as there was no
adjacent/existing steel pipe thickness to match in terms of functionality. The designs
reflected a steel wall thickness of 0.424-inch to satisfy all of the design requirements
which was accepted by SCVWD.
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Design Challenge Three — 66-inch Valve Isolation Joint Vaults

SCVWD informed the design team that recent SCVWD evaluation of pipeline
corrosion control system operation showed failures (lack of isolation) in buried
flanged insulating joints occurring at an unacceptable rate and frequency. With the
existing old 66-inch CCP connecting to new 66-inch steel pipe, SCVWD required
electrical isolation between the two pipe material products from different eras.
Considering how close the connection points are to 22.5° elbows (shown on Figure
4), SCVWD also wanted to ensure bending in the flange (and adjacent flanged
coupling adapter) due to the line of action of the thrust force would be handled.
Finally, SCVWD required a change in how flanged isolation joints would be
protected from deterioration, suggesting that placing them in vaults would be one
acceptable option.

The design team designed the vault wall to take the thrust in both the vertical and
horizontal directions (see Figure 5 below); therefore, the flanged insulating joint and
FCA would not have any thrust forces acting on it. The pipe to vault wall connection
would need to be analyzed to ensure adequate transfer of forces without damage to
the pipe. Additionally, the pipe outside of the vault would need to be checked against
a shear failure due to differential settlement.

i

e

Figure 5 — LAN Schematic Drawing

The back and forth discussions and calculations on this issue occurred before final
agreement could be reached. (Final design acceptance was reached the day before the
start of the 10-day shut down for the tie-in.) In the end, two isolation joint vaults as
depicted in Figure 6 below were included in the relocation project.



Pipelines 2015 210

© ASCE

T FLAK VIEW
VAULT = 66" INSULATING JOINT Ja)

Figure 6 — 66-inch Isolation Joint Vault

Design Challenge Four — “Rattle Box”
The final major design challenge did not involve SCVWD but rather Chevron and
BART. There was an existing 8-inch diameter gas line with its 12-inch diameter

casing owned by Chevron that was going to be unacceptably close to one of the new
BART tracks. See Figures 7 and 8 below.
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Figure 7 — Floating Slab

Chevron informed the design team that they would not allow encasement of the gas
pipe and it’s casing in concrete for fear of differential settlement outside of the
encasement. They were very concerned about the loadings of the floating slab onto
the pipe/casing as there would only be minimum cover.
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Figure 8 — Chevron 8-inch/12-inch Casing Plan

Chevron suggested a “rattle box™ to protect the gas pipeline. Figure 9 below depicts
the 8-inch line in a 12-inch casing protected by the rattle box developed by the
designers. The rattle box looks like a larger half casing above the pipe/casing.
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Figure 9 — 8-inch Chevron Line with Casing and Rattle Box

The calculations performed including dead and rail live loads on the 12.75-inch
outside diameter casing, assuming the absence of the rattle box. The design concept
for the rattle box was to provide an extra measure of safety factor against the loads.

LESSONS LEARNED

There were many lessons learned from this Design-Build pipe relocation effort.
Among the chief lessons are:

e  When performing engineering on design build projects, make sure the design
team has all of the agencies specifications and/or design manuals. Finding out
about agency design standards and manuals after submitting designs for
approval causes delays and wasted effort.

e The use of design-build and the compressed design and construction processes
did result in relocation of the two pipelines in much less time than SCVWD
normally sees. Furthermore, this accelerated process did impact the quality of

© ASCE
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the contract documents with more issues that needed to be resolved during
construction, and not all to what SCVWD would have wanted.

Contractor staff turnover and lack of experience in large diameter water
pipeline construction resulted in a slower effort with more work by SCVWD
and VTA to get results and contract compliance than should have been
needed.

Addition of an experienced pipeline design and construction subject matter
expert to serve as VITA/SCVWD liaison on the pipeline relocations improved
the design and construction process and helped ensure the best possible
schedule outcome.

Slower than hoped for PG&E high pressure gas line relocation (by PG&E
contractor, not SSH) schedule and SCVWD windows for pipeline shutdown
led to flipping of design and construction sequences for the pipelines.
Although this change was not desirable, this nimbleness is part of the value of
the design-build approach.

Change in design-builder's engineering firm for pipeline relocation during
selection process appear to have resulted in core large diameter water pipeline
design competencies being more spread out for design-build team, and may
have impacted effectiveness of design process.

New information on the poor performance of SCVWD buried isolation joints
led to substantial change in scope from what SSH bid on.

Maintaining a margin of error during critical operations was essential. The
initial SSH schedule for one of the shutdown/tie-in periods was for 10 days,
ending the last day allowable. SCVWD accepted this but required starting
earlier to provide a 2 day margin of error. During the tie-in/shutdown period, a
SCVWD buried service butterfly valve failed in the closed position, resulting
in a 2 day delay in completion.
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Anne Carrel, P.E."; and Stephanie Cecil, P.E?

'Freese and Nichols, Inc., 10431 Morado Circle, Suite 300, Austin, TX 78759.
E-mail: amc@freese.com

*Freese and Nichols, Inc., 10431 Morado Circle, Suite 300, Austin, TX 78759.
E-mail: stephanie.cecil@freese.com

Abstract

In 2009, the City of Corpus Christi (the City) moved forward with the preliminary
design phase of the Mary Rhodes Phase 2 Pipeline. This 42 mile, 54-inch pipeline is
integral to bringing water from the Colorado River to Lake Texana and eventually to
the City’s citizens. Because the City utilized a Water Infrastructure Fund deferred
loan, the engineering feasibility report and environmental permitting were completed
prior to the beginning of the final design phase. Environmental permits were secured
in December of 2012 and final design began immediately after. With the USACE
permitting conditions, trenchless construction methods were required for two large
Waters of the US crossings, the Navidad River in Jackson County and the Tres
Palacios River in Matagorda County. Horizontal Directional Drilling (HDD) was
selected for these crossings due to the reliable accuracy, ability to drill below the
water table and through wet soils, quick construction timeline, and minimal
environmental impact. Multiple factors are considered in horizontal directional
drilling design. Some of the key design parameters include entry and exit angles,
analyzing soil conditions, and ensuring minimum depth below the river bed. The pipe
material, pipe lining and coating, and pipe size are all critical components to how the
HDD will be designed and constructed. The Mary Rhodes Phase 2 Pipeline HDDs
were unique design challenges due to the large diameter of the pipeline, limited pipe
materials available, the depth and length required, and limited working area. The
HDD sizes were re-analyzed and changed during the construction phase due to
coating application limitations caused by the original pipe size. Various alternatives
were analyzed for coating application alternatives. The City, the Engineer and the
Contractor were able to work together to secure a good solution for all parties. At
present, the construction of both of these HDDs has been completed on schedule with
minimal challenges. The detailed design process, construction process, and lessons
learned will be discussed in this paper.
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Section 1: Mary Rhodes Phase 2 Project Background

As Texas experiences some of the worst droughts in its history, the City of Corpus
Christi (City) has worked hard to diversify their water sources to keep up with the
needs of their residential and industrial customers. Implementation of the Garwood
Water Right is the City’s latest water supply strategy. The City purchased 35,000
acre-feet per year of the Garwood Water Right, which can be transferred from the
Colorado River in 1998.

In 2002, the City contracted Freese and Nichols (FNI) to evaluate options for
transporting the Garwood Water Right to the existing Mary Rhodes Phase 1 Pipeline.
The existing Mary Rhodes Phase 1 pipeline and associated pump stations transfer
water from Lake Texana in Jackson County to the O.N. Stevens Water Treatment
Plant in Corpus Christi and were designed to allow upgrades for greater flow
capacity. See Figure 1 below depicting the existing Mary Rhodes Phase 1 system as
well as the Phase 2 project.

Existing West

Existing Booster Delivery Pump R e \
Pump Stations 5>

Station

Proposed Intake
and Booster Pump
Stations

Existing Mary Rhodes
Phase | Pipeline

O.N. Stevens WTP

Figure 1: Mary Rhodes Phase 1 and 2 Systems

The Mary Rhodes Pipeline Phase 2 project includes a variety of components working
together to obtain, settle, transport, and store the water contained in the City’s portion
of the Garwood Water Right. The project begins with a River Pump Station located
on the west bank of the Colorado River in Bay City, Texas. The 46 MGD pump
station will divert the water right into a 59 acre-feet, two-celled, HDPE and soil-
cement lined sedimentation basin, as water quality studies showed the need to remove
sediment prior to pumping to protect the pumps and pipe and to reduce energy use.
See Figure 2 below for a schematic of the pump stations and sedimentation basins
located on the Colorado River site.
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ST

Booster Pump
Stations

Figure 2: Mary Rhodes Phase 2 Pump Stations and Sedimentation Basin

After the sedimentation basin, the water is picked up by the 46 MGD Booster Pump
Station to be pushed the approximately 42 miles through 54-inch pipe. In an effort to
control costs, the City chose to bid both concrete cylinder pipe and steel pipe material
alternatives. While the costs for both pipe materials were comparable, concrete
cylinder pipe was the less expensive option. The City chose a route that parallels
existing major roadways to help with ease of access and maintenance for the life of
the project, as well as to control land acquisition costs. The 54-inch pipe discharges
into a 6 MG balancing ground storage tank (GST). The Garwood water will travel by
gravity from the GST to the tie-in with the existing intake header for the Lake Texana
pump station into the Mary Rhodes Phase 1 pipeline.

The existing Mary Rhodes Phase 1 system includes two booster pump stations along
the 101 miles of 64-inch pipeline. These booster pump stations have existing pumps
and balancing reservoirs, however, it was originally envisioned that larger tanks and
additional pumps would be added in order to provide the additional Garwood water,
and open slots were left for this purpose. These improvements will be part of a later
improvements project for the City.

The City utilized Texas Water Development Board (TWDB) funds for the design of
the project, which provided a low interest loan for all planning and design tasks.
Prior to release of these funds, the City had to secure all environmental and
archeological clearance from the U.S. Army Corps of Engineers (USACE) and the
Texas Historical Commission. One such permit acquired was a Regional General
Permit (RGP) which requires trenchless installation under navigable waterways.
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Section 2: Design of Two Large Diameter Horizontal Directional Drills

In order to comply with the Regional General Permit issued by the USACE for the
project, the design team was required to cross two navigable rivers by trenchless
methods. These rivers are the Tres Palacios River in Matagorda County and the
Navidad River in Jackson County. The Tres Palacios River is approximately 100 feet
in width and 40 feet deep and the Navidad River is approximately 300 feet in width
and 25 feet deep. Three different trenchless options for installing the 54-inch pipeline
were identified and investigated for these two crossings. These included traditional
Auger Boring with a casing pipe, micro-tunneling, and Horizontal Directional
Drilling (HDD). Auger Boring and HDD exhibits are shown in Figures 3 and 4.
Auger Boring typically is a two-pass approach and has limited steering capabilities.
When working within wet soils and below the ground water table, Auger Boring is
typically not considered and is not generally used for installations requiring high
accuracy. Auger boring was not investigated in detail for these specific trenchless
crossings. Micro-tunneling can be accomplished with more accuracy but for the
length of crossings in this project, this option is cost prohibitive as it requires very
specific equipment that is costly to both mobilize and operate. With HDD
installation, the pipe is typically not installed within a casing pipe, but pulled into a
reamed hole that is drilled first using a guided pilot drill. Bore pits are not required
for HDDs. Based on the analysis of multiple trenchless methods and the high
probability for ground water adjacent to the rivers, HDD was selected as the preferred
alternative for the two river crossings on the project.
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Undisturbed Earth/ River
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Figure 3: Auger Boring
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Figure 4: HDD

The size of the overall pipeline for the entire project is 54-inch diameter, which is on
the high end of size ranges for an HDD installation. FNI coordinated with multiple
HDD experts and contractors to review the constructability of the design and
determine what pipe sizes were applicable for the HDD installations. The critical
aspects of the HDD design include: entry and exit angles, minimum radius of the
pipe, soil conditions, minimum depth and pipeline size.

The project team determined that a 200 PSI Pressure Rated 48-inch steel pipe should
be used for the HDD crossings. Using 48-inch diameter pipe instead of 54-inch
diameter pipe will allow a greater scouring velocity and reduce the need for line
maintenance in the future. The decrease in pipe size very minimally affected the
hydraulics of the pipeline. Originally, both steel and HDPE pipe materials were
analyzed as options for the HDD. Due to the needed internal pressure rating required
for the pipeline, the HDPE pipe would need to have a low dimension ratio and be
extremely thick. HDPE pipe of this thickness was not commercially available or
manufactured in the US. The HDD crossings are longer with a steel pipe than with an
HDPE pipe because steel is less flexible and therefore has a larger minimum radius,
but steel is the stronger-walled pipe which allows for a lower risk of buckling and/or
deflection after installation.

The entry angle for the deeper Tres Palacios River was set at minimum 10 degrees
and maximum 11 degrees. The entry angle for the shallower Navidad River was set
at minimum 9 degrees and maximum 10 degrees. The exit angle for the Tres Palacios
River was set at minimum 6 degrees and maximum 8 degrees while the exit angle for
the Tres Palacios River was set at minimum 4 degrees and maximum 6 degrees.
These angles were determined using a minimum radius of 100 multiplied by the
diameter of the 48-inch steel pipe (4800 feet).
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For typical open trench design, 25-foot deep geotechnical bores were drilled every
half mile for all 42 miles of the project. To gather further soil information required for
the HDD, additional 100-foot deep geotechnical borings were drilled on both sides of
each crossing, as close as possible to the rivers and the proposed alignment. HDD
installations can be both more difficult and more expensive when rock is present in
the soils, and luckily, the additional geotechnical borings did not show any rock in the
area. The soils in the area of both HDDs were typically varying types of sand and
clay.

Another critical component of the HDD pipe design was the coating system. Once
steel pipe was selected, multiple options of both coatings and linings were analyzed to
select a resilient coating that would require limited maintenance in the future.
Ultimately, a fusion bonded epoxy with an abrasion resistant overlay was selected for
pipe coating. This coating system is robust enough to handle the maneuvering of the
pipe during the HDD process and a field repair kit can be used to touch up any
damaged areas.

Section 5: HDD Construction Challenges

Large diameter HDD projects are always a challenge and this was no exception. The
construction of both HDD crossings required thorough planning and execution with
appropriately sized equipment and experienced personnel. Managing the spoils
disposal to keep up with the reaming operations was especially challenging since the
volumes are enormous. Also the contractor had to take great care not to over-ream
the hole (make too many passes), so as not to cause mis-alignments in the softer
portions of the hole. Overcoming pipe buoyancy was also particularly important.

During construction, the shop coating applicator had challenges applying the
specified fusion bonded epoxy coating. The machine which coats the pipe could not
handle any pipe with a weight greater than 350 pounds per linear feet. The 48-inch
200 PSI steel pipe has a weight of 379 pounds per linear foot, making it too heavy for
the coating machine. To rectify the issue, FNI looked at resolutions of other coating
options, decreased pressure rating of the pipe, and decreased pipe size. The final
option of 44-inch 200 PSI pipe was chosen to keep the strength and pressure class of
the pipe the same, but to decrease the overall weight. With the decreased pipe size,
velocity is still below 8 feet per second at the maximum flowrate, there is an
increased scouring capacity in the line, and the hydraulic impacts are minimal.

The installation of the HDD pipe under both the Tres Palacios River and the Navidad
River was accomplished with minimal incidents. The steel pipe was strung out along
the pipeline easement and field welded prior to pullback. The easement acquisition
team secured 2000 linear feet of lay down area for both HDD locations so all pipe
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could be welded in place and pulled continuously. The welding of the pipe took
approximately 12 days for each crossing. The joints were coated externally and
internally with fusion bonded epoxy, with an additional 30 mil abrasion resistant
overlay at the external joints. The coating system was a 3M scotchkote system,
#6233 with a #6352 abrasion resistant overlay. The lining system was a 3M
scotchkote system, #124.The pilot hole was completed in 14 hours for each crossing.
For the pullback, the pipe was held up by cranes and utilized foam rollers to keep
from scratching the coating as shown in Figure 5. A primary Magnetic Guidance
System (MGS) with a secondary Para-Track System was used for the tracking
system.

Figure S: HDD Installation

The Contractor and quality control inspectors examined the exterior of all pipe prior
to pulling it through the reamed hole. In areas where coating had been scratched,
abrasion resistant overlay was on hand to touch up where needed. This pulling
through of the pipe was stalled to allow this overlay to dry. The pipe installed at the
Navidad River required a large repair due to the foam on the roller support breaking
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as shown in Figure 6. This was repaired on site with a large quantity of abrasion
resistant overlay before completing the HDD.

Each of the full HDD crossings were pulled within a 13-hour period. No rock was
encountered during the construction and the soils, classified as sands and clays,
remained consistent and ideal for HDD installation.

Figure 6: Broken Roller Support

Section 6: Project Path Forward

The pipeline portion of the project is currently 80% complete. The construction is
being performed by a prime contractor managing the whole pipeline length with
subcontractors for three individual, equal length sections. This contractor is also
responsible for the construction of the tie-in to the 64-inch Mary Rhodes pipeline. A
second prime contractor is responsible for construction of the two pump stations and
the sedimentation basin. The two HDD’s were completed by a subcontractor to the
prime contractor with minimal delays. Each drill pullback was completed within 13
hours. Additionally, an experienced resident representative team is performing
construction inspection on the project to help deliver a quality project for the City of
Corpus Christi for years to come.
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Abstract

Anne Arundel County is currently in the process of replacing approximately 25,000
linear feet (LF) of sewer forcemains (FM) using horizontal directional drilling (HDD)
for trenchless installation. The County has initiated a small diameter sewer FM
replacement project to rehabilitate and/or replace small diameter sewer FMs that have
reached the end of their useful life and/or have a history of breaks/failures. The
County decided to use HDD to protect existing infrastructure and minimizing
environmental disturbance and to streamline regulatory reviews and approvals. This
paper focuses on six individual contracts in Anne Arundel County, Maryland that
have utilized HDD. The challenges encountered on each of the contracts are
highlighted and then summarized as lessons learned for general HDD installation.
The conclusions from the lessons learned are summarized below:

e The more information that is gathered in the design phase the smoother the
construction phase will be.

e The clearer the contract documents are the less room for change orders during
construction.

e A good public outreach program is essential.

INTRODUCTION

Anne Arundel County (County) is located on the western side of the Chesapeake Bay,
south of the City of Baltimore, Maryland. It has approximately five hundred and
thirty-seven thousand (537,000) residents and over four hundred and fifteen (415)
square miles of land. In terms of population, Anne Arundel County is fifth largest
county in the state of Maryland. The majority of the population lives in the northern
portion of the County as well as along the coast of the Chesapeake Bay. The
elevations across the County range from mean sea level to approximately 300 feet
above sea level. The topography of the County is broken up by various rivers and
streams draining to the Chesapeake Bay. Due to the topography, it is difficult to have
long gravity lines that convey sewage to the Water Reclamation Facilities (WRF);
therefore, there are a large number of sewer pump stations (SPS) and sewer
forcemains (FM). Currently the County maintains over two hundred and fifty (250)
sewer pump stations and over fourteen hundred (1,400) miles of sewer forcemains
that convey sewage to eight (8) WRFs. The existing sewer FMs have diameters
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ranging from 2-inch to 54-inches and the pipe materials include but are not limited to:
cast iron, steel, ductile iron, polyvinyl chloride (PVC), high-density polyethylene
(HDPE) and pre-stressed concrete cylinder pipe. The majority of the FMs are made
of cast iron and were installed in the 1960s and 1970s.

BACKGROUND

In 1986, the County initiated the Sewer Main Replacement/Recondition Project
(SMR/R), as part of the Capital Improvements Program (CIP), to ensure the adequacy
of the County’s wastewater collection and conveyance systems. The CIP program is
controlled by the County’s Department of Public Works and addresses the major
repairs and the improvements of the FMs. Heery International, Inc (Heery) was hired
by Anne Arundel County in 2006 to augment the County’s Capital Improvement
Program Management capability. Heery’s project management team is currently
assigned to the majority of the SMR/R’s contracts. This paper covers the portion of
the SMR/R Project that replaces the small diameter (under fifteen 15-inches) sewer
FMs either due to breakage or based upon inspection results.

Since the year 2000, the County has replaced over forty (40) miles of existing cast
iron, steel, and concrete pipe with HDPE pipe using HDD methods. Each of the FM
replacement contracts are named for the sewer pump station that they originate from
and all of the FMs terminate at a gravity interceptor manhole or a larger FM that
conveys the sewage to the WRFs.

DECISION TO USE HDD TRENCHLESS TECHNOLOGIES

The majority of the FMs that are being addressed are located in County ROWSs and/or
utility easements. There are other utilities located in the ROWs and easements such
as water, storm drains, gravity sewer, gas, cable, communications, and electrical lines.
Most of the existing SPSs are located in residential neighborhoods and the sewer FMs
are located in the residential streets. Open trench installation would require numerous
street closures and/or detours that would negatively impact the residents. Open
trench installation also results in more total disturbed area for a project and in the
state of Maryland, disturbance of areas above certain thresholds have additional
permitting requirements. Additional permitting can result in a longer design phase
and delay the start-up of construction. Further permitting needs are also driven by
many of the neighborhoods being located in the critical area (within a thousand
(1,000) feet of the Chesapeake Bay).

Due to the County’s desire to protect existing infrastructure, minimize environmental
disturbance and to streamline regulatory reviews, the County has chosen to use HDD
methods where feasible to replace small diameter sewer FMs.
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LESSONS LEARNED ON SPECIFIC CONTARCTS
LESSON 1: PHYSICAL LOCATION OF EXISTING UTILITIES

The Manhattan Beach FM Replacement contract included replacement of
approximately 5,000 LF of existing 12-inch cast iron pipe with 12-inch HDPE pipe
from Manhattan Beach 1 SPS to an existing 36-inch sewer FM. The existing FM had
severe external corrosion that caused several leaks within a short period of time
necessitating replacement. The construction for this contract began April 2012 and
ended in December of 2012. After the contractor had drilled the initial pilot hole, it
was determined that the existing FM had not been marked correctly causing the pilot
hole to be too close to the existing FM and valve vaults. Per County Standards, the
new FM was required to be a minimum of 5 feet (horizontal and vertical) away from
the existing FM and structures. The pilot hole location resulted in only 1.5 feet of
separation. The contractor was required to relocate the drill rig and re-drill a new
pilot hole in an alternate location. While the contract drawings did include a note
indicating that the contractor was responsible for verifying all existing utilities, they
were not specific about which utilities had to be field verified or at what distance
away from the new FM the existing utilities had to be field verified. Additionally, the
contractor damaged several sewer laterals while drilling the pilot holes for the new
FM. The contractor did not test pit for all utilities that the new FM crossed.

In order to avoid the above referenced situations on future SMR/R contracts, all
contract documents now clearly state that the contractor be responsible for test pitting
any existing utility that the proposed FM crosses and within a specified distance away
from the proposed FM. The County utilizes a utility location service (Dig Safe/Miss
Utility) to mark all of the existing utilities along the proposed alignment before
excavation can begin. The full time onsite third party inspector walks the alignment
before construction mobilization to locate any existing utilities that may not have
been shown on the contract drawings or missed by the utility locator. County
contingent bid items have also been increased for additional test pitting for utilities
that are not shown on the drawings. This allows the County, third party inspector
and/or the design Architect/Engineer (A/E) to instruct the contractor to test pit
additional locations where the new FM may be close to existing utilities or structures
that are found in the field. Once all of the test pitting has been completed the A/E and
County will review the proposed horizontal and vertical alignment with the contractor
to determine if changes are required to avoid potential conflicts. By taking these
measures the County has avoided damaging exiting utilities on contracts that came
after this one.

LESSON 2: COORDINATION WITH OTHER CONTRACTS

The Cape Arthur V FM Replacement contract included replacement of approximately
1,770 LF of existing 10-inch cast iron pipe with 10-inch HDPE pipe from Cape
Arthur V SPS to an existing gravity line manhole by HDD trenchless methods. The
existing FM had experienced several leaks due to severe external corrosion that
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necessitated replacement. The construction for this contract began in July 2013 and
was completed March 2014. The County was in the process of upgrading the SPS
while the new FM replacement contract was in design. The County gave the
contractor doing the SPS upgrades a field directive to install a wye with an isolation
valve on the existing FM so that the new FM replacement work could connect
directly to the isolation valve and not require a pump station shut-down. This saved
the County time and money. It also mitigated the risk of future shutdowns because an
SPS shutdown was not required to tie into the existing FM. Additionally, during
construction the onsite inspector located a storm drain crossing the road that
intersected the new FM, which was not shown on the contract drawings. The storm
drain was at the same elevation of the proposed FM requiring a change in the
proposed FM’s profile. This change created a high and low spot in the new FM.
Because of this, a new Air Release Valve (ARV) and vault had to be installed at the
high spot at the County’s expense. This challenge is another example of Lessons
Learned No. 1 — Physical Location of Existing Utilities.

The County coordinates its current Upgrade/Retrofit SPS and FM Replacement
contracts to make the work more efficient. If another contract is in design or
construction at the SPS where the FM replacement contract is going to take place,
provisions are made so that the new FM can be connected to the existing FM without
having to shut down the SPS.

LESSON 3: REQUIRE SUB-SURFACE INFORMATION

The Belvedere Yacht Club FM Replacement contract included replacement of
approximately 3,100 LF of existing 6-inch ductile iron pipe with 6-inch HDPE pipe
from Belvedere Yacht Club SPS and tied into an existing larger FM by HDD. The
existing FM was experiencing severe external corrosion necessitating replacement.
The construction for the contract began in September 2013 and was completed in
May 2015. The existing FM was located in a neighborhood near the water (Magothy
River) and the soil is mostly sand with a shallow water table. In one of the deeper
excavations for the new FM, the contractor could not maintain a stable excavation to
install a blow-off valve vault. The excavation required sheeting and shoring because
it was located near a neighborhood road and there was not enough space to allow a
benched or sloped excavation. A geotechnical data report with boring logs was
provided to the contractor with a soil boring at the location of the proposed blow-off
valve vault. Eventually the contractor had to install the new FM along a different
alignment that did not require an excavation that deep (approximately 20 feet).
During construction there was a conflict with an existing storm drain inlet that caused
the alignment to have to be re-engineered by the design A/E. The storm drain was
not shown on the contract drawings. This challenge is another example of Lessons
Learned No. 1 — Physical Location of Existing Utilities.

The County now typically requires the Design A/E to provide a geotechnical report
with the contract documents for all FM replacement contracts. The report includes
several borings along the new FM alignment that lets the contractors know the soil
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type and water table level throughout the alignment. The report also gives
recommendations for sheeting and shoring in the excavations.

LESSON 4: THINK ABOUT DOWNSTREAM STRUCTURES

The Valley Road FM Replacement contract included replacement of approximately
1,890 LF of existing 6-inch ductile iron pipe with 6-inch HDPE pipe from Valley
Road SPS to an existing manhole (MH) by HDD. The existing FM was experiencing
severe external corrosion necessitating replacement. The construction for this
contract began in October 2013 and was completed in May 2015. During
construction it was determined that the discharge MH where the new FM connected
was structurally unsound. The discharge MH conveyed flow from three other sewer
pump stations and could not easily be taken out of service. The existing discharge
MH walls had been scoured away from the existing FM discharge. The contractor
was able to construct a form in the MH to install a structurally stabilizing liner
(PermaForm) without taking the MH out of service. The contractor also installed a
90 degree elbow on the discharge of the new FM so that the flow was directed
downward and not towards the wall of the MH. During construction of the new FM
an ARV vault and Blow-off valve vault were found on the existing FM. The contract
documents did not include language about demolishing the existing vaults, so the
County had to include that work in another contract. This challenge is another
example of Lessons Learned No. 1 — Physical Location of Existing Ultilities.

The County now requires that any manhole where new FMs discharge to be lined or
rehabilitated such that the discharge end direct flow towards the floor of the manhole
if it penetrates above the bench of the manhole. The discharge manholes typically
have more turbulent flow characteristics that releases more hydrogen sulfide, which
causes more corrosion than manholes with laminar flow. The County also requires
the contractor to line the two downstream manholes from the discharge manhole.
With each FM Replacement contract at least three manholes are being rehabilitated.
This will reduce the number of manhole failures in the future for the County.

LESSON 5: HAVE PROCUREMENT METHODS IN PLACE IN CASE OF
EMERGENCIES

The Twin Harbors IV FM Replacement contract included replacement of
approximately 450 LF of existing 6-inch ductile iron pipe with 6-inch HDPE pipe
from Twin Harbors IV SPS to an existing FM by HDD trenchless methods. The
existing FM was experiencing severe external corrosion and several failures during
the bid phase of the contract necessitated immediate replacement. The County had to
expedite the purchase order for the contract in order for the contractor to mobilize
early to the site. Within a couple weeks of the new break the contractor had installed
a temporary bypass line to take the existing FM out of service while the submittals
were in review.
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If a sewer FM breaks while the contract is in design the County has procedures set in
place for an emergency expedited procurement process.

LESSON 6: HAVE A GOOD COMMUNITY OUTREACH PROGRAM

The Whitehurst FM Replacement contract included replacement of approximately
3,425 LF of existing 6-inch ductile iron pipe with 6-inch HDPE pipe from Whitehurst
SPS to an existing MH by HDD trenchless methods. The existing FM was
experiencing severe external corrosion necessitating replacement. The construction
for this contract started in July 2014 and was completed in May 2015. During
construction there were several challenges that had to be addressed such as changing
the vertical profile, coordinating with the homeowner’s association and the board of
education, breaking existing sewer laterals and gravity mains. The subcontracting
driller reached an intersection where the new FM was supposed to go underneath all
of the existing utilities in the road (water line, gas line, storm drain, gravity sewer
line, and existing sewer FM). After the contractor located all of the existing utilities
they determined that they had enough clearance to meet county requirements and go
above the deeper utilities and below the shallower utilities. The contractor submitted
a Request for Information (RFI) with a new vertical alignment. A new blow-off
valve had to be added to the alignment and the location of the ARV was relocated to
the new high spot. In order to install the new ARV vault, the contractor needed to
disturb a portion of resident’s yard with landscaping that was in the County’s Right-
of-Way. The County proactively engaged in conversation with the resident and
worked out a plan that was agreeable to both parties. The contractor was able to trim
some trees that resident needed trimming, which in turn allowed for better access to
set the ARV vault with a crane. The contractor restored the property back to its
original condition. This was done at no cost to the County because of the cost
savings from not having to dig out the deeper excavations.

While drilling a pilot hole on another section of the new FM the contractor broke the
existing gravity sewer line that was running parallel to the new force main. The
markings showed the existing gravity line to be further away incorrectly. The onsite
inspectors periodically checked the gravity line manholes in the sections where the
drilling is taking place, so this break was found quickly and repaired the same day.
The break occurred right before a holiday weekend, so if the inspector had not
checked the manholes this could have ended up being a large spill on a holiday
weekend. The County coordinated with the residents that were affected by the break
to reduce flow in the gravity line for approximately two hours while the work was
being performed.

For the last section of the new FM, the contractor had to curve around an existing
manhole in the road and then go off of the road into a twenty foot utility easement
located in the back of five different properties ending at the sewer pump station.
There were decorative landscape koi ponds in one of the backyards that the new FM
passed directly underneath them. The contractor dug out intentional relief pits so the
no fracking would occur in the resident’s yards or damage the koi ponds.
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The County coordinated with the Board of Education for the contractor to be on
school grounds because the discharge manhole was located in an elementary school
playground. The contractor performed the work in the school yard when recesses
where not in session or at times when the school was out. The County also
coordinated with the homeowners association on the paving repairs in the
neighborhood.

The County proactively informs residents and business owners of construction
projects with flyers, site visits, and public meetings. When a project is going to
directly impact a specific property, the County engages in conversation with the
property owner to inform them of what will be happening, sets expectations and
provides contact information. This has helped many projects be completed in a
timely manner.

SUMMARY OF LESSONS LEARNED

The lessons learned have resulted in measures that the County now takes to reduce
the risk of the challenges faced during design and construction.

Lesson 1 — Physical Location of Existing Utilities. The County now clearly states
in all of the SMR/R contract documents that the contractor be responsible for test
pitting any existing utility intersecting or parallel to the proposed FM. The utility
locator marks the exiting utilities in the field before any excavation or drilling can
begin. The onsite inspector walks the alignment before construction mobilization to
locate any existing utilities that may not have been shown on the contract drawings or
missed by the utility locator. County contingent bid items are increased for additional
test pitting if any existing utilities are found in the field. This allows the County,
inspector and/or A/E to instruct the contractor to test pit additional locations where
the new FM may be close to existing utilities and/or structures that are found in the
field.

Lesson 2 — Coordination with Other Contracts. If another contract is in design or
construction at the SPS where the a new FM replacement contract is going to occur,
provisions are made so that the new FM can be connected to the existing FM without
having to shut down the SPS multiple times.

Lesson 3 — Require Sub-surface Information. The County now typically requires
the A/E to provide a geotechnical report with the contract documents for all FM
replacement contracts. The report includes several borings along the new FM
alignment that lets the contractors know the soil type and water table level throughout
the alignment. The report also gives recommendations for sheeting and shoring in
excavations.

Lesson 4 — Think about Downstream Structures. The County now requires that
any MH where new FMs discharge, be rehabilitated and that the discharge end direct
flow towards the floor of the MH if it penetrates above the bench. MHs where FMs
discharge at typically have more turbulent flow characteristics. This turbulent flow
releases more hydrogen sulfide, which in turn causes more corrosion than MHs with

227



Pipelines 2015 228

laminar flow. The County now also requires the contractor to line the two
downstream MHs from the discharge MH.

Lesson 5 — Have Procurement Methods in Place In Case of Emergencies. If a
sewer FM breaks while the contract is in design the County has procedures set in
place for an emergency expedited procurement process.

Lesson 6 — Have A Good Community Outreach Program. The County proactively
lets residents know what construction projects are going on in their neighborhoods
with flyers, site visits, and public meetings. When a project is going to directly
impact a specific property the County engages in conversation with the property
owner to discuss what will be happening, what to expect to see, how long it will last,
and contact information to ask questions. This has helped many projects be
completed in a timely manner and with a reduction in complaints from the
community.

CONCLUSIONS

Over that past fourteen (14) years that the County has been utilizing HDD methods to
install sewer FMs it has carried over lessons learned from the previous contracts.
Below is a general summary of the lessons learned that will help other municipalities
or utility owners that are considering using HDD trenchless methods for pipe
installation.

The more information that is gathered in the design phase, the smoother the
construction phase will be. Although there are certain unforeseen issues that will
arise on any project, the more information that can be gathered during design,
generally, the construction will likely have fewer problems that will result in schedule
and cost savings. Several key ways to gather information are listed below.

e Require a complete survey along the entire alignment of the new FM. This
will pick up most of the utilities.

e Walk the alignment several times to identify any utilities that may have been
missed. Talking with residents that have lived in the neighborhood along time
can be helpful to find utilities that are not easily found.

e Require soil borings at each location where excavations will occur and in
between excavations if they are more than 500 feet apart. This lets the
contractor know the soil types and water table information.

e Have the utility easements staked out before construction begins so the
contractor can see what if any obstructions may be encountered.

e Have the design A/E test pit all utility crossings or have language in the
contract documents that state that the contractor is responsible for test pitting
every utility that the new line will cross and any existing utilities or structures
that are within a certain distance of the new line, generally within 5 feet.

The clearer the contract documents are the less room for change orders during

construction. Allow room in the contract documents to deal with unforeseen issues
that arise in construction and clearly spell out who is responsible for addressing those
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