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ABSTRACT OF THE DISSERTATION

Corrosion protection and repair of steel components using inorganic coating and carbon

fiber reinforced polymer and fatigue life prediction of pipeline

by MILAD SALEMI

Dissertation Director

Hao Wang

Pipeline is one of most important transportation infrastructures in the U.S. Many of pipe

structures are old and have been in service in for decades. Effective maintenance is needed to
keep pipeline infrastructure in serviceable condition and prevent cataistfailure against

corrosion and fatigue. This research investigates application of inorganic coating for corrosion
protection and composite repair of steel pipeline. First, a customized accelerated corrosion
procedure was developed to induce rapid diggian in coated steel specimens with organic and
inorganic coatings. Bonding strengths of the coatings with steel substrate were examined using
the modified lap shear test. Inorganic coating matrix was fabricated with variousnaderials

to investigatahe effectiveness of namodification. Furthermore, Carbon fiber reinforced

polymer (CFRP) laminates were tested on coated and uncoated steel specimens to evaluate their
repair capabilities. Laboratory test results from shear and tension coupons wereetth@s

baseline inputs for finite element modeling (FEM) of pipeline structure. The FE models were

used to calculate stress intensity factor (SIF) of pipeline with crack defects and composite repair.
Finally, the fatigue life of pipeline was calculatesing a backwarforward Bayesian inference
methodology based on the observed crack growth measurements and cycle data that predicts the
probability density of failure after initially estimating the equivalent initial flaw size (EIFS). The
study results gbw that compaosite repair with inorganic coating can be an effective method for

steel pipeline repair and service life extension.
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1 Introduction

1.1 Background

Maintenance of civil infrastructures is an important task to ensure safe and
optimized sericeability of these facilities. Steel as one of the major construction
materials used in many structures such bridges, pipelines, and power transmission towers
(pylons) is susceptible to environmental degradation without proper coating protection

and recating maintenance. On the other handhany older strctures need to be

repaired asdesign codes are updated and reinforced, or loading considerations for those

structures chan ges.

Most extensively developed applications of polymer compoarteis repair and
upgrading of bridge beams anddgrs and building structures. Due to variety of reasons
such as marginal design, use of inferior materials, poor construction and management,
and/or design errors the desired factor of safety maybe breached in those structures. On
the other handheincrease of service loads such as traffic, safety requirementtheand
change of serviability may require upgrade in design of the present structure. In
addition thedeterioration of materials in load bearing elements of the structure as a result

of aging,corrosion compromises the serviceability and safety of those structures.

Many lab scale and field studies have been cried out to investiyaigosite
repair appliation on steel. Tavakolizadehadt (2001) showed increase of B44and
63% on load bearingf an Fbeam with 8@ and 4046 loss of tension flange with
drawback of lossfaductility among othersThe bond strength between CFRP and metal

surfaces which transfers load from metal substrate to G&RFPimportant property to be



appropriately quantiéd. A number of studies have investigated the relationship between
bond length and bond strength, and predicting fatigue failure and ultimate load using

Single lap joint (ASTM D1002) tests and FEM using:ftme mechanics concepts.

Larger scale tests (bedwests) hae been also carried out to come up with
expressions for minimum required bond lengtd atiffness increase. Miller at. (2001)
reported an increase a¥37% in steel girder stiffnessSen etl. (2001) reported an
increase of 2% and 526 for 2 and 5 mm CFRP laminates for 310Mpa wide flange shape
girders. To investigate cylimigtal reservoir shells, Teng at (2007) studied the confined
steel tube with CFRP to investigate elephant foot buckling. They reported enhancement

of ductility but notconsiderable compressive load bearing increase.

1.2 Problem Statement

The onventional repair of steel structures involtesuse of steel plates in form
of welding, bolting, adhesive attachment and clamping. These methods introduce new
challenges such asditonal dead weight to the structure, minimum length and thickness
restrictions (5mm minimum thickness an@® minimum length) to satisfy welding and
blasting requirements. In additicthey need for more comprehensive surface preparation
and more labointensive fitting and sizing procedure. Also the conventional method

cannotchange the fact of susceptibility to corrosion of the strengthening elements.

As a desired alternativier steel repairCarbon Fiber Reinforced Polymer (CFRP)
composites have tHeexibility of shape and fitting convenience. Fiber content and
carbon fiber density can be selected based on apphcgtecificsThe mposed weight

onthe structure would bafraction of the case of reinforcement with steel plates. They



also projectdwer cost ithecombined initial and maintenance costs and require minimal

traffic interruptions irthe caseof bridge repairs.

CFRP is one of the best performing polymer composites because of high modulus
of carbon fibers. Light, medium, and heavy weigarbon fabrics with different modulus
are available for various applications. One of the challenges of using carbon fibers is to
prevent induction of galvanic corrosi¢fiavakkolizadeh et al. 2001) steel pipelines
due to presence of cathodic proteataurrents. Common practice is to @dass FRP as
the barrier layer prior to CFRP wrap. Other practice recommends application of thicker

adhesive layer as base layer.

Organic coatings are the major productsifse corrosion control in different
industies such as pipelines. Despiite general good performance of these coatings they
have some major draw backs. Most of these materials are toxic to human hieaith in
termexposures during applications and need full protective masks and suits during the
processThey are susceptible to gouge and dents which occur frequently during

transportation of pipe sections.

Alternatively, an inorganic coatingystemsuch agjeopolymer could be used as
standalone coating system or a hybrid system along with orgaaiingandreduce
these risks. Geopolymecsatingshave zero/olatile OrganicComponentgvVOCs) and
no special waste management is required for the excess material. They have high

abrasiorresistance will not be peeledmpared to organic systems.

In anaging pipeline network fatigue is one of the failure scenarios that increases

the risk of failure in the pipe structure. Crack initiation and growth is a complex



stochastic phenomenon. Timely maintenance is the key to keep the pipeline in
serviceable andage condition. Previously collected crack inspection data can be used to
infer statistics of different variables of interest and propose suitable times to do repairs.
Bayesian inference is an effective method to estimates parameters especially when

available data is limited.
1.3 Objectives and Methodology

The dojectiveof the proposedesearchs to evaluate th&easibility and
applicabilityof using inorganic coating with CFRP for steel repair and corrosion
protection.lt is expected thahorganic coating add work as an effective barrier
between carbon fabric and stéal corrosion protection and at the same time provide
better load transfer from steel to carbon fabticould replace GFRPs or thick adhesive

layers that are the common practice.
The following tasks are conducted to fulfill the study objectives.

1. Compare corrosion protectigrerformancef differentinorganic coating
systens andorganic coatingsising accelerated corrosion tegheinorganiccoating will
be prepared usingjifferentnancadditives, layethicknesseswater contents, and

preparation procedures.

To study the effect of environmental induced degradation such as corrosion,
freezing, and UV deterioration, samples from both Pull off and Lap shear tests will be put
in an accelettad corrosion chamber. In this chamber the samples will be exposed to
harsh conditions of freezing, UV an Infrared exposure and salt water spray in 24h cycle.

The samples will be tested at different exposure times to study the performance under



long time @vironmental exposure of rain and moisture, deicing agents, freezing cold, and

sund6s UVB and infrared rays.

2. Evaluatemechanicaktrengthof CFRRgeopolymeiinterface when using
inorganic coatings an intermediate layer between steel@RRPusing laboatory

experiments and finite element modeling

The pultoff test measuethe failure stress ttebonda coating or epoxy m a
substrate surface (adhesive faijunader directension Theresin used to impregnate the
Carbon Fabric will be spread oretbdesignated specimen surface to achieve same
thickness as in application GFRP.Pull off test will be performed on both sets of
specimens (with and w/o inorganic coating) to study adhesive failure and compare epoxy

steel and epoxgoating interface bekéor.

A modified Lap shear testasdesigned to studglirectshear stress and shear
strength of epoxy resin under similar shearing stress regime as in CFRP repaired
structural section working in tensidnke pull off test the lap bear test would be
performed both on coated and uncoated steel to investigate role of inorganic coating on
failure load and bond length and consequently the average bond stiéregtbllowing

tasks are conducted to fulfill the study objectives

3. Evaluatemechanicaperformanceof strengthened steel component with

inorganic coating and CFRP using laboratory experiments and finite element modeling

Steel sheet stripes with different types of damages will be repaired using CFRP
wrap. Laboratory experiments similar to lap shteats will be performed to evaluate

integrity of repaired element under various loading condition. Plastic behavior of steel



during failure and bond length effect on the ultimate load capacity of repaired element
will be investigated using FE analysis. Dage initiation and evolution within the steel

and/or CFRPSteel bond are investigated.

4. Develop abackwardforward application of a Bayesian netwddkinfer
probability density function (PDF) of the equivalent initial crack (flaw) size (EIFS) and

subsegently infer the respective PDF for number of cycles to failure.

The model waéirst develogdbased on single dimensional crack growth problem
in plate with edge crack. Thentwas expandetb 2-dimenssional crack growth problem
in pipe wall. Stress iensity factors (SIF) at the crack tip in pipe model were computed
using finite element (FE) analysis\atrious combinatiors of crack length and depths,
and extended to intermediary point using fitted surrogate madletsirateinferred
results for PDF oboth EIFS and number of cycles to failure in both plate and pipe

modelswere demonstrated



2 Literature Review

2.1 Steel Structure Repair

Primary guidelines recommended to repair steel girders are flame straightening,
hot mechanical straightening, cattechanical straightening, welding, bolting, partial
replacement, and complete replacen{&hianafelet al. 1984)Welding may be wex to
repair defects or crackB addition,welding a replacement segment into place, and

adding strengthening plate by weldiare other options
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Figure2-1 Details of repair using steel plates with welding (left), and combination of welding and

bolting (right)(Shanafelet al. 1984)

Not all grades of steel are recommendadwelding and welding in tensile areas
can be dangerownd counterproductive measure such dsliwg fracturecritical

members (members whose failure would induce structural collapse). Welding should not



be performed on low Charpy impact value steels @ery cold weather where this value

is reduced.

Bolting can be used assingle or supplemental repair method. A damaged
element will be replaced and fastened with high strength bolts and is considered one of
the safest methods of repair. Damaged rivetethents may be considered to be replaced
with bolted material. Adding bolted splice material to bolted members are difficult. A
combination of welding and bolting at plate ends would be a suitable solution for
weldable steel. Fracture critical members52 and A517 steel grades, and members
that do not meet flame straightening criterial should be repaired by bolting. Some detalil

of repair methods are shownkigure2-1.

In cases of excessive damages to the steel memlograswrinkled, reared,
extremedeformation, and cracks, partial replacement is used as the repair method. This
includes removal of defective membend placing new elded insert or bolted splickn
terms of durability, any chosen method of repair should have equivalent or better

durability than that of the original undamaged member.
2.2 Fiber Reinforced Polymer FRP)

Advanced Polymer Composites (APCs) are made of reinforcing fibers or fabrics
and alhesive resin. Common fibers incluckrbon fiber, aramid fibers, glass fibers, and
basalt fibers. The composite product would be manufactured in a factory in the form of
pultruded plates and delivered to the site, or fromip@egnated fabric sheets it
resin for in situ lamination. The last method is performed on site by wetting the fabrics

with resin and laielp processProperties of the polymer composites dependabric



volume fraction and fiber orientation. Epoxies are most common adhesivas uséld
engineering applications for bonding polymer composite plates. Due to curing condition
on construction sites it is desiralile use epoxies that are compatible for curing at

ambient temperature rather than elevated temperature ¢hiotigway, etal. 2002)

According to CIRIA reportthroughout the world there are a large number of
metallic structures dating back to"1€entury including railway bridges, underground
tunnel lining, jack arch decks, and cast iron framed industrial buildings. Common
materials includgrey cast ironwrought iron, ductile cast iron, and most recen#ygbon
steel. Upgrading design and procedure would be different for each of these metals as they

have different mechanical properties.

The gap Analysis for durability ofiber Reinforced Polymer Composites in Civil
Engineering conducted by Civil Engineering Research Federation (CERF) of the ASCE
in 2001 has reported substantial advantages of FRPs over convention materials in
applications such as pipelines, storage thaakd,architectural components. The report
indicates sixareas where further reseainHong term durability performance data is
required: alkaline environment, thermal effects, creep and relaxation effects, ultra violet

effects, fatigue performance, antefperformancéTavakolizadeh edl. 2001)
2.2.1 Environmental degradation and agingeffect

Environmental degradation is an important issue in design consideration for
CFRP plates, as mechanical properties of the resin such as strength and stiffness may
change de to longtime exposure to harsh service environments such as moisture,

temperature, chlorides from salt watersidag agents used during winter, antra
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violet (UV) exposure from sun. Additionallgdges at the bond area which are the
primary and ctical load transfer zones are first to be affected by environmental adverse

effects.

Durability of adhesive joint is greatly affected tye presence of water or high
humidity. Water affects the adhesive bond by plasticization of adhesive, irreversible

change of properties, and attacking the interface through capillary action within cracks.

2.2.2 SurfacePreparation Effect

Surface preparation for metal adhdgeis an important step to ensure formation
of chemical bonds between adhdéssand adhesive. These chieal links (mainly
covalent and some ionic, also hydrogen bonds may exist) transfer the load from metal to
the polymer composites. Degreagi surface abrasion to proviftesh metal surface that
promotes chemical bdpand chemical modification of surfattieproduce a hydration

resistant interface. One of the best methods of practice is grit blasting.

Galvanic interaction between CFRP and metal adherezlectrolyte such as sea
water is another undesirable phenomenon that should be controlled. A colrasier
(usually glass fabric layer) and an adhesive resistant to chlorides, moisture, and freeze

thaw should be utilize(Hollaway, et al. 2002 Tavakkolizadelet al. 2001)

2.2.3 Bond performance

Adhesion between CFRP and the adheisethe critical part ofepaied or
strengthened structure with CFRP. This yearns for deep understanding of bond behavior
at the interfaceZhao et al(2007)conducted xtensively reviews bond between steel and

FRP, strengthening of hollow section members, and fatigue crapgkgatonFour types
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of bond test methods were categorized. To investigate bond performance a modified

double strap lap shear jointriscommendedas shown ifFigure2-2.

CFRP o CFRP o
plate 7 T\ sheet ™= ’
- epOXy
by - steel plate 555 )
adhesive "\ | & . I R
o or $
i \/ 0

adhesive ” N N
> CFRP steel plate

y 4 4

Figure2-2 Double strap Lap Shear Jofatiter Zhao et. aR007).

The pssible failure modes ithe CFRP strengthened system subject to tensile
force are: steel and adhesive interface failure, cohesive failure (adhesive layer failure),
CFRP dedmination (separation of carbon fibers and nesdirRP rupture, steel yielding
(Figure2-3).

(e) FRP rupture
(d) FRP delamination EN

FRP | = o ‘;

- (c) FRP and adhesive interface debonding

Adhesive
(b) Adhesive layer failure

Steel ——m= “—— (a) Steel and adhesive interface debonding

4N»

\

(f) Steel yeilding

Figure2-3 Failure modes of adhesively bonded FRP to adherends (after Zha@G&i7l
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The @mmon failure modes for normal modulus (AZB0GPa) CFRP plates are
CFRP delamination and steel intedadeboningBut for high modulus (greater than

640GPa}he failure modés CFRP rupturéZhao et al. 2007)

Three bond strength prediction methodologies were categorized. First, stress
distribution methodwhich isbased on equilibrium and deformatiormgmatibility with
close form solutions for maximum shear strengjtie @lculated bond strength is
function of material properties and geometry of the bond such as adhesive thickness,

Young6s modulus and shear modulasngds adhes

modul us of CFRP, and Poissonbd6s ratio of ad
Shear A
siress
T Elastic region Softening region Debonding
Il - -
Area = G,
[/
0 & 5 sipG)

Figure2-4 Bilinear bondslip model(after Zhao et. ak007).

Secondthebondslip relationship, which is similar to existing analytical model in
CFRRConcretebondsystem This modelhssumes thin CFRP platglued to abulk size
adheren(high rigidity compared to the CFRP plate). The predicted strength is function of
elastic modulus and stiffness of CFRP plates (section dimensions), and iaterfac
fracture energy (€ can be calculated using tensile strésplacement (bonrdlip)

relationship(Figure2-4). An accurate model is required to capture accurate properties. A



13

simplified bilinear bondslip model can be defined by three variables, local bond

stremgthl(ilb at ple,akamd esalri pp)tatestsheg Gf ract ur

Fatigue crack propagat in steel FRP interface is not significant (less than 10%)
if the cyclic load is less than 35% of ultimate static load and the exposure is less than 6
million cycles. Normal modulus bonded CFRP are deemed to be more sensitive to fatigue
cycles while highmodulus bonded CFRP show more sensitivity to applied load ranges.
Use of very stiff CFRP does not contribute to effectiveness of reinforcement. Thin
adhesive layer reduces reinforcement effectiveness. It is recommended to apply CFRP
reinforcement directlpn the defective tensile element such as cracked section, hole in
section or area of loss in the section. Better performance may be achieved by pre

tensioning of CFRP plat¢Zhao et al. 2007)

Analytical solutions are reliable tools to predict failunel ®erify numerical
simulations. Wu et a(2002) proposed an analytical solution for interfacial stress transfer
with a bilinear and linear borslip behavior for pupull and pultpush FRPadhren
setup and showed satisfactory comparison of resultsnwitirerical solutionsyuan et al.
(2004)extended thanalytical solution to capture full debondipgpagation process
employing boneslip model Their work hagwo objectives Thefirstis to establish a
rigorous FRPto-Adherent (focused on concrete bapplicable to steel and aluminum)
theoretical basis for full range of loalisplacement behaviofheseconds to
determinag of interfacial property using load displacement behaViavas assumed that
adherenhasonly uniform axial stressesmnd bendig, pure shear behavigand Modell
failure of adhesive layavere neglectedlhe bond length is assumed to be strictly

infinite or considerably lorgy than effective bond length.
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2.3 Steel Bridge Repair with GFRP

Repair of concrete structural elements sagltoncrete columns are more common
than steel structures. Primary reasons for this practice are lower modulus of concrete
compared to steel and galvanic corrosion of steel in proximity to carbon. Applications of
FRPs to steel structures are becoming rpogular as higher modulus carbon fabrics are

becoming more available and practical.
2.3.1 Laboratory Studies

Many lab scale and field studies have been cried out to investigate CFRP repair
application on steel. Tavakolizadeh et(aD01) showed increase of4P4 and 636 on
load bearing of antheam with 8@6 and 484 loss of tension flange with drawback of
loss of ductility among othef3 avakkolizadetet al. 2003; Bambach et al. 2009gn et
al (2001) investigated CFRP laminates used to reinforce composige lgiides. Two
variatiors of yield strength of 310MPa (3 beams) andNpa 2 beams) and two CFRP
laminate thicknesses of 2mm and 5mm were combined to study different repair scenarios.
Two of 310MPa yield beams were reinforced with 5mm laminates andnasvas
reinforced by 2mm laminate. Both 370MPa yield beams were reinforced by 2mm
laminates. Surface preparation prior to CFRP bonding was performed by sand blasting

the tension flange.

Composite beams were preloaded past yielding point of steel telzsige before repair
to simulate service damage. To curtail peel stress at the ending edges of CFRP laminate a
steel clamp was utilized’he eported increase in the ultimate strength ranged from 9%

(for 2mm laminges) to 52% for 5Smm laminates. Thefening effect of the laminates,
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which affecteddeflection of the bams wa shown to be negligibldue tothelower
modulusof CFRP laminatesompared to steeReported failure was due to shear of
CFRP by bolts in case of 5mm laminates and excessive defléatioases strengthened

with 2mm laminates.

Miller et al. (2001) used Pultruded CP laminates with 5.25mm thickness to
reinforce bridge girdeThe gplication process included grinding and sand blasting to
reveal clean bare steel. Steel surface wagrpatedwith adhesion promoter prior to
applying adhesive layer. Glass FRP was used as the intermediary layer to prevent
galvanic corrosion between steel and carbon. A stghimif®t bending test was conducted
on four 21ft. long S24X80 beams obtained fronridde that has been in service. Due to
corrosion stiffness loss determined to fsrem 13% to 32%. A single layer Glass FRP
was applied to prevent galvanic corrosion. Stiffness increase observed in the girder was
from 10% to37%. The reported strength iease compared to the corrodesnples was
from 17% to 25%Field application of platwas followed by a jointed application of
laminates along the girder according to selected development length. Plated endings were
beveled at 45° to reduce peel strdssts wergerformedbefore and after truck load
investigate performance of strengthened girder. The load test data showed 11.6% increase

in the stiffness. The strain response is showfigure2-5.
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----- Pre-Retrofit Strain Response
Post-Retrofit Strain Response

L B T

Microstrain

Relative Distance Between Centroid of Rear Wheel Group and Midspan (meters)

Figure2-5 Comparison of preand postetrofit tension strain field tegffter Miller et al. 2001

To study force transfer between steel substrate and CFRP plates a test setup

according to thé&igure2-6 (left) was presented

Strain Developed along CFRP Plate
Ciba Geigy AV8113/HV8113

350 —— T
5.25 mm thick CFRP plates\ 45 degree bevels 300 - PESTONN Seces. B LB Y 3
7 ‘},}"T—o R e X
[ ] 250 - ¥ 3
12.7 mm thick steel plate/ I %
£ 200 o |
ELEVATION g g S 1
2 150 [ /_-' \ 3
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—_ 100 | \
L -4 Chal -~ 4 Cibal ‘\\
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Figure2-6 Lab test setup (left), Comparison to of response to analytical méitet Miller et al.

2001)
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Eighteen foil strain gauges were usedbipthe longitudinal strain along the bond.

An elastic Dimmenssional analytical method was used to compare with test results:

o~ %
t o 4 _ 2.1)
thay Qg

—_— y
, e 3 P — (2.2)

T aF
Lo ¢ 2 ik (2.3)
_ o 19 (2.4)

A fatigue test was performed on seven of the same type test specimens at
82.7MPa stress range. All samples could reash &illion cycles without falling and

stayed fully bonde@Miller et al. 2001)
2.3.2 Field Studies

Some of the case studies of restoration of older metallic structures/eeed
Tickford Bridge in Newport PagnelstironldK,
highway bridge (Built in 1810) was strengthened by CFRP wetipagystem to
eliminatetheimposed 3tonne gross weight restriction. A combination of ambient curing
and elevated temperature cuing for critical areas was implemented. A total df20m

carbon fabric up to 14 layers was applied. To pregalvaniccorrosion a continuous

wh e
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filamentpolyester veil was used at the interface of carbon fabric and prepped metal
surface. The maximum thickness of 10mm demonstrated that strengthening was achieved
with the minimal effect on aesthetics of the bridge. This work was completed in 10

weeks.

A principal beam on Boots building in Nottinghab¥K was strengthened with a
low temperatureuringadvanced polymer composite. A combination of unidirectional
for flexural strengthening and bidirectional for shear and torsional strengthening Ultra
High Modulus (UHM) carbon fabric was used in this project. In additidheéproper

surface preparationsilica gel packs were used to dry the application surface.

King Street Railway Bridge was updated to be able to deayyvehicles. This
cast iron bridge was preloaded initially with struts to support the dead weight and it was
released of the preload after CFRP application which enforces partially pre stressed
condtions on the strengthened system. Cast iron is notorious for having defects such as
voids which projects unpredictable brittle failure in the material comped to the modern
ductile steel. Unidirectional UHM carbon fabric with 360GPa elastic modulus and
1.1GPa tensile strength were selected for this project and glass fibers were used as base
layer for galvanic action prevention and provided transverse strerggthi¢kness of

the laminatesvaslimited to 10mm with adhesive layer of 2 to 20mm.

Thel-704 Brdge in Newark Delaware, USA, was strengthened with CFRP to
study CFRP bonding to steel structure and failure of the CFRP would not have had
compromised the integrity of the bridge. The girder under highest stress range was
selected to be treated with CFRRtes with 1.5m length and 300mm staggered joints.

Adhesive thickness was measured to be 1.5 mm. Load test after strengthening showed
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CFRP plates resulted in 1.6% stiffness increase and strain decrease of 10%

(Tavakkolizadelet al. 2001; Miller et al. 200.

TheBid Bridge in Kent, UK, was strengthened by UHM CFRP plates. This bridge
was built in 1876 with brick jack arch supported beams in need of restoration. Twelve
6m-ling UHM CFRP preimpregnated plates was used to seven of the nine cast iron
beams tenhance the strength required to allow 40 tonne alxl& vehicle passage.

Plates were 0.5mm thick and were stacked for each case to achieve required thickness.
Tapers and localized reinforcements were provided to control stress concentration at the

end elge of plates.

TheSlatocks canal Bridge in Rochdale, UK, an historic steel bridge, constructed
in 1935 had been restricted to 19tonnes since 1996. In 2000 it was upgraded to 40 tonne
by plate bonding of 8mm thick, 100 mmm wide unstressed CFRP platetagtic
plastic design was implemented where the steel was allowed to become plastic while

CFRP plates were working in elastic limits.

TheBow Road Bridge, East London UK, built in 1850 with cast iron beams, was

strengthened with eleven 170mm wide, 20rhnk, 5m long unstressed CFRP plates.

London underground Railway system was constructed mainlytincé@tury
with cutandcover technique. Cast iron beams spaced at 2.4 meters were designed sitting
on the lined brick walls. Due to ageing of cast ironrdlie years and significant increase
in building and traffic loads, structure was deemed to have weakeRBdP Qlates were

chosen fostrengthemg.
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2.4 FRP Applicationsin Pipeline

2.4.1 CompositeRepair Methods

Several different methods are practiced to repaemice pipes in the industry.
Grinding and recoating is a method in which shallow surface defects (up to 10% of pipe
thickness), such as corrosion and micracks are grinded to achieve a smooth surface.
This method is performed while pipeline is in\gee. During the repair period the
service pressure is reduced 20%. Mi@structive methods are used to examine grinded

surface to verify a smooth and ndafective finish is achieved.

Steel reinforcement sleeve is another method of repair. This methoddasin
sub-categories of Type A and Type B. In Type A two half circle steel sections are
covered the damaged area. These half circles are not welded to the pipe itself. They
recover mechanical strength of the pipe section and are not intended to Eaksin
Type B on the other hand is designed to contain leaks and circumferentially oriented
defects. Another type of steel reinforcement is use of half circles clamps coupled together
using bolts. Improper application method and corrosion of bolts aveteepas potential

drawbacks of this method.

Composite sleeve repair is an innovative and proven technology to restore structural

capacity of damaged pipebqutanji et al2001; Alexander et al. 2006; Freire et al. 2007,

Duel et al.2008 Farrag 2012Shansuddohaet al. 2013)Research in application of

composites as repair alternative in pipeline industry was initiated by Gas Research

Institute (GRI) frommidl 98 06s to the | ate 199006s. Sever

established and performed by manufaasiend different research agencies to study



21

composite physical properties, long term adhesive creep. Other performance indicators
such as cyclic fatigue, lap shear tests, and long term perm performance were performed
(Farag 2013)Commonly accepted technigs were documented in a manual developed

by Pipeline Research International Council (PRI2)ske et al. 2006)Vide spread use

of compositaepair systemfor pipeline repairs in the United States urgedinioistry to

developstandard codes (Alexanderat. 2006).
2.4.2 Standards in Pipelinerepair using FRPWraps

ASME considers two main repair scenarios: component is not leaking and needs

reinforcement (Typ&\), and component is leaking and needs reinforcement (Bype

For TypeA repair three design apprdaes ae recommended.hEcomponent
being repaired a®ad bearing memben ihe reinforcement desigould be allowed
yielding or prevented from yielding. In the latter csEminimum repair thickness
required is chosen as maximum of calculated thickassBem hoop stress and axial

stress expressions beld@dmerican Sciety of Mechanical Engineer2)15):

6 —2— 020 ¥ (2.5)

o —0— 00— 0 (2.6)

For the former case where yielding is allowed for original componenkgression are:

T — 2.7)

For zero live pressureawvould have:
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& —m — (0 2.9)

The assumption made in these expressassumehat steel is elastiperfectly
plastic (no strain hardening occurs in the substrate component) and after yield all the load
is carried by repair component. Fatial load considering yield expression is as follows

& 5 — e (2.9)

Similarly, maximum of two calculated thicknesgesm hoop stress and axial stre@

beselected as minimum required thicknéssdesign.
If the contribution oforiginal component is neglected, the design would be based
on laminate allowable strains. Similar to the previous methods larger value of the

calculated minimum thickness for hoop stress and axial stress is selected as the design

thickness. For hoop strethe expressiois as follows:

o =0 — (2.10)
For Axial stress:

o ~ & T (2.12)
Allowable circumferential and axial laminate strains can be derived from:

f of Yyl (2.12)
y (2.13
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If performance test data is available ASME design suggests a service factor based
on length of performance study. If the contribution from original component is not

considered in the design the following expression is recommended:

& — Coe (2.14)

ao

If the contribution from original component is considered:

¢ —  o0i :W (2.15)

ao
For axial stress previous expressane still valid.

For TypeB repair in addition to the discussed methods for TAqmher
consideration is required. A component issidered leaking if the thickness at the defect
site is reduced to less than 1mm at the end of its life. @Uresiderations for repair
includeimpact, axial length of repair application and cyclic loadifige reader is

referred to ASME PCC2 paragrapl ®. for further detalils.

It is important that standards are kept updated and improved with continuous
research to have the most optimized guidelines in the practice. Saee(P6étld)
suggested an equation to calculate hoop strain which is not indldidrydive pressure in
the pipe as ASME PCC2 and ISO 24827 suggest in their equations. For the case where
live pressure in the pipe is not zero suggested equation estimates correct composite
thickness for combination of different thickness reduction péages and percentages of
designed pressure. The ASME PCC2 for various thickness reduction percentages at
higher percentages of design pressure and ISO 24827 for larger thickness reduction and

higher percentage pressure cases estimate inadequate conmpcisitss.
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2.4.3 Laboratory Studies

Damages incurretb pipelines such as loss of pithickness due to corrosion,
dents and gouges during transportation are increasingly being repaired using FRPs.
Proper load transfer from pipe to composite is one of the impdeetors to be
addressed. Yielding of steel pipe transteesload to theomposite sleev@Alexander et
al. (2006);Freireet al. 2007)Wet layup application procedumaakes repair of elbow
and T fittings possible. Alexander et al. (2006) reportédd A5d 50% burst pressure
increase for T fittings and elbow fittingespectively. They wergx-inch diameter pipes
with 50% emulated corrosion damadge. investigate effectiveness of composite repair
systems for pipegreireet al. 2007 testetld steel jpe sections with 70% loss of
thickness repaired with three composite repair systems. They reported that important part

of pressure loading was carried out by composite sleeve.

Mechanical damage is responsible for large number of pipe failures (Dahlberg et
al. 1985; Alexander et al. 2006). Traditionally mechanically damaged pipes were required
to be repaired by welded sleeves or removal of the pipe altogatbeander et al.

(2006) studied repair of dented or gauged pipes with composites for pipesasmiidteti

to wall thickness ratios of 34 to 68 inches. Fatigue under cyclic water pressure for dent
damage, indented grinded dent, and composite wrap repair after indentation of dent were
investigated. Fatigue life was increased by the factor of nine tinge2latimes for

diameter to wall thickness ratios of 34 to 68 inches, respectivelitanji et al. (2001)
investigated prformance otarbon FRPglass FRP, andramid FRP impipelinerepair.
Undamaged pipe, damaged pipe, and FRP repaired pipes were edmpder solil,

traffic and internal pressure loading. A superimposed equation for maximum
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circumferential tensile stress in the pipe wall was introduced considering hoop stress,
stress due to soil weight, and traffic above the buried pipe dfect of thckness

reduction in the wall of the pipe due to corrosion was taken into account by a power law
reduction factor for wall thickness derived empirically. Strengthening with FRP was
taken into account by increasitige reduced thickness of pipe wall by &ifizient

derived from relative stiffness ratio of the FRP patch to the thickness reduced area.

Undamaged pipe stress calculation form(@lautanji et al2001)

s e (2.16)

" — (2.17)
Defect depth:
Q Ty (2.18)
Modified expressions for damaged pipe:

., — (2.19)

, (2.20)

, (2.22)

s e e (2.22)

e o Cp —— (2.23)
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., (2.24)

R (2.2

) (2.26)
Wheret; = (ts1 d)+ nterp.

" , , ” (2.27)

The omparisos between undamaged, damaged, and different FRP repairs areishown
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Figure2-7 Comparison of damaged, undamaged, and FRP repaired pipes. Ultimate internal

pressure (left), circunetential stress (rightAfter Toutanji &. al, 2001)

According tothe charts irFigure2-7 CFRP peforms best regarding increase in

internal pressure capacity of the pipe. Also it can be seen that for the same magnitude of
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internal pressure CFRP repairgipe is under less circumferential stress compared to

GFRP and AFRP repaired pipes.

Patch repair of pipes with small cracks and holes were studied by Ayaz et al.
(2016). Small pipe specimens of 170mm length 33.7mm outer diameter galvanized piped
were usd. Specimens were pressudag to failure using hand stroke hydraulic pump.
Woven carbon fabrics were used in the repair and due to the brittle characteristics of
these fabrics, thicker layp results in higher internal pressure capacity. It was reported

that 35mm overlap is adequate and longer overlap lengths will not add to the capacity.

2.4.4 Numerical Studies

Finite Elemen{FE) simulation is a powerful tool to predict repair performance of
pipes and closely estimate burst pressure with correct assumpamgresearch studies
have applied FE analysis for performance predictions for pipelnhes.et al. (2008)
studied bur different defect geometries3(&, 3 6, 6 6 inches and an axisymmetric

patch) representing thickness loss due to corrassargFEM analysis(Figure2-8).
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Figure2-8 Stress distribution along thickness of repaired pipe for different defect geometries

(after Duell efal. 2008)

Simulationswere compared with field tests. Studied pipe had 5 ft. (1.52m) length
with welded end caps, nominal diameter of 6 in., and 0.28 in. (7.11mm) wall thickness.
Pipe wall was subfged to 50% thickness loss. Epgutty was used to fill even the

defect area witlindamaged surrounding.

A bilinear elastic behavior was considered for modeling the putty. Six layers of

CFRP wrap was applied to the defect patch with total thickness of 3.1 mm. Failure was
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observed as Mises stress exceeding ultimate strength of steehappal stress in

composite or putty exceeding tensile or compressive strength of these materials. In all
cases failure occurred in the CFRP wrap at the putty interface. Predicted burst pressure
had 2.2% variation among all defect geometries. Defeitissmaller area show larger
variation of hoop stress along CFRP thicknessdidition,the hoop stress in the steel is
greater for smaller patcheshich cause this defect to be more susceptible to fatigue

failure.

Predicted burst pressure was about paNbr repaired pipeand the unrepaired
burst pressure was reported to be 22.4 MPa 26.2 MPa following ASME B31G and
RSTERENG criteria. The ASME PCC2 method of calculating required thickness for FRP
repair suggests 4.57mm thiclgsewhich is conservative @it is due to simplifying
assumptions made, such as omission of strain hardening of steel pipe after yielding
more advanced tisof simulation damage can be incorporated into the Finite Element
model. Fracture, delamination, and yieldiagd plast deformations are common
factors that can be considerédthough hese elementsan complicatenodel definition,
they simulate the behaviarorecloselyand accuratelySimilar FE simulation along
repaired defective pipe section was performe@Hogireet al. 2007)(Mazurkiewicz et
al. 2017) studiedimulation of pipe burst pressure with consideration of damage in the
model. A defect of 60% thickness loss with a rectangular area of 133mmx102mm filleted
at cornersvas studiedThe pipe considered had m@ wall thickness, 219mm outside

diameter, and 1m length.

Finite element simulation results were compared to performed lab test results on

the actual pipe segment pressurized with water p&ioyr.cases of undamaged (case 1),
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damaged (case?2), wrapped umd@ed pipe (case 3), and repaired damaged pipe (case4)
segments were comparéithe cefective area was filled and evened with epoxy material
prior to be wrapped with up to 24 layers of unidirectional glass fabric with 0.75mm
thickness and 200mm length. Eyddler was assumed to have elagi@stic constitutive
behavior. Adhesive behavior was modeled with traesieparation law with quadratic
mixed mode delamination failure criteria. Mode | and Mode Il adhesive fracture

properties were obtained from expeental tests and correspamglsimulation

calibrationg(Figure2-9).
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Figure2-9 Mixed mode traction separation law (top Iefigsts to calibrate Mode | failure (top

right); andMode Il failure or direct shear (bottor(after Mazurkiewicz efal. 2017).
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Burst pessure for undamaged pipe shows close accordance between experiment,
simulation, and analytical resulfBhe ssme trend is observed for the undamaged part.
However,both simulation and analytical methods overestimate maximum burst pressure
which can be r@soned due to material craftsmanship and defect preparation. For the
cases of repaired undamaged and damaged pipe with FRP good experimental and

simulation agreement wasported Figure2-10).

Figure2-10 Maximum burst pressure results for different casgs leff), pressure vs radial displacement
curve pottomleft), Failed pipe (aJ circumferential stress before failure (b) after failure (c) in the

simulation for damaged pipé&¢ right) and repaired pipééttom right)(After Mazurkiewicz et al2017).


















































































































































































































































































































































































































































































































