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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol  When You Know Multiply By To Find Symbol || Symbol When You Know Multiply By To Find Symbol
LENGTH LENGTH

in inches 254 millimeters mim mm  millimeters 0.039 inches in

ft feet 0.305 meters m m meters 328 fest ft

yd yards 0914 meters m m meters 1.09 yards yd

mi miles 1.61 kilometers km km kilometers 0.621 miles mi

AREA AREA

in” square inches 645.2 square millimetars mm* mm* square millimeters 0.0016 square inches in“

ft* square fest 0.093 square metars m* m* squars meters 10.764 square feet ft*

yd* square yards 0.836 square meters m* m* square meters 1.195 square yards yd*

ac acres 0.405 hectares ha ha hectares 247 acres ac

mi* square miles 2.50 square kilometers km* km*  square kilometers 0.388 square miles mi*

VOLUME VOLUME

floz fluid ounces 29.57 milliliters mL mL milliliters 0.034 fluid ounces fl oz

gal gallons 3.785 liters L L liters 0.264 gallons gal

ft* cubic fest 0.028 cubic meters m’ m’ cubic meters 351N cubic feet ft

‘,-'d3 cubic yards 0.765 cubic meters m’ m® cubic metars 1.307 cubic yards ‘,-'da

NOTE: Volumes greater than 1000 L shall be shown in m”.

MASS MASS

oz ounces 28.35 grams g g grams 0.035 ounces oz

[+ pounds 0.454 kilograms kg kg kilograms 2.202 pounds (4]

T short tons (2000 Ib) 0.907 megagrams Mg Mg megagrams 1.103 short tons (2000 Ib) T

(or "metric ton”) (or "t") (or"t") (or "metric ton”)
TEMPERATURE (exact) TEMPERATURE (exact)
°F Fahrenheit 5(°F-32)/9 Celsius °C °C Celsius 1.8°C + 32 Fahrenheit °F
temperature or(*F-32)1.8  temperature temperature temperature
ILLUMINATION ILLUMINATION
fo foot-candles 10.76 Tux be bx lux 0.0929 foot-candles fo
fl foot-Lamberts 3.426 candela/m* cd/m* cd/m® candela/m* 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS FORCE and PRESSURE or STRESS

Ibf poundforce 4.45 newtons N N newtons 0.225 poundforce Ibf

Ibf/in® poundforce per 6.89 kilopascals kPa kPa kilopascals 0.145 poundforce per Ibfin®

or psi square inch square inch or psi

* Slis the symbol for the International Symbol of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.

(Source: Ohio DOT)

(Revised September 1993)
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Culverts and drainage structures are an integral part of roadway assets that
deteriorate overtime and require maintenance and renewal. Failure of these conduits
is costly for DOTs both directly due to emergency cost of replacement of the failed
conduit and indirectly due to social costs of traffic interruptions and inconvenience to
commuters. Further challenges are the variety in host conduit material types, level of
deterioration, shapes, embedment materials, types of roads, depth of cover from road
surface, size (diameter), length, condition of substrate, accessibility, wide geospatial
distribution, water table, and environmental exposures that makes every single culvert
unique. There are several trenchless technology methods available to renew and
replace these deteriorated culverts with different degrees of installation experiences,
costs, advantages, limitations and applicability. These methods, as described in this
report, include Cured-in-Place Pipe (CIPP), Sliplining (SL), Modified Sliplining (MSL),
Pipe Bursting (PB), and Spray Applied Pipe Lining (SAPL). Among these methods, SAPLs
provide more flexibility of installation, specifically for tight to reach areas, higher
speed of mobilization and installation, and less social costs. While CIPP and sliplining
have a long history of use and can be utilized for structural applications, dependent on
the project conditions, they may decrease hydraulic capacity and may not be applicable
due to limited access, size, shape and other features of host culvert, while SAPLs can
be used in those conditions. In addition, SAPLs can improve or maintain hydraulic
capacity of culverts and inhibit further deterioration and corrosion. However, currently
there is not much history of SAPL use for structural application and there are no SAPL
standard specifications and design guidelines.

The key factor in current design guidelines is whether an existing pipe is
structurally sound enough to continue to carry the earth, live and hydrostatic loads
imposed on it. It is well known that existing flexible pipes gain structural strength
through the soil-structural interaction, thus making them a composite system. There
are many documented instances of existing corrugated metal pipes with significant
invert loss that continue to hold their shape due to the load carrying capacity of the
surrounding soil. Figure 1 illustrates the structural condition of a CMP culvert in partially
and fully deteriorated conditions.

The main objectives of this research were to address structural application of
SAPLs and to develop design equations and performance specifications for both
cementitious and resin-based materials for circular and non-circular (arch) shapes up
to 120 in. diameter. The developed design equations considered loading conditions as
detailed in the AASHTO’s Load and Resistance Factor Design (LRFD) Bridge Design
Specifications.

Figure 1. Structural condition of the culvert:
(a) partially deteriorated and (b) fully deteriorated.
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To reduce emergency projects and impacts to
the traveling public, departments of transportation
(DOTs) can use SAPLs to renew deteriorated gravity ‘3
storm water conveyance conduits and culverts &
provided they are discovered prior to loss of soil- '
structure interaction. The American Association of
State Highway Transportation Officials (AASHTO)
National Transportation Product Evaluation Program
(NTPEP) developed a Technical Committee for Spray-
Applied Pipe Liners to implement this new
technology. The SAPL Task Committee (TC) consists ¥
of DOTs, manufactures of resin-based material, and @
manufactures of cementitious-based materials. An
early request from the DOT members was to ensure &,
that the spray-applied lining functioned as a f
structural liner. However, it was quickly realized that ’
no standardized structural design methodology
existed for this technology. Manufacturers utilize
different design methodologies with some using the
CIPP ASTM F1216 methodology and others using
various classical analytical structural design
equations developed for other purposes. A gap in knowledge was identified and
preliminary discussions for research among the SAPL TC members were formed.

The research needs statement was
posted through Ohio DOT's Research
Program and the National Cooperative
Highway Research Program (NCHRP), and
CUIRE was selected. The primary objective
of this three-year research was to develop
design equations for structural renewal of
gravity storm water conveyance culverts
using spray-applied pipe linings for both
cementitious and resin-based materials
and for large diameter (= 36 in.) circular
and non-circular shapes. These design
equations developed with this project
used loading as detailed in the AASHTO's
Load and Resistance Factor Design (LRFD)
Bridge Design Specifications. Practical
limitations on the use of these design
equations were included.

Data collected via the SAPL NTPEP
program was incorporated into the pooled
funded research project in addition to field and laboratory testing via the research
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project. The development of practical spray applied structural culvert pipe linings is of
enormous benefit to the DOTs. Such linings could be a key strategy in extending service
life and managing the future burden expected from the aging network of culverts and
storm sewers. Compared to other culvert rehabilitation systems, SAPLs promise greater
cost effectiveness and less community disruptions. Table 1 presents accomplished
tasks. Table 2 presents a summary of key literature search findings.

Table 1. Accomplished tasks for the SAPL research project.

Structural Design Methodology for Spray Applied Pipe Liners in
Gravity Storm Water Conveyance Conduits

Task No. Description

1 Survey of US DOTs and Canadian Agencies

2 Literature Search/Participation Material Vendors

3 Additional Reinforcement

4 Evaluation if Cgrrugations Needed to be Completely {-'illed by
the Spray Applied Liner as Part of the Structural Design

5 Cqmpqrison of Construction and Environmental costs for SAPL,
Sliplining and CIPP

6 Review the Cured in Place (CIPP) Design Equations

7 Field Data Collection and Assistance from DOT Partners

8 Develop a Recommended Structural Design Equations

9 Develop Performance Construction Specification

10 Computational Modeling

11 Soil Box Testing

12 QA/QC
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Table 2. A summary of key literature search findings.

Investigation of pipe cleaning methods. AWWA Research Foundation and

Title American Water Works Association, Denver, CO.

» Spray applied pipe liners in gravity storm sewers and culverts can be
considered “structural” with implementation of proper design equations
(does not exist).

+ It has been recognized for decades that cementitious and polymeric
linings provide structural benefits.

Key Points » Both field experience and laboratory experiments have shown that these
linings are certainly capable of spanning over pits, holes, and gaps in
the host pipe material, thereby preventing leaks.

* Simply by decreasing leakage and soil erosion around culvert, the
longevity of culverts can be increased.

* The risk of pipe breaks can be reduced.

Motlagh G. S., Jain. A, Najafi M., (2013)

Title Comparison of Spray-on Linings for Water Pipeline Renewal Application

» To compare different SAPL materials (cement mortar, epoxy,
polyurethane, and polyurea linings) using the vendors material property
testing results.

Objective » To provide an overview of the advantages and limitations of different
SAPL materials.

» To provide the physical properties of different SAPL materials available

in the market.

Short-term material property testing.

i e felieny Long-term tensile creep testing plans of polymer spray-on linings.
Results Rapid reaction and curing time characteristics of polymers may provide
an effective solution to other pipeline renewal technologies.
Critique *  No structural testing.

Entezarmahdi A. (2015)

Testing, Analysis and Classification of No-dig Manhole Rehabilitation

ez Materials
To study the impact of several SAPL materials including cement mortar,
Objective epoxy,

polyurethane, cured-in-place composites, and a multi-layer structure
material on increasing the structural capabilities of deteriorated manholes.

Conducted Experimental Testing Using:
- ASTM C39: compression test of cylinder concrete specimens.
- ASTM C293: flexural testing of concrete beam specimens using 3 points
Methodology loading.
- ASTM C497: 17 three-edge bearing test of reinforced concrete pipes (4
ft long, 24 in. Dimeter, 3 in. thickness) using different SAPL materials.
*  SAPL Thickness: (125, 150, 250, 500, and 1000 mills).
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Results

Title

Objective

Methodology

Results

Critique

Title

Objective

*  Material: epoxy, polyurethane, multi structural liners with modified
polyurea and foam, cementitious, resin impregnated cured-in-place
lining (CIPP)

The results showed that tested SAPL materials can significantly improve
structural performance of deteriorated pipes and manholes.

Garcia D. B. and Moore I. D. (2015)

Performance of deteriorated corrugated steel culverts rehabilitated with
sprayed-on cementitious liners subjected to surface loads.

To examine the performance of deteriorated steel culverts rehabilitated
with spray-on liners when subjected to surface loads.

Conducted Large Scale Soil Box Testing:

Compared two 4 ft diameter deteriorated CMPs (different levels of

deterioration).

- Bare condition (without liner).

- Renewed with 2 different cementitious SAPL thicknesses (2 in. and 3
in.).

Bare CMPs were tested under designated service load (4 ft of soil cover).

The pipelines were then renewed with cementitious SAPL.

Renewed CMPs were examined again under the designated service load

(single axle load frame - 4 ft of soil cover).

Then tested employing a tandem axle load frame (4 ft and 6 ft of soil

cover).

Evaluated ultimate strength of the two deteriorated CMPs, renewed

with cementitious SAPL.

Evaluated the applied SAPL thicknesses.

The flexible CMPs responded like semi-rigid structures after
rehabilitation.

No signs of failure were observed prior to the rehabilitation.

Corroded CMPs had still sufficient amount of structural capacity.
Renewed pipe showed smaller curvature change when subjected to the
same load configuration (stiffer response).

The higher the cover, the lower the strain in the pipe.

Basically, every test was a new test, which is hard to compare their
results.

The CMPs were able to sustain the load, therefore it is still unknown
that the SAPL is fully structural or not.

Ultimate capacity of the renewed culverts is unknown.

There is too much variation in pipe thickness which directly affects the
results.

Yu, X., Riahi, E., Entezarmahdi, A., Najafi, M., and Sever, V. F. (2016)

Experimental and Numerical Analyses of Strength of Epoxy-Coated Concrete
under Different Load Configurations.

To evaluate the strength of ultra-high epoxy-coated concrete specimens
under different load configurations.
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Methodology

Results

Critique

* Experimental testing:

- ASTM D4541
Pull-off Testing to measure the adhesion strength between the epoxy
coating and concrete specimens.

- ASTM C39
Uniaxial compression for 17 cylindrical concrete specimens (with and
without epoxy coating)
ASTM C293
Three-point bending for 5 beam concrete specimens (with and without
epoxy coating)

- ASTM C497
Three-edge bearing for 17 concrete pipe specimens (with and without
epoxy coating)

* Finite-element modeling (FEM)

+ The epoxy lining can improve the flexural strength of a concrete beam
by 80%.

+ The epoxy lining can improve the compressive strength of a concrete
cylinder by 10%.

» The epoxy lining can increase the pipe’s structural capacity.

» Design methodology not covered.

Mai, V. T., Hoult, N. A., and Moore, I. D. (2013)

Title

Objective

Methodology

Results

Critique

Effect of Deterioration on the Performance of Corrugated Steel Culverts.

To compare the performance of a largely intact steel culvert in well-
compacted backfill condition with a corroded culvert in loose backfill
condition.

Soil-Pipe Testing

» Extensive corroded and lightly corroded CMPs

» Compared the behaviors of CMPs (6 ft diameter, 10 ft long) during
backfilling.

+ Compared the behaviors of CMPs under the standard American and
Canadian design trucks at two burial depths (2 ft and 3 ft)

* Loaded under single axle and tandem load configuration

» Higher deflection occurred at lower cover with single axle loading
configuration.

+ Despite the pipes were loaded several times under different conditions,
which caused irrecoverable deformations, they were able to take the
full-service load of 38.22 kips in tandem configuration.

» Design methodology not covered.

Title

Objective

Methodology

Structural Benefit of Concrete Paving of Steel Culvert Inverts

To compare the structural performance of CMPs in intact, partially
deteriorated invert, and paved invert conditions

Field and Laboratory Testing
* Intact CMP
» Partially deteriorated invert
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* Aninvert paved CMP using mesh reinforced cementitious material

* The intact CMP, under an incremental loading, buckled at one of the
shoulders at a load of 923 kips.

» The partially invert deteriorated culvert had 26.6% load carrying

capacity reduction compared to intact CMP.

The remaining invert sections partially maintained the resistance to

ring compression and played an important role in the CMP’s stability

and load carrying capacity.

» The invert paved pipe sample failed at 13.3% lower load carrying
capacity of the intact CMP at the load of 800-kips.

Results

The structural behavior and loading carrying capacity of fully deteriorated
invert condition is unknown.

Sargand, S. M., Khoury, I., Hussein, H. H., and Masada, T. (2018)

Critique

Load Capacity of Corrugated Steel Pipe with Extreme Corrosion under

e Shallow Cover
Objective To investigate the load capacity of an extreme corroded CMP sample
Field testing of a shallow cover and severely deteriorated arch CMP
* Asphalt concrete pavement was applied on the half of a CMP sample’s
invert.
» Static loading was applied on top of the crown of the paved and
Methodology unpaved sections of a CMP sample, respectively.
» Invert paving was done in the half of the culvert toward its outlet end.
*  Fully cured concrete pavement.
» Each half was tested under an external load of up to 60-kip placed over
the crown.
» Despite the highly deteriorated conditions and the shallow cover (1 ft),
the culvert structure supported a load considerably larger than 18 kips.
R + The invert-paved section of the culvert responded to the load with
esults . .
smaller strains, deflections, and thrusts and moments.
* The stresses at the interface of the steel culvert and the poured
concrete treatment were not very large.
Critique » Design methodology not covered.

Szafran J. and Matusiak A. (2017)

Structural Behavior and Compressive Strength of Concrete Rings

e Strengthened with a Polyurea Coating System.

To evaluate and determine structural behavior and increased compressive

Objective strength of RCPs lined with polyurea SAPL.

D-Load Testing
Methodology + Static compressive testing on RCP with and without internal and
external polyurea SAPL application.

» Using polyurea SAPL on both internal and external surfaces of RCP
Results increased the peak load of failure by about 21.9%.
» Polyurea SAPL increases the compressive strength of RCP.
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» The authors used external coating and internal spraying, which are not
usable for trenchless renewal of existing culverts.

NCHRP Synthesis 519

Critique

Uil The Renewal of Stormwater Systems Using Trenchless Technologies.
To summarize six trenchless technologies (cured-in-place pipe (CIPP),
Objective sliplining (SL), modified sliplining (MSL), In-line replacement (ILR), spray-in-

place pipe (SIPP) and close-fit pipe (CFP) used for renewal stormwater
systems. The use of manhole renewal and invert paving are also discussed.

» Literature review, survey of DOTs and interviews on methods used,
Methodology decision criteria to select a renewal method, and limiting factors on
applicability of specific trenchless renewal methods.

» Survey results indicated that SL and CIPP the most commonly used
methods for stormwater system renewal. The need to maintain the
existing hydraulic capacity was identified as the primary reason not

Results using trenchless renewal. Survey results indicated that while 88% of
DOT respondents have experience with trenchless renewal, 60% have
experience one or two methods. Only 8% of DOT respondents have
experience with all six primary methods.

* The author recommended additional research and synthesis of
structural testing and analysis of SIPP (such as current research) and
Recommendations CIPP liners. Additional information needed on less commonly used ILR
methods, detailed cost data and standardized trenchless renewal and
replacement selection guidelines.
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Research Approach
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The primary objective of this research project was to develop design equations
and performance specifications for structural renewal of gravity storm water
conveyance culverts using spray-applied pipe linings for both cementitious and resin-
based materials and for circular and non-circular (arch) shapes. The developed design
equations utilized loading as detailed in the AASHTO's Load and Resistance Factor
Design (LRFD)—Bridge Design Specifications and will be applicable for round and arch
shapes up to 120 in. diameter or span. As shown in Figure 2, and illustrated in below
sections, to achieve the objectives of this research project, 12 tasks were defined to
provide essential components for different aspects of the design equations and
performance specifications.

[ e
| ‘ |

Figure 2. Research methodology.
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Task 1: Survey of U.S. Departments of Transportation (DOTs) and Canadian
Transportation Agencies

A survey of U.S. Departments of Transportation (DOTs) and Canadian
Transportation Agencies was conducted to identify advantages and limitations of SAPLs.
The survey sought DOT experiences in three stages of planning and design (pre-
installation), during the installation, and after installation was completed. This survey
was beneficial to identify the gap in the knowledge and identified the following:

Which DOTs used or planned to use SAPLs.

Design procedure.

Existing SAPL specifications.

Applicability of SAPLs for culvert renewal.

Environmental and host culvert requirements for SAPL application.

Ghwp =

Task 2: Literature Review

A literature review was conducted to utilize findings of previous researchers and
to identify gaps in the knowledge that previous researchers had confronted. The
literature review provided significant understanding of the subject matter through
assessment of the past research projects to develop research needs for this project.

Task 3: Additional Reinforcement

To evaluate structural application, first the SAPL material should be assessed to
see if it is capable to structurally resist all the applied loads. Then, if needed,
applicability of using reinforcements can be considered to further increase the
mechanical properties of SAPL material. Error! Reference source not found.Figures 3
and 4 Error! Reference source not found.illustrate different types of macro-fiber and
micro-fiber reinforcements that potentially can be used.

(a roylene fibers, (b)
fiberglass, (c) polyolefin fibers, and (d) steel fibers.
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Figure 4.4Micro-fibers used in concrete linings: (a) acrylic fiber, (b) alkali resistant
(AR) glass fiber, (c) PVA fiber, and (d) alkali resistant glass scrim.

Task 4: Evaluation of the Need to Fill the Valleys of Corrugated Pipes

In absence of previous standard guidelines for application of SAPLs on CMPs, the
objective of this task was to investigate two different installation approaches (filling
corrugations or not filling corrugations) to come up with a preferred installation
method. This task was accomplished by consideration of hydraulic and structural effects
of each installation methods. Figure 5 illustrates two common SAPL installation methods
on inner surface of corrugated metal pipes.

(@)

Figure 5. Two common SAPL installation methods:
(a) following and (b) filling the corrugation pattern.

Task 5: Comparison of Construction and Environmental Cost of SAPL with Cured-in-
Place Pipe (CIPP) and Sliplining (SL)

The life cycle cost of a project includes direct and indirect cost of construction,
social and environmental costs as well as planning, design, operation and maintenance
costs. The construction and environmental cost analysis performed in this task
evaluated construction as well environmental cost of SAPL, CIPP and sliplining
installations. This comparison can be useful during planning and design phase of a
culvert renewal to select a method with lowest construction and environmental costs.
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Task 6: Review of the Cured in Place Pipe (CIPP) Design Equations

To evaluate all the parameters needed for development of hew design equations,
it was crucial to investigate applicability of current design methodologies to SAPLs,
mainly CIPP (ASTM F1216 design Appendix X1). Additionally, this task included
consideration of WRc Sewerage Rehabilitation Manual, the German Static Calculation
for the Rehabilitation of Drains and Sewers Using Lining and Assembly Procedures (ATV-
DVWK-M 127 E, Part 2), and the ASTEE 3R2014 Structural Design for Non-Circular Linings
under Groundwater Pressure, as well as pending ASCE Manual of Practice for the Design
of Flexible Liners (currently in press).

Task 7: SAPL Field Inspection and Data Collection

In addition to property of material, performance of any trenchless renewal
method and specifically SAPLs, is dependent on the quality of installation.
Appropriately designed and properly installed liner systems will generally perform well
throughout their design life. Proactive maintenance strategies can be scheduled based
on the structural condition and performance assessments of the existing structures
through the field inspection and collected data. To identify the most common issues
with SAPL installations, a comprehensive field inspection program was prepared and
conducted. The objective of this task was to collect data through in-situ inspections of
past SAPL projects. This information was used to prepare performance specifications
(Task 9) and to identify and categorize installation issues. The data collected through
this task will improve design and installation of future SAPL projects. Figure 6 (a and b)
illustrates some samples of SAPL installation issues.

Visible Bolt Heads

I

". ' Circumferential Crack Delamination at

nfiltration Dripper Efflorescence il the Crown
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Multiple Cracks

Circumferential Crack
Iron Oxidation

Figure 6. (a) and (b). Some samples of SAPL installation issues.

Task 8: Development of Structural Design Equations

This task produced design equations for both polymeric and cementitious types
of SAPLs using data and information from other tasks of this project, mainly finite
element modeling (FEM) and soil box testing (Tasks 10 and 11). The equations are
addressed both circular and arch geometries. As per Task 6, first existing design
methods were evaluated and analyzed for their applicability to SAPLs. Design loading
as per AASHTO's Load and Resistance Factor Design (LRFD) Bridge Design Specifications
was used. Then limitations with existing design equations were considered and design
thickness results were compared with the data obtained from numerical and
experimental studies in Tasks 10 and 11. Once the applicable equation was identified,
it was further calibrated using regression curves to conform with test results. Figure 7
illustrates the design equation development methodology.

I Base Equation |

A base equation
comprising all required
parameters involved in

lined culvert-soil

interaction system:

_ 2KE, 1 c
“(1-v) (DR-1)* N

Conducting curve fitting on
the experimental results using

the base equation model

Experimental tests and
FEM to obtain:

4

Forces, moment and
displacement at the
crown for different

thicknesses.

Figure 7. Design equation development methodology.
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Task 9: Performance Construction Specifications

In the absence of standard installation guidelines, this task investigated, and
prepared performance construction specifications based on the outcomes of the
previous tasks to ensure structural integrity of the SAPL is not jeopardized due to faulty
installation.

Task 10: Finite Element Modeling of SAPL Renewed Corrugated Metal Pipes Tested
in a Soil Box

This task included preparation of finite element modelling (FEM) and simulation
of the soil box test results for other similar conditions. Once the FEM models were
validated with the results of the soil box, different conditions and situations were
simulated, which were not considered in the soil box testing. ABAQUS was used to
perform FEM simulations and analyses. The simulations included three CMP pipes
without linings, three invert-removed circular CMP lined with a SAPL, and three invert-
removed arch CMP lined with a SAPL. The three CMP pipes without linings are one bare
intact circular CMP, one bare invert-cut circular CMP, and one bare invert-cut arch CMP.
These three bare CMP pipes were used as the control tests to provide baseline results
of the CMP pipes before lining. The FEM results simulated other conditions that were
not considered during soil box testing Figure 8. Finite element modeling of the soil
box testing.
illustrates the FEM modeling of soil box testing.

Figure 8. Finite element modeling of the soil box testing.

Task 11: Laboratory Testing

The laboratory testing of this study was designed to include both structural and
material evaluations. The tests were conducted at the Center for Underground
Infrastructure Research and Education (CUIRE) laboratory facility located at the
University of Texas at Arlington (UTA). The soil box is equipped with a 330-kips MTS
actuator installed on a steel reaction frame designed for this type of experimental
project. The material testing program included results of tensile and flexural resistance
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evaluations of polymer as well as compressive and flexural strength of cementitious
SAPLs. As stated previously, the experimental structural testing program consisted of
five sets of full-scale laboratory tests including (1) control test, (2) circular CMPs
renewed with polymeric SAPL, (3) CMP arch pipes renewed with polymeric SAPL, (4)
circular CMPs renewed with cementitious SAPL, and (5) CMP arch pipes renewed with
cementitious SAPL. The control test consisted of one intact circular CMP, one invert-
cut circular CMP, and one invert cut CMP arch. The SAPL liner thickness for the
polymeric circular and arch pipe samples were 0.25, 0.5, and 1-in. The circular and
CMP arch cementitious SAPL test series consisted of three separate invert-cut CMP
samples each, renewed with 1, 2, and 3-in. thick cementitious SAPL. To acquire the
structural capacity of the SAPLs, the invert section of the CMPs were cut and detached
after backfilling. Therefore, no ring compression was existed in the CMP sample and
the load was resisted by the SAPL only. The soil-pipe structure was subjected to
statistical vertical load, applied at the soil surface, simulating a truck load. The
outcomes of the soil box testing can reveal the true renewed pipe-soil structural
capacity and failure modes, which were crucial for design equation development.
Figure 9 illustrates CUIRE soil box testing setups.
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Set 1: Control Test Setup
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Figure 9. The CMPs’ burial configuration (control test set): (a) plan view, (b) profile
view of the aligned CMPs in the soil box, and(c) cross sectional view of both circular
and CMP arch samples.
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Research Findings and
Conclusions
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Task 1: Survey of U.S. Departments of Transportation (DOTs) and Canadian
Transportation Agencies

A survey of U.S. Departments of Transportation (DOTs) and Canadian
Transportation Agencies was conducted to identify advantages and limitations of SAPLs.
The survey sought DOT experiences in three stages of (1) planning and design (pre-
installation), (2) during the installation, and (3) after installation was completed. This
survey was beneficial to identify the gap in the knowledge and identified which DOTs
used or planned to use SAPLs, design procedure, existing SAPL specifications,
applicability of SAPLs for culvert renewal, and environmental and host culvert
requirements for SAPL application.

Issues before and during SAPL installations included:

e The most common deficiency in the CMP material is invert deterioration (invert
loss).

e The common most deficiency in the RCP material is longitudinal cracking.

e The SAPL protects the interior surface from corrosion and it can be helpful
against abrasion.

e It can be interpreted that cementitious SAPL, alone, does not have structural
integrity.

e Cementitious SAPL’s structural capacity is dependent on the bonding with the
host culvert.

e Weather conditions must be considered before design of cementitious SAPL
and/or selection of the cementitious SAPL materials.

e Weather conditions have a significant impact on the cementitious SAPL during
and after installation.
Issues after cementitious SAPL installations included:

o Ordinary Portland Cement Mortar:
» Longitudinal and circumferential cracking,
Hairline cracking with rust bleeding through cracks,
Cracking at joints,
Spalling,
Delamination,
Rough application,
Rust-through,
Slumping from ceiling,
Buildup of material due to poor installation,
Lack of uniform application,
Groundwater infiltration before cure time, and
Cracking and infiltration of groundwater through the centrifugally
cast concrete pipe (CCCP) was observed approximately one year
after installation.
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o Geo-polymer:
= Leaking ground water,
Cracking at joints,
Spalling,
Delamination,
Rough application,
Rust-through,
Slumping from ceiling, and
Buildup of material due to poor installation.

Task 2: Literature Review

e Spray applied pipe lining (SAPL) in literature are also called spray-in-place pipe
(SIPP) and spray-on lining (SOL) and underground coatings and lining (UCL).

e SAPLs have the potential to renew deteriorated culvert pipes and can be used
as structural applications to renew the existing culverts.

e The host culvert conditions have minor impact on the structural capacity of the
SAPL.

e There are no comprehensive studies that produced design equations and
performance specifications for SAPL projects.

Task 3: Additional Reinforcement

e Crack control and post-cracking behavior are the most important advantages of
inclusion of additional fiber reinforcements to the cementitious SAPL.

e Use of fiber reinforcements may substantially increase the cementitious SAPL
matrix tensile strength.

e A medium volume fraction of fibers (1%-3%) can enhance post crack load-carrying
capacity, tensile stress, flexural stress, shrinkage cracking resistance, durability
modulus of rupture, energy absorption, fracture toughness and impact resistance
of the fiber reinforced cementitious SAPL mortar.

e The magnitude of enhancements needs to be verified through the experimental
tests.

e A high aspect ratio (fiber length divided by fiber dimeter) produces a higher
strength composite.

e Various literatures show inconsistent effect of fibers on the compressive strength
of the FRC.

e Presence of fiber reinforcement can enhance the bond strength between the old
substrate (host culvert) and the repair material (SAPL).

e Micro-Synthetic Fibers and Basalt Mesh Grid can fit with the SAPL application.

e As the SAPLs are thin shelled structures, the macro-synthetic fibers, as they are
big in length and diameter, do not fit well with this application which mostly
ranges from 1 to 3 in.

e Steel WWM is not a viable option for SAPLs.
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Task 4: Evaluation of the Need to Fill the Valleys of Corrugated Pipes

While the engineer could design a theoretical wall thickness that followed the
corrugation profile of a particular CMP; it would be impractical to install such in
the field. Further, the likelihood that the finished cross-section of the lining
would resemble that design would be low. The site installation inspections
conducted this past summer clearly showed how difficult it was to get the
required thickness of the liner. During the installation process the crests of the
corrugations provide the reference points needed to assure the owner of the pipe
that the specified thickness is being installed. This is true of both cementitious
and flexible polymeric material. Further, beyond the structural performance
issues, it has been shown that pipe barrel hydraulics also favors a smooth interior
surface profile. From an operational standpoint, this can be true even when the
culverts are in inlet control.

Operational considerations favor a smooth surface profile for the lining.
Maintaining flows through a culvert rewards a surface profile that lowers its
tendency to catch and hold onto debris swept up by the storm water flows.
Minimizing the impacts of large rocks and boulders passing through the culvert
minimizes the potential for losing parts of the lining.

The guidance provided by ARMCO's engineering team in the 1980s and defined in
the ASTM standard A979, Concrete Pavements and Linings Installed in Corrugated
Steel Structures in the Field, which still exists today specifying the production of
a smooth interior surface profile liner, is the best long-term design solution for
this new generation of SAPL's. While their focus was to produce a pipe that could
compete competitively with smooth bore concrete pipes; lining existing
corrugated metal pipes with a liner that produces a new smooth bore path not
only produces a more hydraulically efficient pipe, but also a more structurally
sound pipe.

Task 5: Comparison of Construction and Environmental Cost of SAPL and other
Trenchless Technology Methods

This study used bid tabs for evaluation of construction costs, however for an
accurate estimate of costs, more detailed project information regarding
construction equipment, depth of culvert and accessibility, weather conditions,
level of host culvert deterioration and required cleaning, etc., are required.
The data points for diameter of 84 in. and above were significantly less than that
of 30 in. to 84 in. By adding more data for SAPL projects, the accuracy of the
entire analysis can be improved. Analysis of liner thickness for each trenchless
renewal requires more data. This study can be expanded to other locations and
states.

It can be concluded that SAPL, CIPP, and sliplining have the lowest to highest
construction costs in culvert with diameter range of 30 in. to 108 in.,
respectively.
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Due to data availability, only one material from each trenchless method was
considered for the analysis and comparisons. There is a need to obtain the
project data for all other types of materials for each trenchless method to have
a better comparison among different renewal methods.

SAPL concept for large diameter gravity culverts is a more recent technique
rather than CIPP and sliplining, so fewer projects are conducted with this method
until now. With more use of SAPL method, more data becomes available to
improve accuracy of the cost comparison analysis.

Environmental and construction costs play essential roles in the decision-making
to select the most appropriate trenchless method for culvert renewals. It is
recommended to investigate influence of other factors, such as, social costs.

Task 6: Review of the Cured in Place (CIPP) Design Equations

While the non-mandatory design appendix of ASTM F1216 is the design procedure
currently specified by North American engineers, it has been found by
academicians and specialist engineers as being unrealistic for designing flexible
liners like CIPP for a variety of reasons. While it can be said that it is overly
conservative in many aspects, it also has the potential to understate long-term
performance in other aspects.

While engineers have thought for years that specifying the FD design condition
for CIPP liners is conservative, they inadvertently ended up over designing this
class of liners. With excessive thickness comes issues with the installation
process as liners go into larger and larger diameter pipes (e.g., full curing
throughout the full thickness of the liner). Excessive CIPP thickness may add
issues with proper fit and finish issues (e.g., fitting tightly to current shape,
wrinkles and fins, etc.). In the case of flexible host pipes like CMP, the dominant
structure for resisting the load coming onto the CIPP was the host pipe and/or
the surround soil. This meant that knowledge of the current performance
properties of the soil surround are critical to the performance of the
rehabilitated soil-structure interaction system, which was often given as some
arbitrary minimum values in the project specifications.

The only true design methodology existing for non-circular shaped pipe
geometries is developed by Olivier Thépot which was subsequently presented in
the ASTEE 3R2014 Structural Design for Non-Circular Linings Under Groundwater
Pressure.

Except in some rare cases, the loads that will be transferred onto a CIPP liner
will come from the deflections that are induced in the host pipe structure from
additional soil dead loads, any surface live loads, and any external groundwater
loads. Any design procedure used for CIPP must recognize the differences in how
rigid pipe structures versus flexible pipe structures will transfer these loads to
consider the stresses and strains created in the CIPP liner itself. In reality, CIPP
can be a reinforcing material as opposed to a standalone structure. If at some
point in the future the host pipe will truly be gone, it will be the soil structure
that dominates the survival of this hydraulic structure. Therefore, the
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surrounding soil will be important to the engineer who is preparing the plans and
specifications for the design of the liner.

Task 7: SAPL Field Inspection and Data Collection

Spray applied pipe linings (SAPLs) structurally renew existing pipes and
provide a protective interior coating, thus inhibiting further deterioration
of the interior of culverts and drainage pipes. Currently no standard design
methodology and performance construction specification exist for SAPLs.
Vendors have their own design approaches and installation procedures which
highly impact the performance of the applied SAPL. SAPL field data
collection presented in this chapter identified and addressed the existing issues
with the applied liner on the interior surface of the culverts which highlights the
needs for comprehensive performance construction specifications to satisfy the
liner design requirements. The common cementitious/geopolymer SAPL issues
(due to lack of any standard) identified in this chapter includes circumferential
crack, fracture, infiltration weeper, efflorescence, rust staining and non-uniform
thickness. The condition of inspected SAPLs summarized and evaluated using an
established numerical scale rating system from 0 (Failed) to 9 (Excellent). This
chapter depicted that besides the design, liner installation process is a main key
to reach a uniform thickness of SAPL and to achieve its structural application. It
was observed that the corrugated aluminum pipes experienced less effect of
corrosion on the surface of SAPL compared with the corrugated steel pipes. It
implies that corrugated aluminum performs better in locations with high levels
of corrosive environments. Due to different crack patterns in cementitious and
geopolymers, it is recommended to select the type of SAPL materials in
accordance with the deteriorated culvert’s condition, geographical and weather
conditions (freeze/thaw), cover depth and skew angle of culvert with the road
for each location. Finally, authors used the available ASTM and AASHTO
standards for other purposes and provided recommendations (Table 7-9) for
proper SAPL installation to address the issues as well as having a robust quality
control and inspection plans for stages of pre-installation, installation and post-
installation.

Task 8: Development of Structural Design Equations

The objective of this task was to develop a set of structural design equations for
polymeric and cementitious SAPLs for renewing CMP culverts up to 120 in.
diameter. After deterioration of CMP, SAPL would perform as a standalone pipe
in the embedment soil.

The current design method presently in use for polymeric materials consists of
following the design appendix X1 of the ASTM Standard F1216. The fully
deteriorated design case (standalone pipe) follows an old design used for the
installation of fiberglass pipe by the AWWA Committee C950 in 1987. It
calculated the allowable buckling strength of the liner. It did not address the
liner providing any resistance to bending as some may have thought. The

ODOT Final Report Page 26 of 613



resistance to bending would come in equation 8-24, which is the Spangler or
modified lowa equation. As the AWWA committee evolved and the fiberglass pipe
design was put into a Manual of Practice (M45), it has undergone numerous
improvements over the years and has become the state of the art for these type
of pipe installations.

e For the polymeric materials it was found that Article 12.12 of the AASHTO Design
Manual already contained much of the latest iteration of the AWWA M45 design
method for plastic materials. However, as it has been drafted from the
standpoint of an open cut excavation installation, it needed to be streamlined
and defined in terms required to address a pipe being installed using a trenchless
method into the site-specific conditions of an existing pipe; and what loads were
probable to come onto the new pipe (liner) after its installation. This mission
was accomplished by showing the relevant current M45 design equations in this
document along with definitions of the variables with changes given that would
be appropriate to the lining process over a new direct bury process. More study
is needed to determine the bedding coefficient needed for a mature soil-
structure interaction system.

e For the cementitious materials there was no design method given in the AASHTO
Design Manual that could be easily taken and adapted by the research team.
Darabnoush Tehrani (2020) found that a modified lowa equation for deflection
of buried pipes gave a suitable enough solution to be used for circular pipe
shapes. Limiting the predicted deflection to 1.0 percent or less he stated
provided a safe estimate against cracking of the cementitious liner. Again, this
equation (the modified lowa equation) will not accommodate pipe-arch shapes.
Therefore, a mechanical analysis of a thin-walled ring structure was formulated
to analyze the critical top curved beam element to the load coming onto the
pipe structure. This analysis zooms in on the critical crown location identifying
the impact of thrust and bending stresses generated by the dead and live loading
conditions acting thereon based upon the distributional effects of the live loading
at the surface and the depth of cover. The 60-inch circular pipe example using
the equation presented herein appeared to agree well with the experimental
testing contained within this project as stated earlier. The predicted stress level
in the liner corresponding well with the strain measurements in the soil box
testing.

e Filling the valley of the corrugations and then applying the calculated thickness
of the SAPL increases the moment of inertia of the cross-section which in turn
reduces the magnitude of the bending moment induced in the liner by the live
loading. In the example calculation presented the thrust (compression) in the
liner became the dominant stress at the interior wall surface of the liner.

Task 9: Performance Construction Specifications

e Performance specifications were developed to allow for contractor innovation
and utilization of the most current products and techniques.

e The specifications were the result of input from the UTA team and consultants
and several rounds of reviews and comments by the DOTs.
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e The polymer and cementitious specifications are structured from the same
outline with many portions of the individual specifications identical, with obvious
differences where required because of product and installation differences.

Task 10: Finite Element Modeling of SAPL Renewed Corrugated Metal Pipes
Tested in a Soil Box

e Circular CMPs

o

Prediction of different parameters by the FE model showed reasonable
accuracy for all cases except for the control test on the invert-cut CMP.
Intact pipe FEM results for load-displacement, earth pressure at the
crown, strains, and bending moments compared well with the test results
with a discrepancy of less than 5%.

When the load pad size was increased from 10x20 in.% to 20x40 in.2, the
load-carrying capacity of the intact CMP soil-box system increased by
about 90%, and the bearing failure of the soil was not observed before the
pipe failures.

For invert cut pipe, the FE model over predicted the load by about 145%
before the invert edges meet. The FEM over-prediction is caused by the
soil model’s limitation to replicate the collapse behavior of the soil during
the invert removal process.

FE analyses of the invert-removed CMPs with liners predict load -
displacement, earth pressure curves, ultimate load with less than 10%
discrepancy with the measured values.

Also, the prediction of the first crack, which was represented by the
appearance of the first plastic strain in FE model matches the test results
with less than 10% discrepancy.

The lost load capacity of intact CMP due to the complete removal of invert
from the CMP could be restored with the application of only 0.25-in. thick
liner. With the liner thickness of 0.5-in. thick the load capacity of the
invert cut CMP increased by 10% compared to its intact capacity.

The parametric analysis for the rehabilitated invert removed circular CMP
showed that thickness and the capacity of the liner have a linear
relationship.

The FE analysis for the filled corrugation with 0.25-in thick over the crest
provided the load capacity in between the load capacity for 0.5-in. thick
and 0.75-in. thick liner that was applied by following the corrugation.
Also, through parametric analysis, FE model clearly shows the increase in
the rigidity of the circular CMP pipe with the increase in the thickness in
the liner as we can see the reduction in the deformation of the liner at
first plastic strain condition and ultimate load condition.

e Arch CMP

©)

The FE analysis shows that the load-carrying capacity of the intact arch
CMP is 20% less than the equivalent intact circular CMP.
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o Like the invert removed circular CMP, the invert removed arch FE model
also could not predict the collapse behavior of soil during the invert
removal process. Although the FEM could not predict the collapse
behavior, the ultimate load and displacement results were predicted
within the discrepancies of 20%. Also, the load-displacement curve
comparison between the test and FE simulation showed a similar response.

o For the lined invert cut arch CMPs, the FE model predicted the ultimate
load and the displacement with discrepancies of less than 20% for all the
tests. During the test, there were circumferential cracks present in the
liner before loading, which could have resulted in less load carrying
capacity of the system. The FE model did not account for the attachment
of the liner to the boundary wall due to over-spraying.

o The response of the liner in the test was stiffer than the response of the
liner from the FE model before the occurrence of the major crack.

o From parametric and calibration of FE models, it was found that the
plastic strain on the CMP would appear when the system is near the
ultimate load conditions.

o Like the lined invert cut circular CMPs the FE model also predicted that
the 0.25-in. thick SAPL would be enough to re-establish the lost capacity
of the CMP through invert removal. While 0.5-in. thick SAPL and 0.75-in.
thick SAPL, when compared to intact arch CMP capacity, would increase
the capacity by 9% and 18%, respectively. The 1-in. thick SAPL and 2-in.
thick SAPL would increase the load capacity by nearly.

o The load-carrying capacity of the rehabilitated invert-cut circular CMPs is
greater than the load-carrying capacity of rehabilitated invert-cut arch
CMPs for the same thickness of the liner.

e Limitations

o The FE model was implicit and thus could not predict the load drop after
the ultimate load.

o The Drucker Prager model is not suitable for modeling the soil collapse
behavior observed in the test of the invert-removed circular CMP pipe.

o Since the brittle polymeric material of the liner was modeled using the
simple elastic-plastic model instead of crack models, a drop in load at
first crack was not observed in the FE model.

o FEM models for the CMP pipes and liners were based on the nominal
geometry specified in the design. Actual geometry discrepancies were not
evaluated in the FEM models.

Task 11: Laboratory Testing

A total of 15 large diameter pipes, including 3 bare CMPs (control samples) and
12 SAPL renewed CMPs, were buried under 2 ft of soil cover comprising layers of poorly
graded sand (SP) and TxDOT 247 grade 1 type D aggregates. A static load with a
displacement-control regime was continuously applied with a load rate of 0.03 in./min
through a rigid 20 x 40 in. steel load pad on the soil surface over crown of the pipe.
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The results and discussions were presented in this report and the conclusions are
summarized as follows:

The mechanical property test results showed that the polymeric SAPL had the
flexural modulus of 850,000 psi, the averaged maximum tensile stress of 8,600
psi, and the elastic modulus of 329,000 psi.

The mechanical property test results showed that the cementitious SAPL had an
average compressive strength of 2,700 psi after 24 hours of curing. After 7 days
the strength of the samples was increased up to 4,400 psi. The compressive
strength increased further for 56.6% at the end of 28 days where the compressive
strength reached average value of 6,900 psi.

For polymeric SAPL, the results of thickness measurement showed that the
utilization of hand spray installation of the polymeric SAPL resulted in a thicker
liner at the springline for renewed CMPs than the designated thickness. However,
the SAPL was installed closer to the required thickness at crown and both
shoulders.

For cementitious SAPL, the liner’s thickness was variable along the
circumference of the pipes, which emphasizes on the superiority of centrifugal
casting machine over the hand sprayed method to provide uniform thickness in
large thicknesses. However, the applied thickness was generally either higher or
about the design thickness on the crown and both shoulder locations.

The invert-cut bare CMP in the absence of the ring stiffness was not able to resist
the applied load beyond its frictional resistance limit. The CMP continuously
squeezed until both sides of the invert-cut sections contacted the main body of
the CMP and retrieved the ring stiffness. The invert-cut bare CMP structurally
failed at the load of 39.9 kips.

All polymeric SAPL renewed circular CMPs cracked at about 3% of pipe deflection,
where at this deflection the application of 0.25 in., 0.5 in., and 1 in. polymeric
SAPLs increased the load carrying capacity for 471.7%, 482.8%, and 802.7%
respectively.

Application of the polymeric SAPL increased the stiffness of the invert-cut
circular CMP. The SAPL renewed CMPs with the thicknesses of 0.25 in., 0.5 in.,
and 1 in. increased the ultimate load bearing capacity of the fully invert
deteriorated CMPs for 16.2%, 31.4%, and 80.8%, respectively.

Application of the polymeric SAPL increased the stiffness of invert-cut pipe arch
CMPs. The SAPL renewed CMPAs with the thicknesses of 0.25 in., 0.5 in., and 1
in. increased the ultimate load carrying capacity of the invert deteriorated pipe
arch CMPs for 23.1%, 32.1%, and 98.9%, respectively.

The cementitious SAPL with the thicknesses of 1 in., 2 in., and 3 in. increased
the ultimate load bearing capacity of the invert-cut circular CMPs for 79.7,
113.9, 174.7% respectively. These values for the pipe arch CMPs were 72.3,
104.4, and 151.4% respectively.

It was observed that both polymeric and cementitious SAPLs were able to
increase the structural capacity of the fully invert deteriorated CMPs and
retrieve the ring compression resistance of the renewed pipes. In addition to
that, since the polymeric SAPL did not crack at the invert-cut location, even at
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the ultimate loading stage, it can be concluded that the polymeric liner was
structurally capable to perform as a new pipe inside the host pipe (i.e., pipe-in-
pipe) and could solely resist the applied ring compression.
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Recommendations for Future Work

e The experimental study included the shallow cover condition in the absence
of hydrostatic pressure. In addition, the ovality of the host pipe was not
considered in the problem statement. Furthermore, the length of the CMPs could
be an important factor affecting the ring compression resistance. It is
recommended in the future studies these parameters to be investigated either
through experimental or numerical studies. These parameters can further
optimize the proposed design equations.

e Investigate centrifugally-cast SAPL using spin-caster robots to install the
SAPL at higher pressure with more uniformly installed thickness. The thickness
variation along the circumference of the pipe can distribute the applied stress
incommensurate, which results in asymmetrical crack formation and affect
the structural load carrying capacity of the liner. It is highly recommended to
further investigate the benefit of using robotically centrifugally-cast SAPL and
compare it with the results of this study.

e Investigate the SAPL’s load carrying capacity installed on previously failed host
pipe, which can assure that all the resistance from the renewed pipe comes from
the liner solely.

e Develop advanced soil and liner FEM simulations to improve post-failure
behaviors of the lined CMPs.

e Perform simulations of traffic loads representing true load configurations on
the lined CMPs to study the effect of load configuration.

e Investigate the effect of pipe shape imperfections in the FEM simulations. All FEM
simulations were based on CMP pipes with nominal geometry and shape provide
in design drawings. Actual pipe shape and liner thickness variation should be
evaluated and modeled in FEM simulations.

e More testing is recommended to further confirm the validity of the equations for
the cementitious liners proposed herein over a much larger number of
installations. It is also recommended that this testing be conducted on existing
installations to reflect the actual support provided by the surrounding soil
(constrained soil modulus).

e Due to the unique circumstances encountered in the field, the quality of
application under field conditions varies from that of liner preparation in the
laboratory, and the final liner may have different structural properties.
Therefore, a comprehensive testing program is needed to evaluate the
performance of actual in-service SAPLs from the field. Material property tests as
well as full-scale tests on the lined pipe can be conducted. It is recommended to
take coupons from aging polymeric and cementitious SAPL installations, after 5
and 10 years of installation, to conduct physical testing to assess performance
of field aged SAPLs and how these materials lose their structural properties over
time. Recommended material testing methods includes:

o ASTM D2412 - Liner extraction, and parallel plate loading tests on the lined
pipe composites loaded until failure of the host pipe.
o ASTM D638 - Tensile test
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o ASTM D790 - Flexural test
o X-ray CT tests - This test may reveal internal structure as air voids are
common.

Additional recommendations for future work can be summarized as following:

e Develop design equations for culvert diameters larger than 120 in.

e For cementitious SAPLs, investigate structural enhancement of filling
corrugations vs. following the corrugations.

e For flexible liners, investigate bedding coefficient.

e For cementitious liners, monitor existing SAPL installations to verify field
performance compared with the ones installed using developed equations in
this research, especially for pipe arches.

e Investigate existence of external hydrostatic head in the soil, especially in the
embankment fill condition, should be undertaken.

e Investigate impact of cracks in cementitious SAPL.

e Investigate seismic loads over SAPL conduit.

e Investigate load bearing capacity of longitudinal steep slope for deep SAPL
conduit.

e Analyze SAPL conduit buoyancy and/or uplift load.

e Investigate impacts of voids around the host culvert.

e Investigate impact of infiltration through cementitious SAPLs.

Recommendations for Implementation

It is recommended that results of this project be implemented and monitored
under active traffic with lining a deteriorated CMP culvert divided in two or more
sections and each section lined with different polymeric and cementitious/geopolymer
SAPL. The contractors should use developed desigh equations and performance
specifications presented in Chapters 8 and 9 of this report. During this implementation
project, any strategies to overcome potential risks and obstacles will be identified. The
quality of installation should be compared with recently installed SAPLs. Soil movement
around the culvert should be monitored at least for one year using horizontal
inclinometers. Surface settlement, infiltration, and condition of invert should be
monitored and documented. Such parameters as water pH, abrasion, embedment
material around host culvert, host culvert movements, voids around host pipe, depth
cover and traffic loads, use of reinforcement and infiltration on SAPL must be studied.
Additional numerical methods using FEM can expand results of field evaluation to other
scenarios.
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Chapter 1
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CHAPTER 1 - SURVEY OF US DOT’s AND CANADIAN AGENCIES

1.1. Introduction and Background

Spray Applied Pipe Linings (SAPLs) inside a host culvert are used to renew
deteriorated gravity storm water conveyance conduits (storm drains and culverts). A
structurally SAPL is an application that provides a protective interior surface to against
abrasive material and can structurally support severely damaged culvert and drainage
conduits. The primary materials used for SAPLs generally fall into two broad categories
of cementitious materials and polymers such as epoxies, polyurethanes and polyureas.
SAPLs can be a key strategy in extending service life and managing the future burden
expected from the aging network of culverts and drainage structures. Compared to
other trenchless culvert renewal methods, SAPLs can accommodate limited access and
has less community disruptions. This survey includes corrugated metal pipe (CMP) and
reinforced concrete pipe (RCP) culverts in circular and arch shapes.

To supplement the literature review, a survey of U.S. Departments of
Transportation (DOTs) and Canadian Transportation Agencies was conducted. Appendix
1-A includes a copy of the survey. Appendix 1-B presents contact information of
respondents.

The primary objectives of this survey were to determine:

Which DOTs used or plan to use SAPLs.

Existing SAPL specifications.

Applicability of SAPLs for culvert renewal.

Environmental and host culvert requirements for SAPL application.
0 The quality of SAPL installations.

SeeNe

Respondents were asked to share their experiences for considerations Part A,
before, Part B, during and Part C, after installation of SAPLs.

Figure 1-1 and Figure 1-2 illustrate the geographical locations of survey
respondents. Overall, 32 (62%) state DOTs and one Canadian agency responded to the
survey.

Appendix 1-A includes abbreviations.
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o Experienced and Filled the Questionnaire (14)
Not Experienced but Filled the Questionnaire (6)

Not Experienced and Did Not Fill the Questionnaire (12)
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Figure 1-1. Survey respondents from U.S.
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Figure 1-2. Survey respondents from Canadian Transportation Agencies.

Part A - Considerations Before SAPL Installation
Question A.1 - Decision Making Priorities When Using a SAPL

Table 1-1. and Table 1-2 present the priorities set by respondents based on their
experiences for RCP and CMP culverts, respectively. Figure 1-3 and Figure 1-4 illustrate
same information. Overall, for both RCP and CMP, durability, hydraulic capacity, impact
to travelling public, project economics, minimum thickness, contractor experience,
project schedule are major considerations. Some respondents stated other priorities,
which included fish passage, host culvert condition, feasibility, and benefit/cost ratio
for both RCP and CMP renewals.

Table 1-1. Decision making priorities for using SAPL in RCP culverts with “1” highest
priority, (17 Respondents).

Decision Making Priorities Rank
Hydraulic Capacity Due to Liner 1
Durability 2
Impact to Travelling Public 3
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Project Economics
Minimum Thickness
Contractor Experience
Project Schedule
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Others:
Fish Passage, Host Pipe Condition, Feasibility, and Benefit/Cost 8
Ratio
100%
90%
80%
70% 66% 66%
62%
60% 57%
53%
50% 46% 46%
40%
30%
20%
10%
1%
0% —
Hydraulic Capacity Durability Impact to Project Minimum Contractor Project Others
due to Liner Traveling Public Economics Thickness Experience Schedule

Figure 1-3. Decision making priorities for using SAPL in RCP culverts,
(17 Respondents).

Table 1-2. Decision making priorities for using SAPL in CMP culverts with “1” highest
priority, (20 Respondents).

Decision Making Priorities Rank

Durability

Hydraulic Capacity Due to Liner
Impact to Travelling Public
Project Economics

Minimum Thickness

Contractor Experience

Project Schedule

Others:

Fish Passage, Host Pipe Condition, Feasibility, and 8
Benefit/Cost Ratio

NONUAN | WIN =
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Figure 1-4. Decision making priorities for using SAPL in CMP culverts,
(20 Respondents).

Question A.2 - The Main Reasons for Selecting a Structural SAPL

Table 7-3 and Table 1-4 present priorities selected by respondents for structural
application of SAPL for RCP and CMP culverts, respectively. Figure 1-5 and Figure 1-6
illustrate the same information.

For RCP, respondents considered longitudinal and circumferential cracking as
the most common problems for selecting a structural SAPL. Invert loss or erosion, joint
separation, delamination and spalling are other important categories. Other factors
stated include environmental footprint and large diameter culverts.

The most common CMP culvert problem to apply a structural SAPL is invert loss.
Respondents ranked invert loss as the first issue for selecting SAPL and access to culvert
as the second ranked parameter. Survey results show that 74% of the respondents
ranked deflection/ovality/flattening/racking as the third reason. Respondents ranked
conservative design to avoid future failures as the fourth reason. Additionally,
respondents ranked other priorities which inluded corrosion and environmental
footprint.
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Table 1-3. Reasons for selecting a structural SAPL for RCP culverts with “1” highest

priority, (17 Respondents).

RCP Culvert

Rank

Conservative Design to Avoid Future Failures

Longitudinal Cracking

Circumferential Cracking

Invert Loss/Erosion

Joint Separation

Delamination

Spalling

Access to Culvert

Others:
Corrosion and Environmental Footprint

O [ONIONUTAWIN|=—

100%
90%

80%

. 72%
70%
60
50
40% -
30% -
20
10
0%

Conservative
Design to Avoid
Future Failures

=

ES

x®

=

=

=

T1%
66%
64% 3%
| | | |

Longitudinal Circumferential  Invert loss/Erosion  Joint Separation Delamination
Cracking (Transverse)

cracking

Spalling

54%

18%

Access to Culvert Others

Figure 1-5. Reasons for selecting structural SAPL for RCP culverts,

(17 Respondents).

Table 1-4. Reasons for selecting structural SAPL for CMP culverts with “1” highest

priority, (13 Respondents).

CMP Culvert Rank

Invert Loss 1
Access to Culvert 2
Deflection/Ovality/Flattening/Racking 3
Conservative Design to Avoid Future Failures 4
Abrasive Conditions 5
Others: 6

Corrosion and Environmental Footprint
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Figure 1-6. Reasons for selecting structural SAPL for CMP culverts

(13 Respondents).

Question A.3 - Conditions for Considering a Culvert as a “Fully Deteriorated” Culvert
(1 is the highest rank)

This question includes circular and arch RCPs and CMPs. Table 1-5 presents how
respondents ranked conditions for a fully deteriorated culvert.

Table 1-5. Reasons for a culvert to be identified as fully deteriorated with “1” highest

priority.
RCP CMP
Circular Arch Circular and Arch
Issues Rank Issues Rank Issues Rank
é?:cgdf#:]::é 1 Longitu.dinal Crackjng 1 Corrosion at 1
: ) and Joint Separation Invert
Joint Separation
Erosion, Pop-outs Circgmferential Deflection/Ovalit
and Del’amination 2 Cracking, Ppp-quts 2 y and Seam 2
and Delamination Defects/Cracks
Circumferential
Cracking and 3 Erosion and Spalling 3 Abrasion 3
Spalling
. Corrosion, Abrasion
Corrosion 4 4 - -
and Honeycombs
Abrasion and 5 Scaling and 5 ) )
Honeycombs Efflorescence
Scaling 6 - - - -
Efflorescence 7 - - - -
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Question A.4 - Limitations of SAPL Due to Culvert and Site Conditions (19
Respondents)

Respondents considered the following general culvert conditions for both RCP
and CMP:

Size

Shape

Level of deterioration
Hydraulic capacity
Partially collapsed

Site Conditions for both RCP and CMP

e Utilities
e Detours
Site access

Manholes on each end (limited access)
Environmental issues
High groundwater and infiltration

Specific Conditions - RCP
Joint separation or movement that is
likely to continue.
Large offset of joints.
Collapsed pipe with longitudinal
cracking.
Cracks due to joint seperation.

Host pipe condition related to its
viability as a "form”

Mostly shape (deflection) and
alignment (joints)

Past performance

High bed load that could crack
SAPL

Flowing water and Aquatic
Organism Passage (AOP)

Deep cover and culvert no longer
aligned as originally installed

Specific Conditions - CMP
Significant deviation from original
shape.

Severe deflection/ovality.
Completely rusted out on the
bottom.

Questions A.5 and A.6 - Factors for Decision Making for SAPL Use

Figure 1-7, Figure 1-8, Figure 1-9 and Figure 1-10 illustrate a comparison of using
SAPL between cementitious and polymeric materials for circular CMP, arch CMP,
circular RCP and arch RCP respectively.
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Figure 1-7. Factors influencing circular CMP,
(No. of Respondents: Cementitious = 8; Polymer = 8).
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Figure 1-8. Factors influencing pipe arch CMP,
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(No. of Respondents: Cementitious = 7; Polymer = 6).

100% 100% 100%100% 100%100%
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Figure 1-9. Factors influencing circular RCP.
(No. of Respondents: Cementitious = 7; Polymer = 5).
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(No. of Respondents: Cementitious = 6; Polymer = 4).

Figure 1-10. Factors influencing pipe arch RCP.
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Question A.7 - Percentage of Existing Culverts Based on Shape

Figure 1-11 illustrates that 86% of the existing culverts are circular and 14% are
pipe arch shape.

Circular,
86%

Figure 1-11. Percentage of existing culverts, (15 Respondents).
Question A.8 - Priority of Material Selection
Table 6 presents which SAPL material is more likely to be used.

Table 1-6. SAPL materials ranking (15 Respondents) with “1” highest priority.

Material Rank
Cementitious 1
Geo-polymer 2
Polyurethane 3

Polyurea 4

Epoxy 4

Question A.9 - Prohibited Reinforcement Materials (14 Respondents)

Approximately 70% of the respondents answered none to this question; however,
three of the DOTs had limitations on using cementitious SAPL materials (see Question
A.10 below).

Question A.10 - SAPL Permitted Reinforcement Materials

Figure 1-12 illustrate permitted SAPL reinforcement material.
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Figure 1-12. Permitted reinforcement material, (10 Respondents).

Question A.11 - Necessity of Considering Adhesion of SAPL with the Host Culvert for
Structural Application

Figure 1-13 and Figure 1-14 illustrate what percentage of the respondents
believe that adhesion of cementitious and polymer SAPLs to the host culvert is required
in the design phase.

Figure 1-13. Required adhesion in cementitious materials, (15 Respondents).
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Figure 1-14. Required adhesion in polymeric materials, (14 Respondents).
Question A.12 - Minimum Thickness Requirements for SAPL

Figure 1-15 and Figure 1-16 illustrate what percentage of the respondents
required a minimum thickness for cementitious and polymer SAPLs.

Figure 1-15. Minimum thickness requirement in cementitious material,
(11 Respondents).

Yes, 20%

Figure 1-16: Minimum thickness requirement in polymeric material, (9 Respondents).
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1.2. Part B - Considerations During SAPL Installations
Question B.1 - Type of Weather Conditions Prohibiting Installation of SAPL

According to respondents, during installation, when SAPL projects encounters
cold weather, wetness and freeze/thaw conditions, cementitious material is prohibited
and polymeric SAPLs are more resistant. In hot weather and humid conditions,
cementitious SAPLs are considered to have a better performance and polymeric SAPLs
are prohibited (Figure 1-17).

m Cementitious
100%

m Geo-polymer
90% m Polyurea

u Polyurethane

80%
75% 75% - EPOXy

8% 78%
71%
70%
0% 80% 80% 60%
56% 5T 56%
500 50% 50% 50% 50%, 50% 50%
43% 43%
409 40%
33%
309 29%
25% 26%
20%
2
| I
%

Hot weather Cold weather Humidity Wetness Freeze/Thaw
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Figure 1-17. Prohibited weather conditions, (9 Respondents).

Question B.2 - Jurisdiction Having a Protocol for QA/QC of SAPL Installation, Testing
and Inspection

Respondents provided the following comments for this question:

e “No. Looking for official direction on this - something in addition to what
salesperson suggests.”

e “For past installations, no to all. However, testing requirements are included in
new contract special provision.”

e “No QA/QC. Standards are under development. Until that time will be
determined on a project by project basis and manufacturer-provided final
material properties.”

e “Not specifically. Standard construction specs must be met (installation,
material, etc). Sites are reviewed regularly as part of our inspection program.”

Question B.3 - Jurisdiction Having Additional Safety Protocols in Addition to OSHA
Confined Space Entry (21 Respondents)
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According to respondents, there are no additional safety protocols for SAPL
projects; however, respondents used OSHA standard safety protocols.

1.3. Part C - Considerations After SAPL Installations

Question C.1 - Tools and Techniques to Measure the Thickness of SAPL (16
Respondents)

e Nails and cores (one respondent)
e Yardstick for thickness measurement (one respondent)
e Based on particular SAPL product (one respondent)

One respondent stated:

“The Contractor shall provide means necessary using depth gauges or other
approved methods to check the thickness of the proposed lines in at least three
locations around the inner surface of the pipe every twenty linear feet of pipe. Depth
gauges may be left in place within the liner. These measurements must be written down
in a log-book, which will be submitted to the department.”

Twelve respondents stated that they did not use any tools.

Question C.2 - Type of Problems After SAPL Application (7 Respondents)
Cementitious:

Longitudinal and circumferential cracking

Hairline cracking with rust bleeding through cracks

Cracking at joints

Spalling

Delamination

Rough application

Rust-through

Slumping from ceiling

Buildup of material due to poor installation

Lack of uniform application

Groundwater infiltration before cure time.

Cracking and infiltration of groundwater through the centrifugally cast
concrete pipe (CCCP) was observed approximately one year after installation

Geo-polymer:

e Leaking ground water
Cracking at joints
Spalling
Delamination
Rough application
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Rust-through
Slumping from ceiling
Buildup of material due to poor installation

Question C.3 - Expected SAPL Design Life

years.

Figure 1-18 illustrates that the most probable design life is between 50 to 75

70%

® Cementitious

0% u Geo-polymer

549 55% m Polyurea

mPolyurethane ——

u Epoxy

20-50 Years 50-75 Years 75 Years or More

Figure 1-18. Expected design life, (17 Respondents).

Question C.4 - Additional Information Regarding the Experiences and Concerns with
SAPLs (9 Respondents)

Respondents stated the following:

“Structural capacity of liner is not defined by AASHTO design specification.
Therefore, it cannot be load-rated in accordance with the MBE.” (One
Respondent)

“Concerns with suppliers meeting spec/number of suppliers able to meet spec.”
(One Respondent)

“Specifications being too stringent.” (One Respondent)

“Size limits.” (One respondent)

“Durability.” (One Respondent)

“I've been on site when SAPL is being used. | have seen the material not stick as
it is supposed to (“pipe not clean enough” was the excuse given, also “sprayed
to heavy in this area”). Generally, the soughing off occurred in the upper third
of the pipe. The mixing of the product was sited another time as the issue with
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lack of adhesion. In returning to these sites, it was noted that the structural
integrity of the pipe was not enhanced, and the pipe had to be replaced, wasting
the money and effort spent on lining.” (One Respondent)

e “Structural capacity is the most important factor. We need a way to estimate
minimum required liner thickness and to check structural designs submitted by
Contractors.” (One Respondent)

e “Concrete spray liner quality seems to be extremely dependent on installation
quality. A few poor installations have been seen, that are starting to deteriorate
after less than a year. Field offices continue to use concrete liners, but they are
met with suspicion by the central office.” (One Respondent)

e “Manufacturers have not yet provided data we need for structural design. No
agreed structure design method. Vendors are not familiar with AASHTO design
methods or structural design in general.” (One Respondent)

e “A geo-polymer liner was specified for a large diameter pipe with a high fill
depth. It was caught in construction and found to not meet the unique structural
requirements of the site. The pipe was eventually replaced conventionally (open-
cut).” (One Respondent)

e “At this time, the following minimum design conditions shall be considered if a
culvert or storm sewer is lined by methods other than sliplining such as CIPP,
cast or SAPLs (One Respondent):

- Pipes 48-inch equivalent diameter and less can be verified by empirical
analysis for structural capacity, stamped by a professional engineer
registered in the state and submitted to the project for review 14 days prior
to delivery of the material. The analysis should assume a fully deteriorated
pipe. For CIPP systems the structural analysis for pipes under 48-inches shall
be performed using Appendix XI from ASTM F1216-16 Standard Practice for
Rehabilitation of Existing Pipelines and Conduits by the Inversion and Curing
of a Resin-Impregnated Tube. For other non-traditional methods of culvert
rehabilitation, such as cast or spray-on liners, a manufactured-recommended
empirical analysis for structural capacity can be utilized.

- Pipes larger than 48-inch equivalent diameter cannot be lined with spray,
cast or similar liner systems. CIPP installations larger than 48-inch equivalent
diameter require a site-specific numerical (finite-element) structural analysis
that incorporates soil boring data from the site and any additional anticipated
loadings from dead, live, or adjacent foundation sources, stamped by a
professional engineer registered in the state and submitted to the project for
review 30 days prior to the delivery of the material. It is recommended that
a geotechnical subsurface investigation be performed during the design
process and an initial liner analysis be performed by the design engineer to
determine the feasibility of lining pipes greater than 48 inches in diameter
using CIPP methods. The geotechnical subsurface investigation should provide
the necessary level of detail to allow the accurate computational analyses of
pipe lining design. The actual geology and site conditions will determine how
many, and what spacing of, borings are required.
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- Our environmental services section is also concerned with CIPP and SAPL
liners. Liability during construction and from eventually disposal is a concern.
Consideration is being given to submittal requirements that will allow the
inventorying and classification of these liner materials.”

1.4. Summary

DOTs preferred SAPLs due to less impact to traveling public compared with the
other trenchless renewal methods; however, most of the respondents expressed
concerns about SAPL structural capabilities. 60 % of the respondents have used
cementitious materials. They preferred cementitious material to polymeric material
due to their experiences.

CMP culverts with deteriorated inverts and RCP culverts with longitudinal
cracking and joint separation are the most common reasons for considering a culvert as
fully deteriorated. Results of survey show that the respondents expect to have an
independent SAPL design methodology. Most of the respondents stated that they do not
currently have SAPL construction guidelines and specifications.

Additionally, respondents stated that, during the installation, they prohibit
cementitious SAPL if the project encounters cold weather, wetness and freeze/thaw
conditions. They stated that in hot weather and humid conditions, cementitious SAPLs
have better performance. They prohibited polymeric SAPLs in hot weather and humid
conditions.

After installation, some respondents experienced longitudinal and
circumferential cracking, hairline cracking with rust bleeding through cracks, cracking
at joints, spalling, delamination, rough application (corrugation issues), rust-through,
slumping from crown, buildup of material due to poor installation, lack of uniform
application, groundwater infiltration before cure time, and leaking groundwater as
previously stated in this report.
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Please save your document as you complete the survey

Introduction:

Spray Applied Pipe Lining (SAPL) inside a host culvert is used to renew deteriorated
gravity storm water conveyance conduits (storm drains and culverts). This project will develop a
structural design methodology for SAPL in gravity storm culverts for large diameter (up to 10 ft)
Concrete Pipe (CP) and Corrugated Metal Pipe (CMP). The objective of this project is to develop
design methodologies and equations for structural application of SAPL for Circular Pipe and Pipe
Arch shapes with span larger than 36 inches. The funding commitment was achieved by DelDOT,
FDOT, MnDOT, NCDOT, NYSDOT, ODOT, and PennDOT led by Ohio DOT.

This project is conducted by the Center for Underground Infrastructure Research and
Education (CUIRE) (www.cuire.org) which is a research, education and outreach organization and
is a part of the University of Texas at Arlington’s (UTA’s) Department of Civil Engineering.

Please submit your completed survey by Thursday, May 31", 2018, to Ms. Cynthia
Jones at the Ohio Department of Transportation (Ohio DOT), Phone: 614-466-1975, Email:
cynthia.jones@dot.ohio.gov.

If you have any questions or concerns regarding this survey, please contact Mr. Jeffrey
Syar, P.E., Administrator, Ohio DOT Office of Hydraulic Engineering, Phone: 614-275-1373,
Email: Jeffrey.Svar@dot.ohio.gov: or Dr. Mo Najafi, P.E., Phone: 817-272-9177, Email:
najafif@uta.edu, the Principal Investigator for this project.

Your assistance in completing this survey will be kept confidential. We will acknowledge
your help in completing this survey in our final report, but we will not refer to your individual
responses. Upon completion of this project, expected in December 2019, we will send you a copy

of the final report.
We thank you in advance. Please submit by May 31t
Email: cynthia. jones@dot.ohio.gov
Contact Information
Respondent’s Agency:

Respondent’s Name:

Title:

Phone Number:

Email Address:

Are you in charge of culvert renewal in your agency?
Yes, if yes, approximately how many culverts have been renewed by SAPL?

No, please forward this to the appropriate subject maiter expert within your agency.

*AIl terms with “*” are defined in the Glossary section at the end of this survey Page 2 of 13
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Please save your document as you complete the survey

Part A. SAPL#* BEFORE Installation

A.1. What are your decision making priorities when using a SAPL* (1 is high priority through

8 to less priority)?

Rank | Concrete Pipe Culvert

Corrugated Metal Culvert

- Contractor experience

Contractor experience

= Project Economics == Project Economics
- Project Schedule - Project Schedule
- Durability * - Durability *

- Hydraulic Capacity due to Liner

Hydraulic Capacity due to Liner

- Minimum Thickness

Minimum Thickness

== Impact to Traveling Public

Impact to Traveling Public

- Others (please specify)

Others (please specify)

Comments:

A.2. Rank the main reasons for selecting fully structural SAPL* with “1” as the highest priority.

Rank Concrete Pipe Culvert Rank Corrugated Metal Culvert
== Conservative Design to Avoid Future Failures - Conservative Design to Avoid Future Failures
== Longitudinal Cracking* - Deflection®/Ovality*/Flattening™/Racking*
== Circumferential (Transverse) cracking*® - Invert loss™
= Invert loss/Erosion™ - Abrasive Conditions*
-- Joint Separation™® - Access to Culvert
= Delamination*® - Other (please specify)
= Spalling™
= Access to Culvert
- Other (please specify)
Comments:
*AIl terms with “™” are defined in the Glossary section at the end of this survey Page 3 of 13
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A.3. In what conditions do you consider the culvert “fully deteriorated*”? (Check as many as

required)

Corrugated Metal Culvert

Concrete Pipe Culvert

Circular Pipe Arch®* Circular*® 3 Pipe Arch* N
Longitudinal Cracking™® Longitudinal Cracking*® Deflection®/Ovality * Deflection®/Ovality *
Circumferential Circumferential : % ; &
(Transverse) Cracking® (Transverse) Cracking* Conmonion aLTven ComaRIan A e
Corrosion* Corrosion* Abrasion*® Abrasion*®
Joint Separation™ Joint Separation™® Seam Seam Defects/Cracks*

Defects/Cracks™
Erosion® Erosion*
Pop-outs™ Pop-outs™
Abrasion™ Abrasion™®
Honeycombs* Honeycombs™
Scaling* Scaling*
Delamination® Delamination®
Spalling® Spalling*
Efflorescence™ Efflorescence™
Comments:

A.4.What existing Culvert Conditions and Site Conditions limit application of SAPL*?

Concrete Pipe Culvert

Corrugated Metal Culvert

Culvert Conditions

Site Conditions

Comments:
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Please save your document as you complete the survey

A.5. What factors influence your decision to select a specific SAPL* material for Corrugated
Metal Culvert? (Check as many as possible)

Corrugated Metal Culvert
Circular Pipe Arch

Cementitious Polymer Cementitious Polymer

Groundwater

Soil/Embankment Conditions

Depth of Cover

Traffic Load

Long-term Structural Capacity

Durability*

Life-cycle Cost

Impact to Traveling Public

Site Conditions outside of the Culvert

Vendor Recommendation

History of Use

Others
(please specify)

Comments:

A.6. What factors influence your decision to select a specific SAPL* material for Concrete Pipe
Culvert? (Check as many as possible)

Concrete Pipe Culvert
Circular Pipe Arch

Cementitious Polymer Cementitious Polymer

Groundwater

Soil/Embankment Conditions

Depth of Cover

Traffic Load

Long-term Structural Capacity

Durability*

*A41l terms with “*” are defined in the Glossary section at the end of this survey Page 5 of 13
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Please save your document as you complete the survey

Life-cycle Cost

Impact to Traveling Public

Site Conditions Outside of the Culvert

Vendor Recommendation

Establish History of Use

Others
(please specify)

Comments:

A.7. Approximately what percentage of your existing culverts are Circular and Arch Pipe?

Approximate Percentage

Shape of Culvert )
Circular V-
N ./‘
Arch Pipe s
(.. J

Comments:

A.8. Which material is more likely to be used for SAPL*? (Rank from one to five with one to be
most likely)

e
2 ls=
3 |--
4 |-
5 |--
Comments:
*AIl terms with “*” are defined in the Glossary section at the end of this survey Page 6 of 13
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Please save your document as you complete the survey

A.9. Which SAPL* material is prohibited in your jurisdiction, if any? (Please Explain Below)

A.10. Which reinforcement material is permitted? (Check all that applies)

Tire-mesh*® ; et : =
Culvert Type | Carbon Fiber®| Glass Fiber* | Steel Fiber™ l‘:?»\lr]e inﬁilw\) I?e\in fo,rfinlbfrt\e‘?l R e
Corrugated e ‘ ] ‘ /
Metal 1
Concrete Pipe
Culvert
Comments:

A.11. Do you consider adhesion of SAPL* with the host culvert necessary for structural

application?
1 | Cementitious™ -~
2 | Polymer* s
3 | Other (please specify)
Comments:

A.12. Do you have a minimum thickness requirement for SAPL*? (In SI Unit per mm)
If Yes, please answer the following options
If No, please go to the next question

Type of SAPL

Minimum Thickness

Cementitious™

Polymer*

Comments:

*AIl terms with “*” are defined in the Glossary section at the end of this survey

Page 7 of 13
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Please save your document as you complete the survey

Part B. SAPL* DURING Installation
B.1. What type of weather conditions prohibit installation of SAPL*? (Check as many as
possible)

Hot Cold 50 8 ; Others
/ S 4
ot Rt Humidity | Wetness | Freeze/thaw (please pect i

Cementitious™

Geo-polymer™

Polyurea™

Polyurethane™

Epoxy*

Comments:

B.2. Does your jurisdiction have a protocol for QA/QC of SAPL* installation, testing and
inspection?

Installation, Testing, Inspection, If yes, please provide a copy of link or email us the protocol
and Others (See note below)

Cementitious* L

Geo-polymer*® e

Polyurea™ L

Polyurethane * L

Epoxy* -

Note: Please attach a copy of your QA/QC protocol if no link is available.

Comments:

B.3. Does your jurisdiction have additional safety protocols in addition to OSHA confined space
entry? If yes, please provide a copy or link.

FAIl terms with “*” are defined in the Glossary section at the end of this survey Page 8 of 13
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Please save your document as you complete the survey

Part C. SAPL* AFTER Installation

C.1. Do you use any tools or techniques to measure the thickness of SAPL*?

Yes (random)

O
O Yes (continuously)
O

No

If yes, (please specify what type of equipment)

Comments:

C.2. What type of problems do you face AFTER SAPL* application? If possible, specify the
cause, location, and orientation (longitudinal, circumferential, etc.) of the defect such as cracks.

Material Explanation

Cementitious™

Geo-polymer*

Polyurea™

Polyurethane ™

Epoxy*

Comments:

C.3. What is your expected design life for the SAPL*?

Material Years

Cementitious™

Geo-polymer™®

Polyurea™
Polyurethane™
Epoxy*
Comments:
FAIL terms with “*” are defined in the Glossary section at the end of this survey Page 9 of 13
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Please save your document as you complete the survey

C.4. Additional information regarding your experiences and concerns with SAPL*:

Please make sure you save the file before submitting

If you have projects using SAPL that you would like to share with us, please email to
Jeffrey.Syar@dot.ohio.gov or najafi@uta.edu. We would like to know successful and unsuccessful
experiences.

Once again, we greatly appreciate your help in advance for completing this survey. We
understand your time and efforts are valuable, however, your input and feedback will provide a
comprehensive research that will help the transportation industry.

Please feel free to call or email us if you would like to provide your comments over the
phone or email or would like to join this important pooled study (Jeffrey Syar, 614-275-1373,
Jeffrey.Syar(@dot.ohio.gov ; and Mo Najafi, 817-272-9177, najafil@uta.edu).

Please submit your survey BY THURSDAY, MAY 31t

Thank you again.

Please save your file and submit as an attachment to Ms. Cynthia Jones at
Ohio Department of Transportation (Ohio DOT), Phone: 614-466-1975, Email:

cynthia.jones@dot.ohio.gov

*AIl terms with “*” are defined in the Glossary section at the end of this survey Page 10 of 13
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Abrasion

Carbon Fiber

Cementitious

Corrosion

Corrugated
Pipe

Cracking

Deflection
Delamination
Durability

Efflorescence

Erosion
(Culvert)

Fully
Deteriorated

Flattening

Geo-polymer

Glass Fiber

*AIl terms with “*” are defined in the Glossary section at the end of this survey

Please save your document as you complete the survey

GLOSSARY

Abrasion is the gradual wearing away of the culvert wall due to the impingement of bed load
and suspended material.

A material consisting of thin, strong crystalline filaments of carbon, used as a strengthening
material, especially in resins and ceramics.
Having the properties of a cement

It is a deterioration or dissolution of a material by a chemical or electrochemical reaction with
its environment.

Pipe with ridges (corrugations) going around it to make it stiffer and stronger. The
corrugations are usually in the form of a sine wave and are usually made of galvanized
steel or aluminum.
A fissure in an installed precast concrete culvert.

- Circumferential (Transverse) cracking

- Longitudinal cracking
Change in diameter due to stress, temperature, time and other factors.
Splitting apart of material into layers.
Ability to withstand wear, pressure, or damage.
Efflorescence is a combination of calcium carbonate leached out of the cement paste and other
recrystallized carbonate and chloride compounds. It is a white crystalline or powdery deposit
on the surface of the concrete surface and is caused by water seeping through the culvert wall.
The water dissolves salts inside the concrete surface, while moving through it, and then
evaporates leaving the salts on the surface.

Wearing or grinding away of culvert material by water laden with sand, gravel or stones;
generally referred to as abrasion.

A culvert which has insufficient strength to support all soil and live loads.

A critical decrease of vertical diameter due to loading that makes the circular shape similar to
rectangular shape.

Geo-polymers are chains or networks of mineral molecules linked with co-valent bonds.

A strong plastic, textile, or other material containing embedded glass filaments for
reinforcement.

Page 11 of 13
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Honeycomb
Host Culvert
Invert-
deteriorated
Joints

Joint Failure
Joint

Separation

Ovality

Partially
Deteriorated

Polymer

Polyurea

Polyurethane

Popouts

Racking

Renewal

Repair

Replacement

*411 terms with “

*” are defined in the Glossary section at the end of this survey

Please save your document as you complete the survey

Improper vibration of concrete leads to exposure of aggregate. This exposure of aggregate is
called as honeycomb.

An existing, old, or deteriorated culvert.

Progressive worsening of part of a culvert below the spring line that represents the lowest point
in the internal cross section.

The means of connecting sectional lengths of culvert system into a continuous line using
various types of joining materials.

Failures which occur in the joints due to uneven bedding, poorly compacted backfilling
operations, or unexpected settlements.

Separation in joint that occurs due to failure in the type of joining material used.

The difference between the maximum and mean diameter, divided by the mean diameter, or
the difference between the mean and the minimum, divided by the mean. Expressed in
percentage.

A culvert which may have displaced joints, cracks or corrosion, but is structurally able to support
all soil and surface loads.

A compound of high molecular weight derived either by the addition of many smaller molecules,
as polyethylene, or by the condensation of many smaller molecules with the elimination of
water, alcohol, or the like, as nylon.

The polymerization of isocyanates with polyamines result in the urea linkage. Generally,
polyureas appear to have better elongation properties than polyurethanes; on the other hand
polyurethanes provide more stiffness.

Polyurethane is formed by reaction (or addition) of an isocyanate (-N=C=0) group with a
hydroxyl (-OH) group or a polyol. This reaction is triggered by catalysts. Other typical
components of the polyurethanes include cross linkers, surfactants, blowing agents, pigments,
and fillers.

Popouts are conical fragments that break out of the surface of the concrete leaving small holes

The movement of structural elements out of level or plumb by forces such as stress, material
shrinkage or expansion.

All aspect of upgrading with a new design life for the performance of existing culvert system.
Includes rehabilitation, renovation, and replacement.

Reconstruction of short culvert lengths, but not the reconstruction of the whole culvert.
Therefore a new design life is not provided. In contrast, in culvert renewal, a new design life is
provided to existing culvert system.

All aspects of upgrading with a new design life for the performance of the existing culvert.
Includes rehabilitation and renovation.

Page 12 of 13
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Please save your document as you complete the survey

Scaling Build-up of material on the inside portion of the culvert.

Seam Defects and cracks at the joint of CMP.

Defects/Cracks

Spalling Breaking of part of culvert into small pieces.

Spring-line (1) An imaginary horizontal line across the pipe that passes between the points where the pipe

has its greatest cross-sectional width.
(2) Midpoint of a pipe cross section (equal vertical distance between the crown and the invert

of the pipe).
Steel Fiber A material consisting of thin, strong crystalline filaments of steel, used as a strengthening
material, especially in resins and ceramics.
Wire-mesh A series of horizontal and vertical reinforcement welded together at a specific center-center
distance
List of Acronyms
DelDOT Delaware Department of Transportation
CMP Corrugated Metal Pipe
CP Concrete Pipe
CUIRE Center for Underground Infrastructure Research and Education
FDOT Florida Department of Transportation
MnDOT Minnesota Department of Transportation
NCDOT North Carolina Department of Transportation
NYSDOT New York State Department of Transportation
ODOT Ohio Department of Transportation
QA/QC Quality Assurance / Quality Control
PennDOT Pennsylvania Department of Transportation
SAPL Spray Applied Pipe Lining
*AIl terms with “*” are defined in the Glossary section at the end of this survey Page 13 of 13
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Appendix 1-B:
Survey Respondents Contact Information
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Robert Trevis, P.E., Oregon DOT

Nexa M. Castro, Pennsylvania DOT
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Respondent’s Agency:

Respondent’s Name:
Title:

Phone Number:
Email Address:

Respondent’s Agency:

Respondent’s Name:
Title:

Phone Number:
Email Address:

Respondent’s Agency:

Respondent’s Name:
Title:

Phone Number:
Email Address:

Respondent’s Agency:

Respondent’s Name:
Title:

Phone Number:
Email Address:

Respondent’s Agency:

Respondent’s Name:
Title:

Phone Number:
Email Address:

Respondent’s Agency:

Respondent’s Name:
Title:

Phone Number:
Email Address:

Contact Information of Survey Questionnaire Respondents

Delaware DOT

Jonathan Karam

Project Engineer
302-760-2312
Jonathan.karam@state.de.us

Minnesota DOT

Andrea Hendrickson

State Hydraulic Engineer

(651) 366-4466
andrea.hendrickson@state.mn.us

New Hampshire DOT
Christopher Carucci, PE

CivilEngineer, Bureau o f Highway Design, Specialty Section

(Hvdraulics)

603-271-3252
christopher.a.carucci@dot.nh.gov
Ohio DOT

Thomas K. Birnbrich P.E
Bridge Hydraulic Engineer
614-752-2974
tom.bimbrich@dot.ohio.gov

North Carolina DOT
Charles Smith

Engineer, Hydraulics Unit
919-707-6716
crsmith1@ncdot.gov

Texas DOT

Chad C. Ingram, P.E

Director of Construction, Paris District
903-737-9207

chad.ingram@txdot.gov

Respondent’s Agency:
Respondent’s Name:
Title:

Phone Number:

Email Address:

Respondent’s Agency:
Respondent’s Name:
Title:

Phone Number:

Email Address:

Respondent’s Agency:
Respondent’s Name:
Title:

Phone Number:

Email Address:

Respondent’s Agency:
Respondent’s Name:
Title:

Phone Number:

Email Address:

Respondent’s Agency:
Respondent’s Name:
Title:

Phone Number:

Email Address:

Respondent’s Agency:
Respondent’s Name:
Title:

Phone Number:

Email Address:

Indiana DOT

Mark Bailey

Office of Hydraulics Manager
(317) 233-2096
mbaileyl@indot.in.gov

Montana DOT

David Hedstrom

State Hydraulic Engineer
406-444-7961
dhedstrom@mt.gov.

New York State DOT
Brian Carmody
Professional Engineer
518-457-4571
Brian.Carmody@dot.ny.gov

Oregon DOT

Robert Trevis, P.E

Culvert Engineering Program Lead
503-986-3860
robert.e.trevis@odot.state.or.us

Pennsylvania DOT

Nexa M. Castro

Senior Civil Engineer Supervisor
717-705-6184

necastro@pa.gov

Vermont DOT

Swven Scribner

Bridge Maintenance Engineer
(802) 522-8090
sven.scribner@vermont.gov
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Respondent’s Agency:

Respondent’s Name:
Title:

Phone Number:
Email Address:

Respondent’s Agency:

Respondent’s Name:
Title:

Phone Number:
Email Address:

Respondent’s Agency:

Respondent’s Name:
Title:

Phone Number:
Email Address:

Respondent’s Agency:

Respondent’s Name:
Title:

Phone Number:
Email Address:

Respondent’s Agency:

Respondent’s Name:
Title:

Phone Number:
Email Address:

Respondent’s Agency:

Respondent’s Name:
Title:

Phone Number:
Email Address:

Contact Information of Survey Questionnaire Respondents

Illinois DOT
Kevin Riechers

Policies and Standards Group Engineer

(217) 782-9109
kevin.riechers @illinois.gov

Michigan DOT
Therese R. Kline, PE
Flexible Pipe Specialist
517-241-0082
klinet@michigan.gov

Florida DOT

Carlton D. Spirio, Jr.

State Drainage Engineer

(850) 414-4351
carlton.spirio@dot.state.fl.us

Utah DOT

Jerry Chaney

Senior Hydraulics Engineer
801 633-6218

jchaney@utah.gov

South Carolina DOT

Lee Tsiantis

Maintenance Contracts Manager
803-737-1290

tsiantisls@scdot.org

Alberta Transportation
Caroline Watt

Bridge Planning Specialist
7804151013

caroline.watt@gov.ab.ca

Respondent’s Agency:
Respondent’s Name:

Title:

Phone Number:
Email Address:

Respondent’s Agency:
Respondent’s Name:
Title:

Phone Number:

Email Address:

Respondent’s Agency:
Respondent’s Name:
Title:

Phone Number:

Email Address:

Respondent’s Agency:
Respondent’s Name:
Title:

Phone Number:

Email Address:

Respondent’s Agency:
Respondent’s Name:
Title:

Phone Number:

Email Address:

Respondent’s Agency:
Respondent’s Name:
Title:

Phone Number:

Email Address:

Georgia DOT
Jason F. Moore

District Seven Maintenance Manager (Metro

Counties)
770-216-3841

jason.moore@dot.ga.gov

VirginiaDOT

John Schuler

Material Program Manager
804-328-3140
john.schuler@vdot.virginia.gov

Connecticut DOT

Michael Hogan

Transportation Supervising Engineer
860-594-3241
michael.hogan@ct.gov

Wisconsin DOT

Edward G.Lilla, PE
Statewide Drainage Engineer
608-266-2312
edward.lilla@dot.wi.gov

Tennessee DOT

Ted Kniazewycz, P.E
Director - Structures Division
615-741-3351

ted.kniazewycz@tn.gov

Louisiana DOT

Mitra Hashemieh

Hydraulic Design Engineer Administrator

(225)379-1482

mitra.hashemieh@la.gov
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CHAPTER 2 - LITERATURE REVIEW

2.1. Introduction and Background

Drainage infrastructure systems including culverts, storm sewers, outfall and
related drainage elements represent an integral portion of Department of
Transportations’ assets that routinely require inspection, maintenance, repair, and
renewal. According to ASCE Infrastructure Report Card (2017), illustrated in Figure 2-1,
America’s cumulative infrastructure grade is D+, which means the condition and
performance is in a poor quality and needs investments and improvements. Failure of
these systems is costly for DOTs both directly due to the replacement of the failed
system and indirectly due to the time and money and even in some cases lives lost for
commuters. Further challenges are the variety in material types, shapes, backfill
materials, types of roads, wide geospatial distribution and environmental exposures
that makes every single culvert unique (Najafi et al, 2008). Therefore, drainage
infrastructure systems need special attention in terms of proactive/preventive asset
management strategy.

2017 Infrastructure GradeS America’s

Cumulative
qunlstructure
i)- AVIATION D PARKS AND RECREATION ‘ I]+ Grade

44 BRIDGES C+ PORTS 10+ -
DAMS D RAIL 1B

DRINKING WATER D ROADS D
EXCEPTIONAL

ENERGY D+ SCHOOLS
GOOD

HAZARDOUS WASTE 1D+ SOLID WASTE | MEDIOCRE

INLAND WATERWAYS 1D TRANSIT ! POOR

FAILING
LEVEES 1D WASTEWATER

Figure 2-1. American society of civil engineers’ report card for America’s
infrastructure (2017).

2.1.1. Culverts and Storm Sewers

Culverts and storm sewers are important components of highway infrastructures.
Corrugated metal pipes (CMPs) and reinforced concrete pipes (RCPs) are commonly used
as culverts in the United States (Darabnoush Tehrani et al. 2019). Assessment and
Rehabilitation of Existing Culverts by the National Cooperative Highway Research
Program (NCHRP), Synthesis 303, defines storm sewers as any “structure used to convey
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storm runoff where storm sewers and storm drains are connected, that sometimes
called a pipe or culvert”. Culvert is a structure that conveys water or forms a
passageway through an embankment (Najafi and Gokhale 2005).

According to the federal highway administration (FHWA), the United States has
approximately 4.12 million miles (6.63 million kilometers) of roadways, making it the
largest in the world with millions of culverts hidden underneath. The Culvert
Management Manual by the Ohio Department of Transportation (ODOT) defines culverts
as “any structure that conveys water or forms a passageway through an embankment
and is designed to support a super-imposed earth load or other fill material plus live
loads (even though they may support traffic loads directly) with a span, diameter, or
multi-cell (with a total span) less than 10 ft (3.1 m) when crossing the centerline of the
roadway,” as shown in Figure 2-2 (ODOT 2018).

Culverts are designed to withstand soil overburden, pavement and traffic
loadings. Among different types of culverts, Corrugated Metal Pipes (CMPs) are the most
common in the United States, however, they are exposed to abrasion and corrosion
damage (Arnoult 1986). Many culverts in the United States have reached their service
life and need to be repaired, renewed, or replaced (Wyant 2002).

Figure 2-2. Corrugated metal pipe culverts (CMPs): (a) multi-cell CMPs (Source:
Contech) and (b) invert deteriorated CMP (Source: Metal Culverts, Inc.).

2.1.1.1. Culvert Shapes

Culverts are available in variety of shapes for both, closed conduits, and open-
bottom conduits. The most common shapes for closed conduits are circular, box
(rectangular), elliptical, and pipe-arch, as illustrated in Figure 2-3 (a). Open-bottom
culverts are mostly found in an arch configuration, as illustrated in Figure 2-3 (b). These
typical culvert shapes have the same material on the entire perimeter (FHWA 2012).
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Arch Concrete Box Metal Box
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Pipe Arch Box (Rectangular)

Low Profile Arch

Circular Elliptical High Profile Arch

(a) (b)
Figure 2-3. Commonly used culvert shapes: (a) closed conduit culvert shapes, and (b)
open-bottom culvert shapes (FHWA 2012).

2.1.1.2. Culvert Materials

According to the Culvert Management Manual by Ohio Department of
Transportation (ODOT 2018), the most commonly used culvert materials are plain or
reinforced concrete, corrugated metal (aluminum or steel), verified clay, cast or
ductile iron, aluminum alloy, brick, field tile (clay), corrugated plastic, steel casing,
stone, timber, polyvinyl chloride (PVC) and high-density polyethylene (HDPE), as
illustrated in Figure 2-4. The selection of a culvert material may depend upon structural
strength, hydraulic roughness, durability (corrosion and abrasion resistance) and
constructability (FHWA 2012).

Reinforced
Concrete

Corrugated Metal Vitrified Clay Cast or Ductile Iron
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Figure 2-4. Culvert materials (ODOT 2018).

2.1.1.3. Culvert Hydraulics and Flow Conditions

Culverts may flow partly full (free surface flow or open channel flow), or full
over the entire length (full flow or pressure flow), which rarely happens. Water surface
profile calculations determine the flow level in the culvert barrel (FHWA 2012). Froude
number, E. (dimensionless), determines the appropriate flow regime, as presented in
Equation 2-1.

Eq.2-1

Where,
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v the average velocity of flow, ft/s,

g the gravitational acceleration, ft/s2, and

y a representative depth, ft, (typically the equivalent depth in circular sections or
the hydraulic depth for other shapes).

In circular sections, the equivalent depth is the square root of one-half of the
cross-sectional flow area (A/2)%> and for other shapes the hydraulic depth is cross-
sectional flow area divided by the width of the free water surface (A/T). By evaluating
the Froude number, three flow regimes are defined as subcritical, critical, and
supercritical. The flow is considered subcritical and is characterized as tranquil if the
Froude number, E,. is less than 1, and is called critical if Froude number, E. is equal to
1. The flow is called supercritical and is characterized as rapid if the Froude number,
E. is greater than 1. For a culvert in a partly full flow condition, as illustrated in Figure
2-5, the subcritical flow exists in the upstream channel, the critical depth occurs at the
inlet location and the supercritical flow in the culvert barrel (FHWA 2012).

Headwater

“4  Tailwater

Figure 2-5. Typical “inlet control” flow section for a partly full culvert (FHWA 2012).
2.1.1.4. Types of Flow Control

A culvert capacity is affected by its shape, geometry, skew angle of inlet, and
most importantly the inlet edge configuration. Two types of flow control in a culvert
are called inlet control and outlet control.

2.1.1.4.1. Inlet Control

The culvert is called “inlet control” flow condition if its barrel can convey more
flow than the inlet will accept. The critical depth for an inlet control culvert occurs at
entrance, as illustrated in Figure 2-5. In the inlet control condition, the culvert capacity
is not impacted by downstream hydraulic characteristics.

2.1.1.4.2. Outlet Control

The culvert is called “outlet control” flow condition if its barrel capacity is not
enough to convey as much flow as the inlet will receive. In an outlet control flow
condition, the culvert capacity is determined by its geometry, hydraulic characteristics,
and the elevation of water surface at the outlet. In an “outlet control” flow condition,
the control section is located at the culvert downstream, as illustrated in Figure 2-6.
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Full flow culverts (pressure flow) or subcritical flow culverts are considered as outlet
control conditions (FHWA 2012; Wisconsin DOT 1997).

SUBMERGED

Losses
Through

UNSUBMERGED

Figure 2-6. Typical “outlet control” flow in both full f[o bmerged) and partly full
flow (unsubmerged) conditions (FHWA 2012).

2.1.1.5. Culvert Structural Behavior

Buried conduits obtain their structural capacity to withstand the imposed loads
from two sources (Spangler 1960):

(a) The inherent strength of the pipe to bear the external pressures.

(b) The lateral pressure of the soil at the pipe sides.
Pipe culverts structurally can be classified as flexible and rigid, based on material type
and how they perform when installed (Hydraulics Manual M 23-03.06 2019). A proper
backfill is required for both flexible and rigid pipes to allow the load transfer from the
pipe to the soil. Flexible pipes under loading deflect against the backfill, and the load
is transferred to and carried by the backfill. In case of rigid pipes under loading, the
load is transferred through the pipe wall into the bedding material (Omara 1997).

2.1.1.5.1. Flexible Pipe

Flexible pipes are made of materials such as corrugated metal or thermoplastic.
Flexible pipes can be flexed or distorted significantly without cracking (Hydraulics
Manual M 23-03.06 2019). A flexible culvert is a composite structure of culvert barrel
and the surrounding soil (Najafi 2008). Proper soil support is an important element to
the flexible culvert structural performance. Soil support degradation and embankment
settlement can occur due to soil erosion and scour through the culvert voids, poor
backfill material, inadequate compaction, lack of headwall or cutoff walls in granular
soil types and insufficient surface drainage design (FHWA 2012). Flexible pipes under
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loading attempt to deflect. In case of a circular flexible pipe under loading, the vertical
diameter decreases, and the horizontal diameter increases, as shown in Figure 2-7. Soil
pressure resists the increase in horizontal diameter of a flexible pipe due to loading.
The thrust force can be calculated, based on the diameter of the pipe and the load
placed on the top of the pipe.

LOAD

LOAD T

Figure 2-7. Deflection of a circular flexible pipe (Najafi 2008).

2.1.1.5.1.1. Flexible Pipe Modes of Failure
Flexible conduits, as illustrated in Figure 2-8 are designed to withstand five
primary modes of failure including:

1) Wall crushing (compressive stress due to circumferential thrust exceeds
the yield stress),

2) Separation of seams (thrust exceed the seam strength),

3) Initial buckling (elastic state of stress),

4) Inelastic buckling, and

5) Excessive deflection or flattening (plastic yielding under combined
compressive and bending stresses) (Leonards and Stetkar 1978).

Wall Crushing

(@)

Seam Separation

(b)
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Plastic Yielding
(Excessive Deflection)

. X Inelastic (Snap - through) Buckling
Elastic Local Buckling

(c) (d) (e)
Figure 2-8. Failure modes of flexible conduits: (a) wall crushing, (b) seam separation,

(c) elastic local buckling, (d) inelastic (snap-through) buckling, and(e) plastic
yielding (excessive deflection) (Leonards and Stetkar 1978).

For the first two modes of failures, the magnitude of circumferential thrust can
be less impacted by the soil properties or pipe stiffness. For initial buckling, inelastic
buckling and excessive modes of failures, the pipe bending stress is impacted by soil
properties and pipe stiffness.

Elastic Buckling

Elastic buckling of flexible conduits can occur in a high mode with many waves
around the pipe circumference, or in a low mode with a small number of waves around
the entire circumference. Elastic local buckling can occur with a crimp or crease in a
small portion of the pipe circumference. A flexible conduit due to the residual stresses
and geometric imperfection can exhibit different types of elastic buckling which cannot
be easily distinguished by visual inspection (Leonards and Stetkar 1978).

Inelastic Buckling

Inelastic buckling of a flexible conduit wall occurs in a low mode after passing the
plastic yielding point. Snap-through buckling of a flexible conduit can manifest itself
as a sudden inversion or curvature reversal in the pipe wall that can results in
instability. Local buckling of a flexible conduit wall may not immediately results
in instability (Leonards and Stetkar 1978).

2.1.1.5.1.2. Buckling Theories of Cylindrical Shells or Rings

Shell elements are used to model structures in which one dimension, the
thickness, is significantly smaller than the other dimensions. The thickness of a
cylindrical shell element is very small compared with the radii of curvature. The
following have presented different theories regarding buckling of cylindrical shells or
rings:

e Timoshenko and Gere 1961 (Elastic Buckling in High Modes)
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Buckling of buried flexible conduits was modeled by a circular ring subjected to
a uniform hydrostatic external pressure and the critical external normal pressure, p,
was derived by Timoshenko and Gere (1961) and given as Eq. 2-2 .

p=20 Eq. 2-2
Where,
E Young's modulus, psi,
1 moment of inertia of ring wall, in.4/in.
R radius, in.
n buckling mode =$, where [ = half wavelength of the buckled shape.

The Eq. 2-2 is resulted from the equilibrium of a deformed ring element in which
only circumferential stresses were considered by Timoshenko and Gere. In this equation
nonlinear deflection terms were neglected (Leonards and Stetkar 1978).

o Kloppel and Glock 1970 (Elastic Local Buckling)

For flexible steel pipes, vertical deflection to a magnitude of 20% of the pipe
diameter results in conduit instability (Spangler 1941). Spangler stated that using a
safety factor of 4, limits the permissible vertical deflection to 5 percent of the pipe
diameter that is a criterion in culvert design.

The instability of initially deflected buried flexible conduits was developed by
Kloppel and Glock (1970). Two interaction zones at the crown (upper portion of the
conduit wall) and springline (lower portion of the conduit wall) of the flexible buried
conduits are introduced by them. At the upper portion interaction zone, the pipe wall
is subjected to active earth pressure and deflects away from the surrounding soil. At
the lower portion interaction zone, the pipe wall is subjected to the passive pressure
and deflects or presses into the surrounding soil. An instability is most probable to occur
at the crown or upper portion interaction zone due to a reduction in the soil support
(Kloppel and Glock 1970; Leonards and Stetkar 1978). Kloppel and Glock (1987) modeled
the upper portion interaction zone of a buried flexible conduit wall by a hinged arch

with circumferential radial elastic soil support [R(f:fv )] as well as tangential (K;) and

rotational (Ky) elastic soil support at hinges that are restrained by the lower section of
conduit (Leonards and Stetkar 1978). The developed model by Kloppel and Glock
considered:

i.  Elliptical flexible conduits as well as circular flexible conduits,
ii.  Friction at the conduit-soil interface,
iii.  Non-uniform radial pressures having a maximum value at the crown (hence,
buckling was always initiated at the crown),
iv.  Modulus of soil restraint either constant or stress-level dependent,
v.  Symmetric displacements prior to buckling,
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vi.  The influence of a plastic hinge at the crown.

The horizontal active pressure at the springline was given by Eq. 2-3.

Pspringline = PsA Eq. 2-3
Where,
Ps the vertical crown pressure (overburden pressure + live load pressure), psi, and
A coefficient of active earth pressure (commonly 1=0.5).

The active radial pressure distribution around the conduit circumference, as
illustrated in Figure 2-9 (a), was expressed by Eq. 2-4.

P = Pg cos Eﬁ] Eq. 2-4

TL'Z

Yp = Eq. 2-5

" 4cos~12

Assuming the common value of 1 = 0.5, the ¥y will be equal to %" radians.

To solve the instability issue, an arch section of the conduit (defined by 2 @,), as
illustrated in Figure 2-9 (b), was analyzed by Kloppel and Glock. The provided restraint
by the bottom portion of the conduit was introduced by rotational (Ky) and tangential
(Kr) elastic moduli at the arch supports. The boundary pressure distribution around the
conduit circumference on the arch section was divided into a uniform pressure of P,
and a nonuniform pressure of P;, as described in Eq. 2-6.

_ . .
P—P0+P151n[2.¢0 Eq. 2-6
Where,
P0=P5COS72:/)&, and

B

P; = P, + P; = vertical overburden plus live load pressures at crown, psi.
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(a) (b)
Figure 2-9. Active pressure distribution around circular conduit
(Kloppel and Glock 1970; Leonards and Stetkar 1978).

e Cheney (1963)

Cheney (1963) studied the hydrostatic buckling pressure of a thin ring encased
in rigid cavity using the small-deflection linear theory. He analyzed the stability of a
circular ring under plane stress conditions, subject to circumferential support by elastic
springs, under a uniform external pressure distribution on the ring wall. Cheny’s model
is presented by Eq. 2-7.

p,, = H&) Eq. 2-7

R3

where,
. critical buckling pressure (psi),
radius of gyration, in.,
radius of the ring, in.,
Young's modulus, psi,
Modulus of Elasticity, in.4/in.
K. = 1.57(R/i)?/5.

~ o

For relatively thin infinitely long pipes (e.g., DR > 30), the critical pressure can
be expressed as Eq. 2-8.

P, = ﬂ(ﬁ)“/ ; Eq. 2-8

1-vZ \D

P.. critical buckling pressure, psi,
t thickness of the ring, in.,

D diameter of the ring, in.,

E Young's modulus, psi,

I Modulus of Elasticity, in.4/in.
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v Poisson’s ratio.

e Bresse (1866)

Bresse (1866), using the small deflection theory, studied the stability of a thin
unconstraint circular ring under external hydrostatic pressure, as it is given by Eq. 2-9.
Bresse’s model is illustrated in Figure 2-10.

Hydrostatic Pressure (P)
Buckling Configuration
of Unconstrained Ring

Figure 2-10. Bresse Model for calculating the critical buckling pressure of a thin
unconstraint circular ring under external hydrostatic pressure.

_ 3El

Per = — Eq. 2-9
Where,
P., critical buckling pressure, psi,
E Young's modulus, psi,
I Modulus of Elasticity, in.4/in.

e G.H. Bryan (1888)

G. H. Bryan (1888), using the minimum potential energy criterion of stability,
studied the critical buckling pressure for an infinitely long free-standing pipe under
hydrostatic external pressure, as it is given by Eq. 2-10. In this equation the term of

(1_Ev2) accounts for the plain strain condition of the infinitely long pipe.

P = 2 () Eq. 2-10

(1-v2) D
Where,
P,  critical buckling pressure, psi,

t thickness of the ring, in.,
D diameter of the ring, in.,
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E Young's modulus, psi,
I Modulus of Elasticity, in.4/in.
v Poisson’s ratio.

2.1.1.5.2. Rigid Pipe

Rigid pipes are stiff and do not deflect appreciably. Rigid pipes are unable to
deflect more than 2% without significant structural distress such as cracking (Omara
1997). Rigid pipes are made of materials such as concrete that provides the primary
resistance to bending. The load carrying capacity of a rigid pipe is provided by the
structural strength of the pipe itself, with some additional support from the surrounding
bedding and backfill. A rigid pipe under vertical loads, that is prone to tension and
compression in different zones, is illustrated in Figure 2-11. Steel reinforcement can be
added to the tension zones to enhance the tensile strength of a concrete pipe. A rigid
pipe is stiffer than the surrounding soil and it carries a substantial portion of the applied
load. Shear stress in the haunch area can be critical for heavily loaded rigid pipe on
hard foundations, especially if the haunch support is inadequate (Hydraulics Manual M
23-03.06 2019). The performance of rigid pipes is dependent on foundation and bedding
stability (AASHTO LRFD Bridge Design Specifications 2020).

Minor axis of
reinforcement

STRESS ZONES

//— —\\ Tension

i RIGID PIPE

Tension zone

I Compression zone

— Compression —_—

(a) (b)
Figure 2-11. Rigid pipes under vertical loading: (a) rigid pipe stress zones (Hydraulics
Manual M 23-03.06 2019), and (b) finite element modeling of a rigid reinforced
concrete pipe (RCP) (Darabnoush Tehrani 2016).

2.1.2. Corrugated Metal Pipe (CMP)

Corrugated metal pipe (CMP) and concrete culverts have been in service in the
U.S. storm/sanitary system for more than 70 years. Availability of CMP in variety of
shapes and sizes, and modification capability to increase their durability has made this
material preferable in many sites. CMP is ideal for shipping due to its light weight and
is easy to assemble and install. However, CMPs are sensitive to high or low soil pH or
water pH which may result in CMP corrosion. Due to presence of sand and/or rock in a
high velocity stream, abrasion may cause loss of CMP metal (Najafi 2008).
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2.1.2.1. CMP Types and Corrugation Profiles

There are generally three types of CMP: helical, spiral rib, and annular
(Darabnoush Tehrani et al. 2019). Helical CMP is a corrugated tube, fabricated with a
tube-shaped shell in a spiral arrangement, as illustrated in Figure 2-12 (a). Spiral rib
CMP is similar to helical CMP, where the pipe is manufactured from a continuous
metallic strip passed through a roll forming line that forms the external ribs, edges and
joined by lock seaming, as illustrated in Figure 2-12 (b) (NCSPA 2017). The annular CMP
is usually fabricated from bent hot-dip galvanized steel' sheets along their edges using
bolts or rivets, as illustrated in Figure 2-12 (c¢). CMP, due to its corrugation profile, has
higher hoop and bending strengths compared with a same thickness plane steel pipe.
Several CMP profiles have been used across the North America since its introduction in
1896, which are the 1V2x% in., 2%x% in., 3x1 in., and 5x1 in. The CMP industry later
added the 6x2 in. metal sheets for erecting pipe arch structures of sizes 61 in. by 55
in., and larger. From these available sizes, the most common encountered corrugation
profiles are the 2%:x%; in., 3x1 in., and 6x2 in. Common CMP corrugation profiles in the
North America are presented in Table 2-1. The 2%4x%; in. and 3x1 in. corrugation profile
may have a riveted construction (annular corrugations) or lock seam construction
(helically wound corrugations), while the 6x2-in. corrugation profile is made up by
bolting standard panels together.

III.\ ‘III. IIII
(a) o

- h -—‘

(c)
Figure 2-12. Types of corrugated metal pipes (CMPs): (a) helical, (b) annular and (c)
spiral rib CMPs.

Table 2-1. Common CMP corrugation profile in North America (PCPIPE 2016).

CMP Type Corrugation Profile Thickness (in.)
\_,riy\c# In 0.052” and 0.064”
Helical and

Annular
0.064” - 0.168”

N
Wi
(TN

1 The process of dipping fabricated steel into a kettle or vat containing molten zinc.
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CMP Type

Corrugation Profile

Thickness (in.)

3
M-- 0.064”- 0.168”
- 5" -
\/\/\/ e 0.064”- 0.168”
- 6"
Annular \/\/\/ - | 0.17-0.168”

2.1.2.2. Durability and Structural Performance of CMPs

Many culverts in the United States that were installed four to five decades ago,
now have reached their design life and need to be repaired, renewed, or replaced
(Najafi 2008). In the pipeline industry, problems with corroded metallic and fiber
reinforced concrete pipes are of the major concerns. The pipeline deterioration has a
direct impact on economics and public services.

The durability of a CMP is mainly impacted by duration of water contact, pH,
dissolved salts, alkalinity, hardness, and abrasiveness. Due to the abrasion, the CMP
corrosion rate (for both inner and outer surfaces) increases. The occurrence of
waterside (inner surface) corrosion is faster compared to the soil side (outer surface)
corrosion. Hence, the CMP waterside corrosion is considered as the controlling factor

(Bednar n.d.).

Culvert deterioration can be classified as serviceability-related and strength-
related issues, as follows (Najafi 2008):

Serviceability-related deterioration:

Scour and erosion of streambed and embankments,
Inadequate flow capacity,

Corrosion and abrasion of metal culverts,

Abrasion and deterioration of concrete and masonry culverts,
Sedimentation and blockage by debris,
Separation and/or drop-off of sections of modular culverts, and
Inadequate length.

Strength-related deterioration:

e Cracking of rigid culverts,
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Undermining and loss of structural support,

Loss of the invert of culverts due to corrosion or abrasion,
Over-deflection and shape deformation of flexible culverts, and
Stress cracking of plastic culverts.

Common defects in culverts can include crack, corrosion, loss of pipe wall
thickness, joint infiltration, joint exfiltration, invert deterioration, joint misalignment,
shape distortion, debris, loss of wall thickness, and bedding voids, as illustrated in
Figure 2-13 (Piratla et al. 2017).

(g) (h)

Figure 2-13. Common Defects of Culverts: (a) invert corrosion, (b) invert abrasion, (c)
joint separation, (d) crack, (e) joint infiltration, (f) spalling in concrete culverts,
(g) wall damages in plastic culverts, (h) piping beneath a culvert and
(i) outlet scour (Piratla et al. 2017).

The structural performance of a CMP is impacted by the improper backfill
material, the level of backfill soil compact and the presence of groundwater or
hydrostatic pressure (Sehn and Duncan 1994). Culvert failures are sudden and may cause
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flooding potholes or total failure of the roadway. Four examples of culvert failures
follow:

2.1.3. Renewal of Deteriorated Culverts using Trenchless Technology

Trenchless renewal and replacement methods can be used to line, rehabilitate,
upgrade, or renovate existing pipelines (Najafi 2010). Although, one of the solutions is
open-cut replacement of the deteriorated pipe and reconstruction, it is disruptive to
traffic. To reduce social cost to commuting public, trenchless technology can offer
innovative and nondestructive approaches, which make pipe renewal easier (Kohankar
Kouchesfehani et al. 2017). A pipe renewal technique takes the advantage of employing
the remaining usable pipe and extending its design life by the application of lining
methods (Najafi 2010). If a pipe exceeds the preventative maintenance stage but still
maintains its structural integrity, then using trenchless renewal methods is the proper
corrective action. If a pipe deteriorates to a point where its structural integrity or soil
support is lost, then trenchless pipe replacement can be an appropriate corrective
action (Wyant 2002).

The most important step in designing a trenchless renewal technique is selection
of the most appropriate, cost-effective and reliable method. Decision making process
for the selection of a pipeline renewal solution should consider many factors such as
existing pipeline conditions, constructability and site limitations, strengths and
limitations of potential renewal methods, pipe geometry, costs and availability of
contractor and technology providers (Najafi 2016). The design of a pipeline renewal
system involves 1) identification of pipe conditions, problem recognition and
classification, 2) prioritization of problem considering strategies and long-term plans,
3) selection of an appropriate pipeline renewal method and 4) designing renewal
methods based on project specific conditions (Kouchesfehani et al. 2018; Najafi and
Gokhale 2005).

Trenchless renewal methods include several techniques. Sliplining (SL), cured-
in-place pipe (CIPP), close-fit pipe (CFP), spiral wound lining, fold-and-form PVC lining,
and spray applied pipe lining (SAPL) are some of the trenchless rehabilitation
techniques, as shown in Figure 2-14 (Syar et al. 2019). SIPP and SAPL are conceptually
the same, however, SIPP applies to potable water pipelines constructed of metallic or
asbestos cement piping in the diameter ranges of 4 in. to 36 in., (F3182-16 2016). SAPL
is a pipeline renewal solution to support severely damaged large diameter (larger than
36 in. span) gravity storm pipes such as culverts and drainage structures to protect
these pipes from further deterioration (Najafi 2016). These trenchless renewal methods
have many social and environmental benefits over traditional open-cut or cut-and-cover
methods. These methods should be used when the project surface and subsurface
conditions allow utilizing the trenchless technology. Compared with other trenchless
methods, SAPL methodology has the benefit of fast installation, is cost effective,
environmentally friendly, corrosion and erosion resistant without hydraulic capacity
loss and minimum laydown area (Darabnoush Tehrani et al. 2019; Kohankar
Kouchesfehani et al. 2019).
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Figure 2-14.Trenchless renewal solutions.
2.1.3.1. Sliplining

Sliplining trenchless renewal technique is mainly used for structural applications
when the old pipe does not have joint settlements or misalighments. In this method, a
new pipeline of smaller diameter is inserted into the old pipe and usually the annulus
space between the old pipe and new pipe is grouted. This installation method has the
merit of simplicity and is relatively inexpensive. However, there can be a significant
loss of hydraulic capacity. This method is applicable for diameters greater than 24 in.
Figure 2-15 illustrates a segmental sliplining method (Najafi and Gokhale 2005). Table
2-2 presents the main characteristics of the sliplining method.

Table 2-2. Main characteristics of Sliplining methods (Najafi 2016).

Diameter Maximum . . e
Method Range (in.) Installation (ft) Liner Material Applications
HDPE, PVC, e s
Segmental 4-158 1,000 and GRP Gravity Pipelines
Continuous 4-63 1,000 HDPE and PVC | Pressure Pipelines
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Figure 2-15. Segmental sliplinig method (Source: Hobas Pipe USA).
2.1.3.2. Modified Sliplining

Modified sliplining is usable for large diameter (worker entry) gravity pipes
including culverts (Najafi, 2016). The scope of using this method is for both structurally
application and non-structurally application. It is applicable for different shapes and is
used in sewer lines. “Modified sliplining liners (panels) usually have tongue-and-groove
joints that are sealed with either rubber sealing rings or polyurethane or epoxy filler”
(Najafi, 2016). There will be reduction in cross-sectional area of the pipe, which must
be compared with any improvements due to a better coefficient of roughness of the
lined pipe. As a conclusion of using this method, it is useful when the culvert needs
structural rehabilitation. Table 2-3 shows the main characteristics of the modified
sliplining method.

Table 2-3 Main characteristics of Modified Sliplining methods (Najafi 2016).

Diameter Maximum
Method Range Installation Liner Material Applications
(in.) (ft)
Panel Lining >48 varies GRP Gravity Pipelines
Spiral Wound 36 -100 1,000 PE and PVC Gravity Pipelines

2.1.3.3. Cured-in-Place Pipe Lining (CIPP)

The cured-in-place pipe lining (CIPP) process involves the insertion of a resin-
impregnated fabric tube into an old pipe by use of water inversion or winching. The
resin impregnation is referred to “wet out.” Usually, the fabric is a polyester material,
fiberglass reinforced or similar. Usually, hot water or steam is used for the curing
process. The pliable nature of the resin-saturated fabric prior to curing allows
installation around curves, filling of cracks, bridging of gaps, and maneuvering through
pipe defects. CIPP can be applied for structural or non-structural purposes. Figure 2-16
illustrates CIPP installation process (Najafi and Gokhale 2005). Table 2-4 presents the
main characteristics of the CIPP method.
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Table 2-4 Main characteristics of CIPP method (Najafi 2016).

Diameter Maximum . . s
Method Range (in.) | Installation (ft) Liner Material | Applications
Thermoset Gravity and
Inverted-In-Place 3-120 3,000 Resin/ Fabric Pressure
Composite Pipelines
Thermoset Gravity and
Winched-In-Place 4-54 1,000 Resin/ Fabric Pressure
Composite Pipelines

Figure 2-16. CIPP method installation process (Source: Insituform Technologies).

P

2.1.3.4. In-Line Replacement

“When capacity of deteriorated pipelines is found to be inadequate, the In-Line
Replacement (ILR) should be considered. There are two categories representing ILR,
Pipe Bursting and Pipe Removal. Pipe bursting, as the name implies, uses a pulling head
or a vibrating hammer to break the existing host pipe and force broken particles in the
earth while a new pipe is pulled and/or pushed in its place simultaneously. Pipe removal
on the other hand, can be performed by use of horizontal directional drilling, horizontal
auger boring or microtunneling equipment. In this method, the existing pipe is broken
into small pieces and taken out of borehole by means of slurry or auger” (Najafi 2016).
Table 2-5 shows the main characteristics of ILR method. Figure 2-22 illustrates the pipe

bursting process.
Table 2-5 Main characteristics of in-line replacement method (Najafi 2016).

Diameter Maximum . . e
Method Range (in.) | Installation (ft) Liner Material Applications
Pipe ] PE, Clay, PVC, Gravity and
Bursting 4-140 750 GRP and DI Pressure Pipelines
Pipe PE, PVC, GRP Gravity and
Removal Up to 36 300 and DI Pressure Pipelines
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Figure 2-17. Pipe bursting method (Source: google images).

2.1.3.5. Close-fit Pipe Lining

Not commonly used for culvert renewal, close-fit pipe trenchless renewal
temporarily reduces the cross-sectional area of the new pipe before it is installed, then
expands it to its original size and shape after placement to provide a close fit with the
existing pipe. This method can be used for both structural and non-structural purposes.
Lining pipe can be reduced on-site or in the manufacturing plant and reformed by heat
and/or pressure or naturally. There are three versions of this approach: Fold and
Formed (F&F), Drawdown (DD) and Rolldown (RD) (Najafi and Gokhale 2005).

2.1.3.6. Spiral Wound Lining (SWP)

Spiral wound trenchless renewal method is used for gravity sewers only. In this
process, a new pipe is installed inside the existing pipe from a continuous strip of PVC
20 to 30 cm width. The strip has tongue-and-groove castings on its edges. It is fed to a
special winding machine placed in a manhole, which creates a continuous helically
wound liner that proceeds through the host pipe. The continuous spiral joint, which
runs the length of the pipe, is watertight. Upon completion of the lining process,
grouting of the annulus space between the lining and the host pipe wall is usually
required, although there is a technique in which the lining is close-fit to the existing
wall, thereby removing the need for grouting (Najafi and Gokhale 2005).

This process can be used for circular and non-circular pipe. Further, as the new
pipe is formed directly against the wall of the host pipe, this method can be used to
renew an existing pipe with a minimal loss of diameter as compared to conventional
sliplining processes that rely on prefabricated pipes of fixed diameters. Hydraulic
capacity of pipes lined in this manner may minimally increase because of reduction in
flow area (Najafi and Gokhale 2005).

2.1.3.7. Thermoformed Pipe (ThP)
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Not commonly used for culvert renewal, thermoformed pipe trenchless renewal
technique can be used for sewers systems, potable water and gas supply lines, and
industrial applications. ThP can be used for structural (including renewal of severely
distressed pipeline) or nonstructural purposes and for pipelines from 4 in. to greater
than 30 in. diameter and for lengths up to 1,500 ft. This technology can negotiate bends
in the existing pipeline and generally provides a small footprint, minimal community
disruption, and very brief service disruption. There are three methods of ThP as
illustrated Figure 2-18 (Najafi and Gokhale 2005).

Thermoformed Pipe

Deformed and Reformed (D&R) Fused and Expanded (F&E) Fold and Formed (F&F)

Figure 2-18. Three main variations of ThP process (Najafi and Gokhale 2005).
2.1.3.8. Fold & Formed (F&F)

In the first method of ThP, called fold and formed (F&F), PVC pipes are flattened
in the factory during production, then wound onto large reels, and folded during
insertion. F&F methods can be used for gravity and/or pressure pipelines, including
sanitary sewer, storm sewer and culvert, and potable water pipes and can be designed
to provide full, independent structural integrity. Following the delivery to the renewal
site, the new PVC pipe is heated with steam until it becomes flexible. Once in place,
the new pipe is forced against the inside surface of the existing pipe using steam and
air pressure to form a new PVC pipeline tightly inside the old pipe. Maximum diameter
varies across vendors with sizes available up to 24 in. (Najafi and Gokhale 2005).

2.1.3.9. Deformed and Reformed (D&R)

The second ThP method is deformed and reformed (D&R), where high-density
polyethylene (HDPE) pipe is deformed into a U shape in the factory and wound into
large coils. This method is used for gravity and/or pressure pipelines and for
structural purposes. The new HDPE pipe is pulled at ambient temperature from
manhole-to-manhole with a winch cable through the existing pipe. After the new
pipe is inserted into position, it is heated with steam to revert it to its round memory
and pressurized to push it out against the host pipe. Maximum diameter is 24 in.
with sizes above 18 in. butt-fused and deformed in the field immediately prior to
installation (Najafi and Gokhale 2005).
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2.1.3.10.Fused and Expanded (F&E)

With the third method, called fused and expanded (F&E), PVC pipes are fused in
the field prior to insertion. F&E pipes can be used for high-pressure pipelines exceeding
150 psi, including potable water pipes. Following delivery to the renewal site, the new
PVC pipe is butt-fused and inserted through access pits as would be typical of sliplining.
Once in place, the new pipe is heated with a hot liquid and highly pressurized to
thermoform the new pipe tightly against the inside surface of the existing pipe. The
maximum available diameter continues to expand with sizes exceeding 30 in. having
been installed (Najafi and Gokhale 2005).

2.1.3.11.Spray Applied Pipe Lining (SAPL)

Spray applied pipe lining (SAPL) is a trenchless renewal methodology and an
application that inhibits further deterioration and can structurally support severely
damaged pipes, culverts and drainage structures. SAPL can potentially be used for
structural renewal and load carrying capacity enhancement of culverts by applying a
monolithic layer, ranging approximately 1.0 in. to 3.0 in., to the culvert inner surface
(Darabnoush Tehrani 2016; Syar et al. 2020). SAPL can be installed either manually with
hand spray or with a rotatory spin casting machine using a sled, as illustrated in Figure
2-19. The primary materials used for SAPLs can be categorized into (1) cementitious
such as geopolymers and (2) polymeric materials such as polyurethanes (Johnson and
Hammon 2017). SAPLs can be a key strategy in extending service life and managing the
future burden expected from the aging network of culverts, as shown in Figure 2-20.
SAPL is environmentally friendly, compatible with complex geometry, durable,
corrosion and erosion resistant and fast for installation without hydraulic capacity loss
of the culvert (Syar et al. 2019).

(b)

Figure 2-19. Corrugated metal pipe culverts (CMPs) before and after SAPL
rehabilitation: (a) cementitious SAPL installation using spin casting
machine (Source: CentriPipe) and (b) polymeric SAPL installation
with hand spray (Source: Sprayroq).

To reduce emergency projects and impacts to the travelling public, departments
of transportation (DOTs) can use spray applied pipe linings (SAPLs) to renew
deteriorated gravity storm water conveyance conduits and culverts provided they
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discovered prior to loss of soil-structure interaction. However, currently no
standardized structural design methodology exists for this technology. Most lining
vendors utilize cured-in-place pipe (CIPP), ASTM F1216 design methodology. Others use
various classical analytical structural design equations, such as beam element or shell
element. The development of a practical spray-applied culvert/pipe lining methodology
could be of enormous benefit to the DOTs. Such linings could be a key strategy in
extending service life and managing the future burden expected from the aging network
of culverts and storm sewers.
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Figure 2-20. A samle of SAP

The key factor in a design guideline for SAPL is whether the existing pipe is
structurally sound enough to support the earth, live, and hydrostatic loads imposed on
it. It is well known that existing flexible pipes gain structural strength through the soil-
structural interaction, thus making them a composite system (Syar et al. 2019). There
are many documented instances of existing corrugated metal pipes with significant
invert loss that continue to hold their shape due to the load carrying capacity of the
surrounding soil. If the existing pipe is structurally sound enough to continue to
maintain shape and carry the earth and live loads imposed on it then several internal
lining techniques might be applicable, including sliplining (SL), cured-in-place pipe
(CIPP), spray applied pipe lining (SAPL), and close-fit pipe (CFP) (Najafi 2016).

ASTM F1216-16 divides deterioration of existing pipe conditions into two classes:
“partially deteriorated” and “fully deteriorated” (F1216-16 2016). The assignment of a
partially or a fully deteriorated design procedure depends upon condition of existing
pipe or its expected structural contribution over the liner design period. The main
objective of a structural renewal is to inhibit further deterioration and be able to
structurally renew the severely damaged culverts and drainage structures (Najafi 2016).
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2.2. Spray Applied Pipe Linings

Spray applied pipe lining (SAPL) application dates to 1930s, which is the pioneer
technique for pipe renewal (Najafi 2010). SAPL applies layers of liner on the interior
surface of the host pipe to provide corrosion protection and structural capacity
enhancement. SAPL substances can be cementitious such as cement mortar and
geopolymers, or polymeric material including epoxy, polyurethane, and polyurea.
Uncertainty about the structural capacity of same SAPL materials have categorized
their application in the past as a non-structural renewal method (Ellison et al. 2010;
Najafi et al. 2019).

Sever et al. (2013) discussed manhole rehabilitation knowledge gaps based on a
SEPA/Water Environment Research Foundation (WERF) sponsored project. The
objective of this paper was to focus on the materials and methods used for pipeline
rehabilitation from structural, hydraulic, and economic perspectives. Authors defined
three different opinion of structural behavior of SAPL, which were 1) SAPL increases
the stiffness of manhole, 2) SAPL supports all the loads applied although the host
manhole has structural resistance during the application, and 3) SAPL carries the load
independently. They defined three classes of structural conditions of manhole
rehabilitation including structural (class A), semi-structural (class B) and non-structural
(class C). They defined a decision support tool (DST) for manhole rehabilitation. Not
only DST is related to the structural capacity of the SAPL, but some other factors, such
as, manhole condition, site condition (soil, groundwater, traffic and other loads), cost
of the rehabilitation system, and overall objective of the rehabilitation project must
be considered. In conclusion, following seven items need to be considered to pass gaps
in the knowledge of manhole rehabilitation:

e Classify manhole rehabilitation materials per their structural capabilities.

e Determine to what extent structural rehabilitation is necessary for the utilities.

e Pros and cons of testing manufactured samples versus those obtained from field
(in service).

e Develop a comprehensive decision support tool specifically designed for
manhole rehabilitation.

e Prepare a manhole rehabilitation manual that will complement the existing
ASCE Manual (ASCE MOP 92 - Manhole Inspection and Rehabilitation).

e Develop an ASTM Standard for cured-in-place manhole rehabilitation and other
methods.

e Determine the number of manholes in the USA and provide a better estimate of
their age and condition, thereby overall value.

2.2.1. Polymeric Spray Applied Pipe Liners

Accelerated corrosion problems in today’s infrastructure have led to
development and use of coatings and linings to enhance infrastructure life
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expectancies. Due to inherent safety, performance, and quick return to service
attributes, solvent-free 100% solids polymers have advantages for successful structural
renewal and corrosion protection of infrastructures. Polymers can be formulated for
structural or nonstructural pipeline renewal/rehabilitation applications (ASCE Manual
of Trenchless Renewal of Culverts and Storm Sewers, 2010). There are two major
categories of protective polymeric coating technologies: epoxies and polyurethane-type
systems, which include polyurethanes, polyureas and hybrids of these two chemistries
(Cain 2016). Protective coating SAPL is a problem for DOT’s because these pipes are
not designed to be pressurized from the inside to keep the lining pressed against the
host pipe. Culverts usually have water pressure coming through the soil-tight joints
that easily fail the protective coating type of SAPL products. Polymeric SAPL needs to
always be structural to withstand the water pressure.

2.2.1.1. Epoxy

Epoxy coatings are used as corrosion protection for factory-applied metals and
as primers (sometimes zinc-rich) in multi-coat systems. Epoxies can provide a good
adhesion to metals and are highly moisture resistant. High-build or 100%-solids are the
most common used epoxies. However, epoxies do not exhibit a good performance and
become brittle at low temperatures. Epoxies are not very flexible and can crack in
applications with any substrate movement. Hence, polyurethane and its derivative
coatings, due to their higher flexibility compared with epoxies, are widely used as metal
corrosion protection with a high level of adhesion and moisture resistant (Cain 2016).

Riahi et al. (2014) used Finite Element Model (FEM) for simulating the epoxy
lining of manhole rehabilitation. The objective of this paper was to explore the use of
FEM to predict the integral structural performance of SAPL on concrete manholes.
Methodology started first by laboratory testing on the concrete and then materials.
Compression strength of concrete for bare specimen was 5,083 psi and increased to
5,633 for specimen with SAPL; however, flexural strength of concrete for bare specimen
was 916 psi and increased to 1,657 for specimen with SAPL. FEM were performed on
three cases: flexural beam test, pipe crushing test, and manhole structure under
uniform soil and hydrostatic pressure. In the FEM model, the loading condition was
simplified to parallel plate loading condition. Both bare concrete pipe and lined
concrete pipe were simulated. For the lined pipe, a 0.25-in. layer of epoxy was applied
to the inside of the concrete pipe. Overall, three cases, flexural strength test of beams,
pipe crushing, and uniform pressure were modeled in FE. The deflection for case | is
0.0019 in. for bare concrete with increasing to 0.0051 in. in the peak load. The
deflection for case Il is 0.021 in. for bare concrete. In case lll, there was no contribution
of concrete to the structural capacity. For 10.2-psi peripheral pressure, the lining has
a radial deformation of 0.006 in. Authors concluded that the adhesion of lining could
affect the structural capacity of host manhole when linings are subjected to tension
stress normal to the contact surface.

Entezarmahdi (2015) conducted structural evaluation on 17 reinforced concrete
pips (CRPs), renewed with epoxy lining and tested through three-edge bearing test. The
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pipe samples had 24 in. inside diameter and were selected from class Il category of the
ASTM C76 (2015). Different types of liners including epoxy, Polyurethane, Multi
structural liners with modified pleurae and foam, cementitious, and resin impregnated
cured-in-place lining (CIPP) were applied on different layers and thicknesses. The
author summarized the results in one graph as the significant increase in renewed CRP
structural capacity by using different liners, showed in Figure 2-21.
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Figure 2-21. Significant increase in renewed CRP structural capacity
(Entezarmahdi, 2015).

2.2.1.2. Polyurethane

Polymeric SAPL was developed in 1970s. Initially, it was based on 100% solid
elastomeric polyurethane. In the mid-1990s 100% solids rigid polyurethane coating were
developed, which was able to form a three-dimensional cross-linked structure, resulted
in a superior resistance to chemicals, water penetration, and high temperatures
(Matthews and Simicevevic, 2012). Polymeric SAPLs can be applied through a spin caster
machine or hand sprayed. Polyurea, provides high degree of chemical resistance and is
able to cure rapidly (about 5 to 15 seconds). Many Departments of Transportation
(DOTs) have already approved polymeric coatings for rehabilitation of culverts in the
United States, such as Ohio DOT, Virginia DOT, Florida DOT, etc. (Ellison et al. 2010).

Polyurethane coatings can range from very flexible (elastomeric) to very rigid.
Polyurethane coatings can exhibit a good combination of flexibility/elongation and
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harness compared with epoxy coatings. Polyurethane coatings have excellent adhesions
to different substrates. Polyurethane coatings cure rapidly, even at lower
temperatures, but most require a catalyst. Compared to epoxies, and polyureas, most
100%-solids polyurethane coatings are sensitive to moisture and susceptible to
blistering. Solvent-based polyurethane coatings are typically applied as a thin layer of
less than 5 mil using airless sprayers. Compared to solvent-based polyurethanes, 100%
solid polyurethanes can be applied at a thicker layer of greater than 20 mils. Installation
of 100% solid polyurethanes need the use of a plural component spray technique that
can mix the resin and catalyst components together prior to spraying (Cain 2016).

2.2.1.3. Polyurea

Polyurea coatings are 100% solids, zero-Violate Organic Compound (zero-VOC)
formulations. Polyurea coating cures rapidly in around 30 seconds without use of a
catalyst or heat at low temperatures. Polyurea coatings are not sensitive to moisture
due to the existence of the urea linkage. Polyurea coatings are water resistant, and no
blistering occurs when they are applied on substrates in the presence of liquid water.
Polyurea coatings exhibit excellent mechanical properties (stiffness, tear and abrasion
resistance, thermal shock and impact resistance) (Cain 2016).

Polyureas can be applied at very high thickness, compared with polyurethane,
and enhance the structural integrity of the substrate. Installation of polyurea coatings
need the application of high-pressure, plural component sprayers, and a trained
applicator. Polyurea elastomers are unsuitable for applications requiring less than 5 mil
thickness coatings. Polyureas are used a replacement for epoxies in applications that
mechanical properties such as elongation and impact resistance are important. A
performance comparison using the mechanical properties of polyurea, polyurea hybrid,
polyurethane and epoxy coatings applied on steel substrate is illustrated in Figure 2-22.
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Figure 2-22. Performance comparison of polyurea, polyurea hybrid, polyurethane and
epoxy coatings applied on steel substrate (Adapted from Cain 2016).

Walker and Guan (Walker and Guan 1997) conducted a set of material property
tests in accordance with ASTM standards and reviewed the performance of five primary
materials of sprayed liners used in North America. Their tests included 100% solids rigid
polyurethane, 100% solids epoxy, solvent amine-based epoxy, 100% solids elastomeric
polyurethane and cement mortar lining for the internal renewal of potable water steel
pipelines. Their study stated the 100% solids polyurethane had a better performance to
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be used in potable water steel pipelines. (Ha et al. 2016) conducted a series of
laboratory testing to investigate the applicability of the fast-setting polyurea-urethane
(PUU) lining as a structural lining material, applied inside of small diameter (5.91 in.)
water pipes. Their study included pull off bond test, hole or gap spanning test, angular
displacement test, transverse shear test and fatigue cyclic tests. It was concluded the
fast-setting PUU lining can be used as a structural lining material for water pipelines.
Szafran and Matusiak (Szafran and Matusiak 2017) studied the structural behavior of
reinforced concrete rings renewed from inside and outside surfaces with polyurea SAPL
through the three-edge bearing test (Al-Lami 2020). They concluded the used polyurea
SAPL membrane for standard application in two layers on both surfaces increased the
compressive capacity of concrete rings by 21.9%. Authors stated further research is
needed to explore the performance of polyurea SAPL in the existence of soil-pipe
interaction system.

Primeaux Il (Primeaux 1989) introduced the concept of 100% solids spray
elastomer polyurea coatings that differentiated polyurea coatings (products based on
isocyanates/amines) from polyurethane coatings (products based on isocyanates/
polyols). Since then, 100% solids polyurea spray elastomers have been promoted as a
new coating technology with polyurea advantage (Broekaen 2002). The author
concluded that spray polyurea elastomers is capable and versatile for different variety
of applications due to its several advantages as: fast reactivity and cure, relative water
insensitivity, two-component, 100% solids (1:1 volume ratio) , excellent physical
properties, high thermal stability (up to 350 °F), wide formulation flexibility, easily
pigmented, and ease of application (spray or pour techniques).

In 2000, the industry formed the Polyurea Development Association
(https://www.pda-online.org/) to promote market awareness, and the understanding
and acceptance of polyurea technology through the development of educational
programs, product standards, safety, environmental, and usage recommendations.
Guan (2003) studied the chemistry, history, and the developments of 100% elastomeric
polyurethane, 100% elastomeric polyurea, and 100% solids rigid (structural)
polyurethane. He discussed a newly developed ceramic-modified 100% solids rigid
polyurethane coatings that meet the challenge of highly abrasive or high-flow
applications and offer ultimate durability and impact resistance. Another improvement
of 100% solids polyurethane/polyurea involves incorporating a non-leachable
antimicrobial additive, that enables these coatings to provide long-term corrosion
protection. The development of a 100% solids rigid aliphatic polyurethane coating is
another improvement, which has a better adhesion on non-primed steel or galvanized
surfaces, faster initial film development, and superior corrosion and chemical
resistance. The author concluded the developed ceramic-modified 100% solids rigid
polyurethane coatings meet the challenge of highly abrasive or high-flow applications
and offer ultimate durability and impact resistance.

Guan (Guan et al. 2004) studied an advanced 100% solids rigid (or structural)
polyurethane coating used for rehabilitating of welded joints, (steel) oil/gas and
water/wastewater pipelines. Traditionally, most pipe rehabilitation field applications
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have been based on 100% solids elastomeric polyurethane; however, since the mid-
1990s, the movement in North America has been toward the development and use of
100% solids rigid polyurethane coatings. The 100% solids rigid polyurethane forms a 3-
dimensional cross-linked structure resulting in a coating with superior resistance to
chemicals, water penetration, and extreme temperatures. The sprayable resin has a
1:1 mixing ratio with balanced viscosities between two reactive components, which
enables easier metering of the components in the field. The author concluded the 100%
solids rigid polyurethane field-applied coating technology outperforms the 100% solids
elastomeric polyurethanes.

Performance of pipeline lining systems depends on several factors. Guan (Guan
et al. 2004) listed twelve most essential performance properties of a coating system for
pipeline rehabilitation: adhesion to pipe substrate, abrasion, impact and penetration
resistance (hardness), chemical and corrosion resistance, dielectric strength and
resistance to cathodic disbondment, flexibility, stability at low or elevated
temperatures and service conditions, water absorption or water vapor permeability.

For example, SprayWall® is a self-priming polyurethane lining from Sprayroq
Protecting Lining System Company for pipeline rehabilitation that reinstates structural
integrity, provides infiltration control and chemical resistance. It may be applied up to
0.25” thick in a single application or lift. It begins to gel in about 8 seconds, with a
tack-free condition after 2 minutes. Within 60 minutes, the initial cure is complete,
and the structure is capable of accepting flow, while complete curing continues over
the next 72 hours. A galvanized corrugated steel pipe culvert, 60 in. diameter and 1,800
ft in length, was renewed with SprayWall® polyurethane, using the SAPL technique in
Norristown, PA, 2007, as illustrated in Figure 2-23 (a) and (b).

(b)
Figure 2-23. CMP renewal using SprayWall® polyurethane SAPL, Norristown, PA:
(a) before renewal, and (b) CMP renewal during SAPL
application, 2007 (Sprayroq Inc.).

Entezarmahdi (Entezarmahdi 2015) conducted laboratory testing according to
the ASTM standards C39, C76 and C497 to examine the structural capabilities of
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renewed RCP samples with different SAPL materials including epoxy, multi structural
liners with modified pleurae and foam, polyurethane, and cement mortar. It was
concluded that all the tested lining materials enhanced the structural capacity of the
pipe samples.

Motlagh et al. (2013) studied and compared spray-on linings applications used in
renewal of water pipeline. The objectives of their study were to provide a comparison
of spray-on lining methods, including cement mortar, epoxy, polyurethane, and
polyurea linings, and to provide an overview of their advantages and limitations. Their
methodology involved short-term material property testing (according to different
ASTM standards) and long-term tensile creep testing plans of polymer spray-on linings,
which were commercially available. Experimental procedure followed for carrying out
the long-term tensile creep testing (10,000 hours) was being conducted at the Center
for Underground Infrastructure Research and Education (CUIRE) Laboratory, as
illustrated in Figure 2-24. The authors discussed the advantages and limitations of
spray-on lining methods including cement mortar linings, epoxy linings, polyurea linings
and polyurethane linings. Their paper concluded rapid reaction and curing time
characteristics of polymers may provide an effective solution to other pipeline renewal
technologies (Motlagh et al. 2013).

(©)
Figure 2-24. Comparison of spray-on lining methods using material property testing:
(a) long-term flexural testing, (b) long-term creep tensile testing and
(c) hydrostatic test setup (Motlagh et al. 2013).

Szafran and Matusiak (2017) studied the structural behavior and compressive
strength of reinforced concrete pipes (RCPs) renewed with polyurea SAPL through D-
Load testing, which ignored the impact of soil-pipe-structure interactions. The
objective of their study was to evaluate and determine structural behavior and
increased compressive strength of RCPs lined with polyurea SAPL. Their methodology
was involved static compressive testing on RCP with and without internal and external
polyurea SAPL application. Results of these tests indicated that using polyurea SAPL on
both internal and external surfaces of RCP increased the peak load of failure by about
21.9%. These results concluded that polyurea SAPL increases the compressive strength
of RCP. The authors used external coating and internal spraying, as illustrated in Figure
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2-25, which are not usable for the application of renewal of existing culverts (Szafran
and Matusiak 2017).

(©)

Figure 2-25. Dead-load testing of reinforced concrete pipes (RCPs) renewed with
polymeric SAPLs: (a) tested concrete rings covered by polyurea coating,
(b) spraying polyurea coating system on concrete ring, and
(c) D-load testing frame (Szafran and Matusiak 2017).

Allouche (2017) studied maximizing the service life of culverts by rehabilitation
while minimizing direct costs and traffic disruptions. The objectives of rehabilitation
were to address stability, bedding deficiencies and hydraulic capacity of culverts. A
series of decision-making procedures for rehabilitation of concrete, metal and
thermoplastic culverts were prepared. Spray-on coating of metal pipes (SAPL) was part
of this study which explained SAPLs were used with different thicknesses. For instance,
a 60-in. pipe with a length of 1,800 ft was sprayed with polyurethane at a thickness of
0.3-in. (300 mils). Authors concluded that the main advantage of polymer SAPL is to
protect against corrosion, although it increases structural capacity of the host culvert.

Ha et al. (2016) studied the structural behavior and performance of a fast-setting
polyurea-urethane (PUU) SAPL as a structural lining material for rehabilitating water
pipes, as showed in Figure 2-26. The objectives of their study were to investigate the
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bonding between a fast-setting PUU SAPL and steel specimens, the spanning capability
of the lining on the water pipes, the bending and shear behavior of PUU lining, and the
fatigue behavior of a renewed water pipe with PUU. Their methodology involved a series
of experimental tests to assess the bond strength, hole and gap spanning capabilities,
angular displacement ability, transverse shear resistance, and fatigue cyclic loading
resistance. From these tests, the hole spanning capability of water pipe with 0.2 in.
hole was observed to be 1,595 psi. Peel off failure of PUU occurred at an angular
displacement capacity of 6.74° and no failure of PUU was observed at a transverse
shear capacity of 25% of the diameter. The fatigue resistance of PUU in the range of
10° cyclic loadings was achieved. As the result, the authors found that the fast-setting
PUU lining can be used in renewal of water pipes. Their paper ignored the impact of
soil-pipe-structure interactions (Ha et al. 2016).

Spanning test J Angular displacement test
Fast-setting PUU lining
Transverse shear test \‘ Fatigue cyclic loading test

Figure 2-26. The structural behavior and performance of a fast-setting polyurea-
urethane (PUU) SAPL as a structural lining material for
rehabilitating water pipes (Ha et al. 2016).
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2.2.2. Cementitious Spray Applied Pipe Liners

Cementitious SAPL is the oldest method to line culverts. Cement mortar SAPL,
has been in existence since the 1900s and is one of the most common lining methods
used today. The first successful trial of cementitious SAPL took place in early 1930s
(AWWA-C602, 2000). Cementitious SAPL can be classified as ordinary Portland cement
mortar and geopolymer.

Kampbell (2016) studied on lining large diameter pipes with cementitious
materials. The objective of this paper was to discuss the performance considerations
of design and development of a new generation of cementitious material to be used for
SAPL. Kampbell presented the characteristics of these materials by describing
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thixotropy, permeability, modulus of rapture, thin-shell toughness, and freeze-thaw
performance. Author concluded that due to soil structure behavior under hydrostatic
and live loads, SAPL needs a comprehensive evaluation of site conditions.

2.2.2.1. Fiber Reinforced Concrete

Fiber reinforced mortar is a composite material of fibers as reinforcing and
cement mortar as the binding matrix (Luk 2001). Addition of fibers to cement mortar
adds resistance to it by bridging the cracks and limiting the crack propagation which
will delay the perfusion of shrinkage cracks (El Debs and Naaman 1995). The cohesive
and adhesive characteristics of binding matrix help to transfer stress from matrix to
fibers through the interface(Luk 2001). Additional fibers improve the durability of
composite reinforced cement mortar like abrasion resistance and freeze thaw
resistance by its impermeability and cracking control capability (lzaguirre et al. 2011;
Luk 2001; Spadea et al. 2015). Moreover, presence of fiber reinforcement can enhance
the bond strength between the old substrate (host pipe) and the repair material (SAPL)
(Dawood and Ramli 2011; lucolano et al. 2013; Luo et al. 2013; Zanotti et al. 2014).

2.2.2.2. Ordinary Portland Cement

Conventional cement mortar has brittle behavior and is easy to crack due to the
shrinkage of the materials, concentration of stress and low tensile stress (Banthia et al.
2014). Under an applied load, the existing micro-cracks in concrete propagate and
results in formation of macro-cracks. The macro-cracks allow moisture and chloride
penetration into the cement mortar. By increasing the load, the condition of macro-
cracks can be critical which causes a reduction in the load-bearing capacity of the
structure, and a failure is expected (Kohankar Kouchesfehani et al. 2019). Therefore,
cracks act as a detrimental agent resulting in steel corrosion, freeze-thaw damage,
scaling, discoloration and early saturation (Banthia et al. 2014). To enhance the
mechanical properties of conventional mortar, adding fibers of different materials in
different sizes such as steel, carbon, polypropylene, polyester, nylon, glass and
cellulose can limit the formation, growth of cracks and chemical intrusion (Banthia et
al. 1994, 2014; Chiaia et al. 2009; Hsie et al. 2008).

The U.S. Army Corps of Engineers released the results of their field study on the
performance of concrete-lined corrugated metal pipe (CLCMP) for use as an alternative
to reinforced concrete pipe in November of 1986. Approximately 12,000 linear feet of
concrete-lined pipe were inspected during their 15-month long study. Essentially, all
were relatively new installations (less than two years old) with the concrete lining
installed at the manufacturing plant. The pipe manufacturer was ARMCO. The objective
of this evaluation was to verify the manufacturer's claims, that this product offered the
hydraulic efficiency of concrete pipe and the structural efficiency of corrugated metal
pipe. All these pipes had the valleys of the corrugations filled and a specified minimum
lining of 0.375-in. over the crests of the corrugations; but the actual minimum thickness
was found to usually be 0.750 in. The result of this study led to development of the
ASTM A979 - Concrete Pavements and Linings Installed in corrugated steel structures in
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the field standard. It was recommended in this standard to fill the corrugation valleys
with concrete lining (ASTM A979, 2003). The result of the Army Corps study showed that
the concrete liner increased the load bearing capacity of the pipes.

2.2.2.3. Geopolymer

Geopolymer Spray Applied Pipe Lining (SAPL) material compared with the
ordinary Portland cement mortar or reinforced cementitious material provides less
shrinkage cracks, high chemical resistance, low creep, and less CO; emissions, as well
as better physical properties. Geopolymer SAPL is achieved by a mixture of
aluminosilicate materials such as fly ash, metakaolin, silica fume, slag, rice-husk ash,
or red mud with highly alkaline solutions such as hydroxides or silicates (Darabnoush
Tehrani 2020).

Matthews et al. (2014) presented a report to the U.S. Environmental Protection
Agencies (EPA) entitled “Performance Evaluation of an Innovative Fiber Reinforced Geo-
polymer Spray Applied Mortar for Large Diameter Wastewater Main Rehabilitation in
Houston, Texas.” The objective of this report was to describe the performance of a
fiber reinforced geo-polymer spray applied mortar as a structural lining in a 60 in.
circular reinforced concrete pipe (RCP) under 25 ft soil cover. “A lining thickness of
approximately 3.3 in. was sprayed in the pipe, which is more than the design minimum
value of 1.9 in. The design methodology used was for resisting against first, hydrostatic
pressure (Eq. 2-11) and soil loads (Eq. 2-12).

0.75
t2.5 — N PWI}IS(l_#Z)

pd — 0.807E

Eq. 2-11

toa  minimum thickness required, partially deteriorated pipe, in.
Py external hydrostatic pressure due to groundwater = 0.433(Hw+D/12), psi,
Hyw height of ground water above pipe, ft,
D inside diameter of the host pipe, in.,
[ effective length caused by surface traffic wheels, in.
r inside radius of the host pipe = D/2, in.
V4 Poisson’s ratio of concrete (0.15),
N safety factor (2.0 default),
E initial long-term modulus of elasticity = 2,000, ksi.
th%.S(l_”2)0'75
0.807E

tﬁj’ = Eq. 2-12
Where,

trd minimum thickness required, fully deteriorated pipe, in.

Wi total loads = Py + W’s, psi,

W’s  soil and live loads = Wc/12/D, psi,

Wc  loads on pipe = Cq x ws x (Ba/12)?, b/ft,
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Cd load coefficients,

ku’  soil coefficients,

H depth of cover from ground surface to top of pipe, ft,
Bqg width of trench (inches) = D + 24, in.

Ws unit weight of soil, lb/ft3.

Selvakumar et al. (2014) used above study to evaluate technologies that have
the potential to reduce costs and increase the effectiveness of the operation,
maintenance, and renewal of aging water distribution and wastewater collection
systems. The main objectives of this study were: (a) to use an innovative large-diameter
structural rehabilitation technology on a severely deteriorated pipe located beneath a
large open storm water channel, and (b) to assess the new technology by an
independent third party. The authors once again concluded that the geo-polymer could
be used as a structural alternative instead of traditional repair and replacement
methods.

2.2.3. SAPL Renewed Soil-Pipe System Testing
2.2.3.1. Cementitious SAPL

Davidson et al. (2008) studied polyvinyl alcohol (PVA) fiber reinforced concrete.
The objective of their paper was to analyze the use of PVA fiber reinforced concrete
on corrugated metal pipes (CMPs) to rehabilitate using SAPL. Five topics are included
in this study: (1) background review, (2) designing, optimizing, and testing the material
formulation, (3) outlining design methodology, (4) demonstrating the application
approach and strength, and (5) documenting the technology and results of the project.
Finite element analysis was used to evaluate the soil-structure interaction of
cementitious liners for CMPs, which was validated by coupon testing and D-load testing
of full-scale composite host pipe with liner. Finite Element Modelling (FEM) indicated
that the optimum thickness would be 1-in. Figure 2-27 illustrates the results of FEM. An
analytical approach was derived for designing the required liner thickness. Authors
concluded that PVA offers intriguing and unique characteristics that would minimize
the required liner thickness, while providing tension, strength, rigidity and ductility.

12 0.4
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Figure 2-27. Axial forces, T (left) and bending moments, M (right) at the CMP crown
(Davidson et al. 2008).
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Moore and Garcia (2013) compared two deteriorated CMPs with and without
cementitious SAPLs. The objectives of this report were: (1) to monitor the vertical and
horizontal diameter changes, as well as deflection of the culverts under different
loading conditions before and after the lining, (2) to observe and monitor the cracks
occurred on liners before failure, and (3) to assess the interaction between the pipe
and liner for flexural loadings. Two deteriorated CMPs of 48-in., 23-ft length were
embedded with poorly graded sandy gravel (GP-SP). Both culverts were instrumented
with strain gauges and string potentiometers (sensors). Simulated single and tandem
axle truck loads were applied over these lined CMPs gradually. Geo-polymer material
with 2- and 3-in. thicknesses were used as SAPLs and included 48-in. and 83-in. soil
covers. Results showed that deteriorated CMPs with SAPLs survived H-20 and HL-93
loads. The loading continued until lined CMPs failed. First crack was at a loading of 146
kips, and then with increasing loads, larger cracks started at 169-180 kips.

Mai et al. (2013) conducted experimental study on two deteriorated 71-in. CMPs
(Mai et al. 2013). The pipe samples had different level of deterioration. They were
corroded and perforated along both side of the invert. Both CMPs had bitumen asbestos
protective coating, which was removed prior to the testing. The pipe samples were
embedded with well-graded sandy gravel soil with 95% of the maximum dry unit weight
achieved in a standard Proctor test (Standard Proctor Dry Density or SPDD). The CMPs
were backfilled and tested with two different cover of 2 and 3 ft using single axle and
tandem load configuration. The result showed that higher deflection occurs at lower
cover with single axle loading configuration. In addition, despite the pipes were loaded
several times under different conditions, which caused irrecoverable deformations,
they were able to take the full-service load 38.22 kips in tandem configuration.

Moore and Garcia (2015) analyzed ultimate strength of cementitious SAPLs.
Authors conducted laboratory testing to evaluate the performance of deteriorated
helical corrugated metal pipes renewed with cementitious spray applied liners under
different burial depths and truck axles, as illustrated in Figure 2-28 (Garcia and Moore
2015). The objectives were: (1) to observe the failure of the CMPs with cementitious
SAPL and to determine whether their strength was controlled by cracking of SAPL along
crowns and inverts, and (2) to obtain measurements to permit quantitative evaluation
of SAPL design methodologies. The CMP diameters were 47 in. and were corroded at
the invert location with some perforations at haunch area. The pipe samples were
buried at the 47.2 in. and 82.6 in. (4 ft and 8 ft) cover depths using poorly graded sandy
gravel (GP-SP) backfill material. The compaction rate of backfill under the haunch area
was 84.8% of the SPDD and from haunch to top cover was 92% of SPDD. The testing was
conducted for axial and tandem configuration using hydraulic jack to simulate the
Canadian design truck before and after pipe sample rehabilitation. For bare CMP (i.e.,
without liner), the loads were applied in two cycles for full-service load of 45.6-kips.
The first cycle applied in one increment and immediately removed to settle the system
and to eliminate the effect of irrecoverable ground deformations. Then, the second
cycle was applied in 20% increments to represent the incremental response of the
system under repeated surface loads, like the pipeline in service. The pipes responses
were higher at the first cycle (before consolidation). The tandem axle showed lower
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diameter change than single axle. At the end, no sign of structural failure observed at
any stage of testing (Garcia and Moore 2015).

__— Tandem axle CHBDC

Flexible
__—retaining
wall

" Pipeline 1

- Pipeline 2

(b)
Figure 2-28. Soil box laboratory testing of corrugated metal pipes: (a) single
axle loading configuration, and (b) schematic tandem axle loading
configuration (Garcia and Moore 2015).

Moore and Garcia (2015) studied the ultimate strength of two deteriorated metal
culverts renewed with cementitious SAPL. The specimen size and burial configuration
is same as their previous study. However, the load was applied until the failure of the
system was achieved. The load-control loading regime was applied and consequently,
the post failure behavior of the system was not obtained. The results showed that the
liner increased the ultimate bearing capacity of the deteriorated culverts. The sample
1 with 2 in. of SAPL failed at 200 kips and the sample 2 with 3 in. of SAPL failed at 260
kips in tandem axle configuration. It was noted that the thickness of the SAPL was not
the same everywhere, and its variation at some location was almost two times greater
than the designed thickness.

Royer and Allouche (2016) conducted laboratory testing of RCP and CMP with and
without SAPL. The tests were performed on 24-in., 36-in. and 48-in. pipe diameters.
For considering the ovality in the CMP host culverts, 24-in. diameter pipes were
preloaded to obtain 12% deformation. Compressive strength tests were conducted as
per ASTM C39, tensile tests as per ASTM C307 and flexural strength tests as per C78. D-
Load values were scaled assuming Type IV bedding factor (Bf) of 1.5. Authors
recommended a minimum thickness of 1-in. for pipes smaller than 54-in. and a minimum
of 1.5-in. for larger pipes to compensate for local variations in the installed thickness
and material properties.

2.2.3.1.1. Invert Paving

Hurd (1984) studied 624 CMP culverts, in which 127 pipes were bituminous coated
and 302 pipes were bituminous coated with cementitious paved inverts. The selected
culvert sites were located throughout the state of Ohio. The required data pertinent to
culvert durability were collected at each site, which included pipe size, pH of water,
presence of abrasive material, etc. Regression analysis was performed using field data
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collected. Results showed pH of water and abrasiveness of flow have a significant
impact on the deterioration rate of CMPs. Innumerable predictive metal-loss equations
were developed using the age, water pH, and abrasion for various combinations of
CMPs. Bituminous coating with paved inverts increased the durability of CMPs for an
average of 12 and more years.

Lougheed (2008) used 0.039 in./min for testing a buried deep corrugated large-
span arch culvert in an incremental regime where the displacement is applied at a
predefined increment and held for a known period of time before exerting the next
increment (Lougheed 2008). ASTM D2412 suggests 0.5 in./min for testing flexible pipes,
such as CMPs, under the parallel-plate testing configuration (ASTM-D2412 2018).
However, Schluter and Shade (1999) studied the effect of load rate on the parallel-
plate testing and suggested 0.05 in./min instead of 0.5 in./min and stated that the 0.5
in./min does not ASTM D2414 deflection rate does not relate to the real world behavior
of pipes (Darabnoush Tehrani et al. 2020c; Schluter and Shade 1999). Similar study has
been done by Sargand and Hazen (1998) for plastic pipes and a rate between 0.01 to
0.06 in./min is suggested. In addition to the suggested load rates for flexible pipes,
ASTM D1633 suggests 0.05 in./min loading rate for testing compressive strength of soil-
cement cylinders (ASTM D1633 2013). Therefore, a reasonable load rate value should
be within the range of the numbers in agreement with soil and pipe testing values.

Sargand et al. (2015) studied a CMP arch culvert based on the level of corrosion
in Muskingum County, Ohio. This case study included replacement of invert with
concrete, which had soil cover of approximately 4-in. with asphalt pavement. The
deflection of culvert was analyzed, before and after rehabilitation. Concrete placement
had a variation in thickness from 2- to 5-in. over the invert. Loading on crown was
applied in increments of 18 kips, 40 kips and 60 kips. Results show that under service
load, there is no difference between paved and original CMP. Figure 2-29 and Figure
2-30 show longitudinal strain at the peak and valley of CMP before and after paving.
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Treatment and Load Comparison: Longitudinal Strain in the
Peak
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Figure 2-29. Comparison of longitudinal strain at peak of corrugation
before and after paving (Sargand et al. 2015).

Treatment and Load Comparison: Longitudinal
Strain in the Valley
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Figure 2-30. Comparison of longitudinal strain at valley of corrugation
before and after paving (Sargand et al. 2015).

Masada (2017) carried out field and laboratory testing on an intact, a
deteriorated invert, and an invert paved 60-in. CMP. The field test was conducted using
H20 truck placed on the top of the culvert (Masada 2017a; b). The laboratory testing
was carried out using a hydraulic jack at the outdoor load frame facility, which provided
a controlled-testing condition including load rate and loading method. The first
laboratory test was conducted on an intact helical CMP using 68 in. by 108 in. load pad
over the crown of the buried pipe sample. The load was applied incrementally until the
pipe sample wall at one of the shoulders buckled at 923-kips. The second test was
carried out on another CMP, backfilled in the same procedure similar to the first test.
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The invert of the installed CMP was cut partially to simulate perforations in the invert
of a deteriorated culvert in field. The result showed the partially invert deteriorated
culvert had 26.6% capacity reduction under relatively large distributed load (with a load
pad size of 68x108 in.) applied over the pipe’s crown. During the test, a separation of
pipe sample’s helical interlocking seems separation was observed at 81% of the ultimate
load carrying capacity of 667-kips. The third set of tests was carried out similar to the
second test, except the whole invert was paved with mesh reinforced cementitious
material. The pipe sample failed at 13.3% lower load carrying capacity of the intact
CMP at the load of 800-kips. However, it should be considered that none of the tested
pipe samples had a fully deteriorated invert. The remaining invert sections partially
maintained the resistance to ring compression and played an important role in the
CMP’s stability and load carrying capacity. While, there are still many culverts in service
with fully invert section gone and their structural behavior and load carrying capacity
are yet unknown.

Masada et al. (2017) studied structural contribution of paving the invert of
culvert. The objective of this study was to present structurally contribution of paving
invert of culvert. Two field studies as well as Ohio University’s outdoor loading tests
facilities were performed to obtain actual data. Study continued by engineering analysis
and computer simulations. Selecting the suitable culvert in the field was based on cover
depth over crown between 1 to 2 ft, span 5 to 10 ft, no or little sediment, shallow flow
depth if it is normal, moderate to severe deterioration (perforations) concentrated on
the invert or interface area in the haunch, and good site accessibility. Culvert was
tested under an H-20 gravel loaded truck before and after paving in different loading
position. Figure 2-31 illustrates the position of wheel loading over the culvert after

paving the invert.
Q 0 <O

aved Invert

Figure 2-31. Culvert loading positions in the field (Masada et al. 2017).

Authors continued testing in an outdoor site with a 60-in. diameter CMP, 16-ft
length and 2-2/3 in. (pitch) corrugation by %2 in. (depth). This CMP had a thickness of
0.109 in. (gage 12) and the pipe wall moment of inertia was 3.425 x 10-3 in.#/ft. This
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CMP was tested three times, including baseline performance, removal of 1/3 of the
bottom and after paving CMP. Authors presented the following results in the testing
task of this study:

e More settlement of the soil cover and more deflection when the CMP invert is
severely deteriorated.

e After removing the invert, the load capacity of CMP dropped to 73% (considering
a 60 in. CMP).

e The structural behavior of a paved CMP culverts can be considered similar to the
original CMP

e Welding #4 rebars to the CMP is recommended to get 100% of structural capacity
due to providing better bonding.

Sargand et al. (2018) conducted field testing of a shallow cover severely
deteriorated arch CMP at Coopermill Road in Muskingum County, Ohio, illustrated in
Figure 2-32. Asphalt concrete pavement was applied on the half of the pipe sample’s
invert as a repair method and the other half was left unpaved. Static loading was
applied at the top of the paved and unpaved pipe sample sections respectively. The
test results showed that the unpaved section was subjected to higher transverse strain
at the crown compared to the paved section, while transverse strain difference at the
springline was inconsequential. Moreover, despite the advanced level of deterioration,
both sections of the culvert carried significant load capacity. For untreated section the
plastic limit of the steel was exceeded at the crown with the load of 60-kip. It should
be noted that, due to different levels of water exfiltration, soil strength around
different locations of the pipe sample may not have been the same and level of CMP’s
deterioration might not have been the same along the culvert (Sargand et al. 2018).

Figure 2-32. Field testing of a sllow cover svery eteriorated arch CMP
(Sargand et al. 2018).
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The synopsis of similar studies, presented above, discusses laboratory testing
conditions. However, there are generally two methods of soil-pipe testing; placing the
pipe sample in the field and backfilling to a required cover height and passing or placing
a truck with a specified weight and wheel size on the top of the pipe sample (Chaallal
et al. 2014; Darabnoush Tehrani et al. 2020c; Rakitin and Xu 2014). In this method, the
load is applied continuously and fast. Basically, to prevent damage to the truck and
instrumentations, these tests are not designed to monitor soil-pipe structure failure.
The other method is to carry out the tests in the laboratory condition using a hydraulic
actuator that provides more control on the applied loading rate and condition (Garcia
and Moore 2015; Khatri et al. 2015; Kunecki and Kubica 2004). However, in many similar
studies, particularly when it is in displacement control, the load rate is not reported.

Tetreault et al. (2018) analyzed a shallow depth horizontal 5.3-ft span and 4.3-
ft rise ellipse CMP culvert (1.6 m span and 1.35 m rise). Their objectives were to
examine the corroded ellipse culvert behavior before and after paved invert
rehabilitation under service load and to check the ultimate load bearing capacity.
Experimental methodology included first putting an intentionally corroded elliptical
culvert under one and half feet (0.45 m) of soil cover with service load of a tandem
axle wheel pad. Second, the invert of the culvert was paved with concrete and tested
under load. Figure 2-33 illustrates the schematic of CMP culvert position for the soil

box testing.
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Figure 2-33. Cross section of culvert position and load applied
(Tetreault et al. 2018).

In this study, thickness of a CMP culvert was reduced in different locations by 10
to 20%. A poorly graded sandy gravel (AASHTO soil classification GP-SP) was selected
for embedment and bedding with 95% of standard Proctor. However, in other part of
this paper, authors mentioned that loose material was used for bedding. The selected
rehabilitation methodology was paving the invert with 4-in. (100 mm) thickness of
concrete layer in 5.3 ft (1.6 m) of the inside sector of the horizontal ellipse with a 4 x
4 galvanized mesh. A 23- by 10-in. (600- by 25-mm) steel load pad was used for service
load and a 37- by 14-in. (950- by 370-mm) wooden load pad was used for ultimate load.
The deflection and average strains of intact culvert versus deteriorated culvert under
service load, same results for deteriorated versus rehabilitated culvert, and finally,
strains of paved invert. The conclusions were:
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e The loading zone area is more critical,

e The corrosion at the invert of the horizontal ellipse did not have a significant
impact on the performance of the culvert under service loads,

e The paved invert rehabilitation technique seemed to improve the structural
performance of the horizontal ellipse under service loads,

e The bending capacity increased from 180 Kips (800 kN) to 214 Kips (950 kN), and

e Both intact and rehabilitated horizontal ellipse culverts experienced similar
failure mechanisms. The intact culvert failed under 298 Kips (1,325 kN) and
rehabilitated culvert failed under 360 Kips (1,600 kN).

2.3. Structural Analysis of Sewer Linings

Trenchless renewal applications are being widely used to restore hydraulic
integrity of sewer pipes and to provide them with a new design life. Spray applied pipe
linings (SAPL) and cured-in-place pipe linings (CIPP) can benefit from their compatibility
with different geometries and taking the shape of host pipe. The imposed deformations
of the host pipe and the existing hydrostatic pressure impacts a liner installed inside
the old pipe. The originated stresses in the liners due to the deformations of buried
structure (that are generally small) are almost negligible. Conversely, the existing
groundwater pressure can cause lining failure or material breakdown. Hence, a liner
must be designed to resist the external hydrostatic pressure that is the only loading
case with a high probability of occurrence. If the host pipe material is damaged or
degraded after the liner installation or if the sewer is in an unstable condition, the
surrounding static soil load transfers partially from the host pipe to the liner that causes
deformation. But, in most cases, the existing pipe-soil structure continues to carry soil
load and traffic loads (Thepot 2000).

2.3.1.  Structural Classification of Sewer Linings

Falter (1996) classified sewer linings into two categories of Type 1 and Type 2:
e Type 1: Liner is bonded to the existing pipe. The liner and existing pipe both
behave as a rigid structure.
e Type 2: Liner is not bonded to the existing pipe and behaves as a flexible pipe.
Liner receives support from the existing pipe and soil.

According to the Falter (1996) classification, the discussed and tested polymeric
material in this research is under Type 2 category which the liner was not bonded to
the host pipe. Many of polymeric materials are brittle and fail in fracture and hence
the limiting tensile strain is the suitable failure criteria. Therefore, an appropriate
polymeric material used for sewer pipe lining fails in tension not compression. Any
failure of polymeric sewer lining materials will happen due to either elastic buckling
itself or a sharp increase in displacement, stress and strain that may result in instability
and the occurrence of buckling failure and material failure simultaneously (Boot and
Gumbel 1997).
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2.4. Standards and Construction Guidelines

ASTM F-1216-16 divides existing pipe conditions into two classes: “partially
deteriorated” condition and “fully deteriorated” condition. The assignment of a
partially or a fully deteriorated design procedure depends upon the existing condition
of the existing pipe or its expected structural contribution over the liner design period.
Studies (ASCE, 2007) have shown that the term “fully deteriorated” is fundamentally
flawed because the existing pipe structure, even in its fully deteriorated state, is
holding the soil load and live loads and is not fully collapsed. However, most design
methodologies used in practice today follow ASTM F1216.

In 2010, American Society of Civil Engineers (ASCE) published a manual of
practice (MOP) for trenchless renewal of culverts and storm sewers (ASCE, 2010). After
an introduction, such topics as safety consideration, cleaning and inspection, evaluation
and condition assessment, a detailed description of all renewal methods are included.
SAPLs are separated into coatings and linings. Coatings are considered as barriers for
corrosion protection. Linings are used as corrosion protection, as well as structural
enhancement. Both coatings and linings can mitigate further degradation of culverts,
but only linings can structurally enhance or structurally repair culverts and storm
sewers. The most common materials used for renewal of these structures are
cementitious, polymers and sheet linings, which include polyvinyl chloride (PVC) and
polyethylene (PE) liners.

NCHRP (2002) has a synthesis of highway practice over the assessment and
rehabilitation of existing culverts entitled SYNTHESIS 303. “This synthesis study was
initiated to determine the state of the practice of pipe assessment, the selection of
appropriate repair or rehabilitation methods, and the management aspects of a
pipe/culvert program.” The methodology of this research was based on a survey that
was collected data from local, state and federal transportation agencies. Results of
survey show that there are no comprehensive methods/manuals for repair; therefore,
personal experiences were used for repair. As a conclusion of this study and survey
results, most of the respondents wanted to rehabilitate the existing culvert rather than
replacing it. Respondents requested the need for SAPLs.

Wagener and Leagjeld (2014) studied over culvert rehabilitation methods and
practices. The main objective of this research was to develop the best practices
guidelines for rehabilitation and replacement methods for deteriorating culverts. The
methodology of this research includes the collection of survey data from Minnesota
State and other states of U.S. Rehabilitation methods discussed in this report were the
most common culvert rehabilitation and repair methods identified during survey
program. The culvert repair process includes these steps: (1) Identify the Problem, (2)
Determine the Causes of Deterioration, (3) Evaluate the Hydraulic Condition, (4)
Evaluate the Structural Condition, (5) Evaluate Repair, Rehabilitation, and
Replacement Options, (6) Implement the Design, and (7) Maintain the Repairs. Culverts
with diameters greater than 36” can receive paved inverts since personnel entry is
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possible. SAPL can be applied to culverts at early stages of deterioration to increase
the service life.

2.5. Example of Rehabilitatio