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ABSTRACT
This researchwas focusedn studying thébehaviorof fiber reinforced polymer (FRP)
linersthat could be bondedside deterioratetiuried pipesasan effective rehabilitation
systemto increase strength and stiffness. The results of thin solid wall and sarféRich
liners subjected to transverse compressive loading are discussediesssSpecimens
were testedinderparallel plate loadinghethod according to ASTM D24121 standards
using a customized compression testing machine with string potentiometers to measure the
diametrical deflectios Solid wall glassfiber reinforced polymer (GFRP) and carbon fiber
reinforced polymer (CFRP) linersandwich liners with GFREFRP faceshegi@and three
dimensional (3D) woven fabrmore and sandwichners with GFRECFRP facesheets and
bulkermat corewere tested to find the diametrical deflection, pipe stiffness (PS) and
stiffness factor (SF) al%, 2.5%,5% and 10% vertical diametricaleflection The
structural behavior and mechanical properties of the FRP liners were used to develop an
analytical model to determine the diametrical ring defleabiocurringin the vertical and
horizontal directioathat causes geometnonlinearity while deforming substantialgnd
corresponding strains at springline and crown/invert positions. The madein good
agreement with the experimental datal was able to predict the failure madspecimens
with linear elastic material bavior thatwas fully compositeuntil failure in transverse
compressionA parametric study waalsoconductedo analyzethe effect of liner diameter,
core thickness, facesheet thickness and shape geandingr behavioto establish a data
platform fa design purpose®verall, thestrength anding stiffness based on vertical
diametrical deflectionsvere determinedo understand the behavior and mechanical

performancef thin solid wall and sandwich linetsder transverse compression.
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CHAPTER 1 INTRODUCTION

1.1 MOTIVATION

Can ad a 0 mfraftructuiel&edculverts, stormwater drains, sewers, water congduits
shielding pipesand tunnelh ave been in service since ear.|l
in the end of design service life. As of 2019, there are over 49,000 units of culverss acros
the country, of which 40% are in fair to worse condition. There are 339,000 kilometers of
local and transmission potable water pipelines of which 25% are in poor state and of the
267,000 kilometers of sewer lines, 2025% require rehabilitation. The stonwater
infrastructure tallies to 304,000 kilometers, of which 40% stormwater culverts and
pipelines are in less known utility conditions and are likely to be restored or rehabilitated
(CIRC 2019). According tdCanadian Infrastructure Report Card 2018 condition
profile of these structures has worsened significantly since 2016. With the numbers
increasing rapidly, it is critical to find efficient, sustainable @sdnomicsolutions to
improve the existing state of buried infrastructure.

Throughout hi s thesis, the term fApi p.deriedpipes r ef er
are often made from concraiecorrugated steglvhich deteriorag¢ while agingLong time
expaureto various physical and chemical parameters like soil pressteeyalpressure

of conveyedmaterial, chemical attacks, freeze and thaw action, corrosioredteghe
strength durability and service life of the structur@ deteriorated pipe causdisruption

to the traffic, widespread pollution, local flooding, emisssdharmful gasses et@arious
trenchless rehabilitatiotechniquesuch assliplining, curedin-place pipe (CIPP) lining,

pipe jacking, fold and reformed piping, pipe bursting, spot repair etc. have been used to

reling repairand improve the lifef sud deteriorated piped?opularity Index (PI) is used



to assess theopularity d piperehabilitation and repair methobased orrequency of the
responseandtotal number of responsts each type of trenchless tectogy. Techniques

like sliplining has a Pl of 93.2% and CIPP lining has a Pl of 75% in the United States
can be used to rehabilitabmth small and large diameter pipegSyachraniet al. 2010;
Simpsonet al. 2017Zhaoet al. 2002) However, t is difficult to rehabilitae pipes with

bens using sliplining or CIPPas it requires extensive preparation work on the existing
deteriorated pipeln such cases, amd layup technique isan accessiblesolution to
rehabilitatepipeswhere direct human interference is possilerahamand Gillani1999
Walsh2017. Especially, in case of large diameter prestressed concrete pipes, rehabilitation
requires substantial excavation and-gtabilization of the pipe section which is time
consuming and expensive. Algmysttensioning the entire system after rehabilitatis
laborious and hencgrengthening usinfiber reinforced polymefFRP) linershas proven

to beaviable solution(Lee and Karbha2005) Hand layup method of linings effective

to rehabilitate deeriorated pipes with diameters ox@m, for whichthe liner material is
bondedto the interior of the pipd=RP composites are preferred for this purpose because
of their high strengttio-weight ratio/ specific strength, dimensional stability, anti
corrosion, lowmaintenance cost, durability over a range of imposed conditions and good
mechanical propertigRafiee R. 2016Park et al. 2014; Rafiee ahldbibagah018) The

FRP liners act as reinforcing material to supplement the inadequate steel woritgieal
pipeline, an impervious layer to stop leakage and a protection layer to control corrosion.
The prominent aspect oing an FRP lineis the smoothness provides inside the pipe
section. Smoothness translates to less fricind henceesists scale deposithereby

improving the pipe flow witla minimal or no reduction in flow capacity across the pipe.



Solid wall FRP liners can be ustxrehabilitat deterioratedoncreteand steel pipes with

a minimal decrease in flow capacity andreased pressure ratinghis couldbe achieved

by bondingeitherunidirectional or bidirectional fabridsside the pipeBased on design
requirements, one or more layers of the fabric can be applddamthe requiredtrength

and stiffness in theesired direction. Fabric strips are applied in the hoop direstioh

that thelength of the stripsare equal to circumference of the pip&n endoverlapis
provided tohelp develop forces in the fibeifhelongitudinalends of the fabric are butt
jointed with the adjacent fabric, along the length of the pipe to ensure the development of
full strength offibers in that direction. The overlaps in hoop direction are to be positioned
along flow direction, to act as shingles which safeguards the fabaiost water under

high pressure entering behind it and debonding the liner from pipeline. Bidirectional fabrics
can be manufactured with different amounts of fibers oriented in both longitudinal and
lateral directiongKarbhari2015 Aylor and Hirtz1990) In both cases, care must be taken

to properlyfit and align the fibers to achieve the required structural capacity. Based on
varioustests itisevi dent t hat the compressive strencg
their tensile strengtlAlso, thin FRP sheetkave proverio have less stiffnesgDas and
Baishya 2016; Wang et al. 2016; Wakayama et al. 2002; Deniz et al. 2013; Tarakcioglu et
al. 2007; Rafiee and Elasmi 2017; Lee and Karbhari 2005; Rafiee and Habibagahi 2018;
Houssam and Sean 200Thi s | eads to the use of multiopl
to gainsufficientmoment of inertiato attain the requirestiffness. Usingnultiple layers
increases the cost and extends the duration of rehabilitation work. To overcome these
shortcomingssandwich linergan beused toachieveadequatehickness and stiffnesas

that of asolid wall liner, whichis alsobeneficial in terms of cost and structural stahility



Sandwich composites have found a profound role, in the field of repair and tefiahbili
to improve the efficiency and longevity of deteriorated strustunenile sufficiently
optimizing the overall density after bonding. Sandwich liners have very thin but tough
facesheets andthick, lightweightandlow density coreTheflexural strengthncreasess
the core separates the two faceshbgtmcreasing the distance between them to produce
an increased moment of iner{ffdcCrackenand SadeghiaR018 Betts et al. 2018Allen
2013) Thoughsandwich compositesreof lightweight and have low density, they provide
high strength and stiffness to the bonded structure. Compressive and tensile stresses due to
bending are resisted by the FRP facesheet, while shear stresses are resisted by the core
material. The bending stiffness arstrength of such structurally aligned sandwich
composites are much larger than that of a single solid plate séme total weight made
of the same materials asathof facesheets, which makes them preferable for high
performance structural rehabilitati (Zinno et al. 2010)Also, snce sandwich liners can
be custom made with flexible skin and core rolls, they are able to fit to any ahgeze
of the cross section of deteriorated pipe
1.2 RESEARCH OBJECTIVES
This researclvasfocused on:

1 Understanding thectual behaviorand structural capabilitiesf solid wall and

sandwich FRP liners under transverse compression.
1 Developng an analytical modeb find deflections and strains by considerthg
geometric nodinearbehavior ofliners as they largely defoedunder loading.
1 Establishing a data platform to develop a reliable design methodology for the

rehabilitation of buried infrastructure using FRP liners.



1.3 RESEARCH SCOPE

For this study, thirFRPsolid wall and sandwich linerwere fabricatedndtested under
transversecompressionMechanical propertieand structural behaviowere studiedand

the pipe stiffness RS and stiffness factor $F) according to ASTM D24121 (2018)
standardsvere predictedAn analytical model wadeveloped using an iterative procedure

to find the large deformations that occurred due to loading and thus creating the geometric
nontlinearity in solid wall and sandwich liners. A simple model to predict the PS and SF
of liners was also developed. Thiady has usethaterial propertieBom a previous work

on partialcomposite behavior of sandwich beams composed of fiberglass facesheets and

woven fabric coréMcCracken and Sadeghian 2018

1.4 THESIS LAYOUT

This thesis is structured with fivehapters. Chapter 1 discusses the motivation for the
study, research objectives and scofbapter 2 investigates the literature for various
rehabilitation techniques to strengthen deteriorated pteslies on ring deflection, PS,

SF and other analyticaind numerical modelling will also be reviewéthapter 3 details

the experimental program and reviews the test matrix, material properties, specimen
fabrication, test setup and instrumentation. The experimental results will be provided and
discussed. Chagr 4 includs the detailed description of the analytical model and its
verification against the test data. A parametric study discussing theseffeébur
parameters on pipe behavisralso be presented. Chapter 5 provides a brief conclusion
and recomrandation for future research developments focustue field of rehabilitation

of buried infrastructure.



CHAPTER 2 LITERATURE REVIEW

2.1 BACKGROUND

Buried infrastructures are requirealwithstand loads generated by fill coverad traffic
and internal pressuraf the gas or fluidCurrently,over hundreds of thousandsmpes
served under highwayand the NEB (National Energy Boarof) Canada ar&0 years or
older. In a survey conducted by Bhattachar (2007)requestinginformation from
departments dfansportation in the UsndCanada, 13% of the participants indichiteat
their culverts were at the limit of their service life. Wisducturesapproach or reach their
design service lifeagencies have three options: repair, rehabilitate or repBatinger
and Drake 1995Garciaa and Moor2015;Wyant 2002. It is nearly impossible to replace
every deteriorated pipe due to lack of government funding and the high traffic disruption
it causes, leaving rehabilitation as an alternative (Mai et al. 2014)
Substantialreconstruction programexe now conductefbr buriedstructures built during
the early infrastructual boomsin the US and Canad&ircular reinforced concrete pipe
(RCP) were thecommonly used structure dsghway culverts and sewers fovey a
century Now, they necessitatgrohibitively expensive infrastructure replacement, or
alternativelyrehabilitation Having rehabilitated some of these concrete culverts with a less
economic impacbn transportation network disruption and user del#ys pipes are now
ableto carryhigher surface loads than those they were originally designé8ifopson et

al. 2017).

No-dig or less digrenchless technolggis a starof-the-art system used to rehabilitate
buried infrastructure. Commonly used teicjues include ReliningCuredIn-Place Pipe

(CIPP), Micro tunneling, Tunneling, Horizonfalrectional Drilling (HDD), Sliplining,



Fold-andReformed pipe, Pipe Jacking, Pipe Bursting, Spepair, Spiral Wound, and
Shotcreing. It is important that egineers keep abreast all the existing and emerging
trenchless technologiesndalsotheassociatedostin order to makappropriate decisions
on budgetingrehabilitation prioritiesandschedulingZhao et al. 2002)According to the
report releaselly Zhao et al. (2002), the costli@sethodwasmicro tunnelingwhich was
valuedatUSD 9.52/mm/m, followedy pipejacking alUSD4.29/mm/mas shown in Table
2-1. These two methodsere muchexpensive than th@pencut methodwhichwasat USD
3.85/mm/m. e cheapesmethodwasrelining the pipeat USD 0.95/mm/m.lt is critical
to understand that although relining is the least expensive method to practice, the total cost
incurred for a project is also majorly reliant on the cost of latest or contemporanyaisa
available and skilled labor charges.

Table 221  AverageCost of TrenchlessT echniques(Zhao et al. 2002)

Overall average Diameter rangey, mm

Method costf Small Medium Large Very large ref(:;zf‘tl;im
($*/mm dia/m (=300)  (330-940) (960-1,830) (>1,830) T.T. Magazine
length) ($/m) ($/m) ($/m) ($/m)
Microtunneling 9.52 2,614 4,770 15,399 46,898 51
Tunneling 3.74 - 1,962 7,093 7,969 24
CIPP 1.38 299 531 2,654 - 39
HDD 297 265 1,791 6,239 - 10
Sliplining 1.38 231 988 2,441 2,567 16
Pipe Bursting 2.20 726 1,165 - - 11
Pipe Jacking 4.29 - - 7,540 9,515 6
Relining 0.95 295 - - - 6
Open Cut 3.85 609 2,314 2,225 - 14

} - For the reported projects that contained more than one diameter, the average diameter was used for
determining the overall average cost.

f - The data records that could not be separated for the diameter ranges were not used in these diameter
ranges, but used in the overall average.

* - All costs are expressed as the 2001 value and in $ CDN. $US 1 = $1.48 CDN.



This researchvasfocused on using FRP composites to repair and strengthen deteriorated
buried pipes. Thisauld be achieved by bonding a structural FRP liner inside a pipe by
means of sliplining or welayup techniques. For pipes with larger diamgteset layup
techniqwe is preferred, where skilled laborers work from within the pipe to bond the liner
against the pipe wall like a wallpaper. For smaller diameter pipes, packéddsbeused

to deliver the materials to the point requiring strengthening (Ehsani 2019).

2.2 BEHAVIOR & ANALYSISOF FRP PIPESIN TRANSVERSE COMPRESSION

2.2.1 Introduction

While a substantial record is made available in the literature on the structural behavior of
FRP pipes, research conducted specifically on using FRP composites as pipe liners is
minimal.In thelimited studies availabl&hsani (2019) hhassumedhatthehost pipe will
eventuallydisintegratecompletelyand the liner by itself wilhave toact as a new pipe
Though it pose an extremely conservativeiew, the deteriorated host pipe essentially
requires it sothat the new system is able tasist all internal and external loads
independently of theormer. Thefundamental behavioral characteristics of FRP liners are
similar to FRP pipes of the same naturence, this section will review the general
behavior and analysis of FRP pipes whach subjected to transverse compression.

The study of behavior of pigavithout the presence of soil is an important method of
examining its performance, setting limit states and testing the pipe for quality control. To
check the stability and serviceatyilof FRP pipes under a maximum deflection, parallel
plate load test is highly preferred. In this test, a sample specimen is compressed with a load
(F) under a loading plate to simulate the buried conditidhe pipe behavior atldeshape

that the pipewvill take during its service life is studie8ls the pipe deflects into an oval or



elliptical shape, stresses and strains are generated in the pipe wall (Corey 2015).

Typically, this test is used to find the PS and Ibaeflection characteristics ofge which

are useful in design. The PS is determined from the results of the test and is given as the
force (F) per wunit deflection (my) per uni

generally (ASTM 208).

03 %4y (2-1)
Spangler (1941)alo deri ved a PS equation for thin e
Theorem as presented in Equatie8.Zor smakr pipe deflections, the equation was in
good agreement with the experimental results. For deflections greater than 5% of the
vertical diameter, a small divergence of the plotted experimd?®drom the equation
presentedvas observed

03 %) (2-2)

T Q
where E is thelastic modulugsl is the moment of inertia, amds themeanradius of pipe.

2.2.2 Solid Wall Pipes under Transverse Compression

Park et al. (20143tudied and compared the pipe stiffness of three GFRP pipes obtained
from experimental testing under parallel plate loading, theoretical analysis and a Finite
Element Analysis (FEA)GFRP ppes with a length and digeter of 300 mm and a
thickness of 9 mnwere used for this studfhe specimens had an average tensile strength
of 113.05 MPa and an elastic modulus of 21.4 GQPa.load at 5% ring deflectionwas

found to bel0.78kN andthe PSwas recorded a%18.4kN/m? based on experimental

testing.Park et al(2014)alsodiscusse@ theoretical solution to find the PS based on both

the vertical and horizontal deflections using dleestic curved bar theary



>

.'\,\g
A\

Figure 2-1 Bending of aThin Curved Bar (Park et al. 2014)

As shown in Figure 4, theinitial radius of curvature of the barasrepresented by BRnd
the radius of curvature after deformatioyn) Equation 23 presents theelation betveen

the changén curvature and themagnitude of the bending momentiMathin bar

%)AEA

N|©

- (2-3)

Figure 2-2 Ring Compression (Park et al. 2014)

A ring of radius R compressed by two forces (P) acting alongliimaeter similar to a

parallel plate loading test set up was considasegresented in Figure2 The bending

moment at A and B was denoted by td find the moment at any cressction as given

in Equation 24.
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02 .
< p AIlJO (2-9)
The bending momemM,wasfoundusingCa st i gl i anods t heWdfoem. The

a thin ringwasobtainedand is given below in Equation3

- 2N c¢2 )
I 2-5
5 %) %) Al (2-5)

Theexpressioror radial deflection aany pointwas found by solving Equatior2using
Equation2-4.Theelongation of diametekB and the contraction of diametébDat d = O

a n d A/ respectivelywere determined as givem Equations Za and 26b.
(2-69)
02
S — A v (2-6b)
) A

Thering stiffness based on vertical and horizontal deflections respectively are presented in

Equatiors 2-7a and 2Z7b.

0 %)
0 %)
o G (e-7h)

Park et al. (2014) conducted an FE analysis using ANSYS Ver 11. The model was
generated iMPAutoCAD 2008 and was imported to ANSYS for test simulation. The PS

found from all three methods are presented in Takle Since there is less than 10%

di screpancy amongst t he conblude by siRgGshgthadb bt ai n e

either methods could be used to find PS for preliminary design of pipes.
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Table 222  Comparison of PS(Park et al. 2014)
Vertical Ring Experimental Theoretical FEA Difference
Deflection Result @ Result @ Result @ (%)
Ay (%) PS PS PS (@-@)®x100 | (©-0) ®x100
(kN/m?) (kN/m?) (kN/m?)
GFRP pipe 5 718.4 776.7 726.0 8.1 -1.1

Campaner et al. (2010) calculated the PS of a jute and glass FRP composite pipe fabricated
using a cardasl based matrix and compared their results. The matrixawapoxy resin

which was crosslinked with a cardanol based nova@awtaining 35% (by weight)
unreacted cardanol. On distilling Cashew {$iell Liquid (CNSL) cardanolwhichis a

natural phenolvas obtained
To fabricate the pipes)jt e fromitwested yarnswith a linear density of 270 TEZnd
HiPer-TexE-g | a s s vy blinearsdensity ¢fLA00 AEX (1 TEX= 1 g/1000 m)wvere

used. The matrixvas employed with a catalys?,4 EMI (2ethyt4-methyltimidazole).

The pipes had a liner coating which was mantufed usinga C glass veil and a glass mat
Once the pipes were manufactured, they were tested using dynamometer (LLOYD LR30K)
with a 5 kN capacity load cell according to ASTM D2412 and ASDR039 standards.

The plates were compressed against the\phpeh had dength and diameter of 150 mm

at a speed of 12.5 mm/min (Campaeeal.2010).

STAR-COMPOSITE, a composite design software which works based on classical
micromechanicgquations and macimechanic lamination theory was used to conduct a
preliminary design of the two types of pip@sworking pressuref 6 bar was seb design

the pipes which were intendealbe usedor low pressure water transport applicatiofiise

y br and matrix properties, winding angle, pipe thickness and loads corresponding to the

working pressurevere used to determine the pipe modulus along axial and hoop directions.

The fiber properties of jute were determined by the authors in a previousasuligas

12



directly usedn this design. The circumferential and axial modulus of theqateposite
were found to be 7.15 GPa and 3G®a,respectively. The circumferential and axial
modulus of the glass composite were found to be 14.72 GPa and 5.9Bn@Ra#ut data
for the software are presented below in TabB(Zampaner et al. 2010).

Table 223  Input Data for STARCOMPOSITE Software (Campaner et al. 2010)

Fibre mechanical properties Young Modulus (GPa) Tensile Strength (MPa)
Jute Class Jute Glass
38 75 380 2800
Matrix mechanical properties Young Modulus (GPa) Tensile Strength (MPa)
1.7 35
Fibres (%v) Glass reinforced pipes Jute reinforced pipes
33 56
Pipe thickness (mm) 5
Winding angle (%) 55
Axial load per unit length (N/m) 22500
Circumferential load 50000

per unit length (N/m)

The hoop mechanical properties of the composite pipes were neasuleetesting them
underparallel plate compression loadinthe specimens were compressada direction
perpendicular taheir axis betweerthe twoparallel platesintil they reache®0% of their

initial diameter.Since the shape of the pipes undediog dd not remain constant and
staredovalizing, it was necessary to apply a proper correction factor to the PS formula as

given in ASTM D2412. This formula with correction factor is presented in Equation 2
03 —p —, (2-8)

where d is thénternal diameter of the pipe.
The new pipe stiffness was then calculated and compared against the old pipe stiffness as
shown in Figure B. It can be seen that the corrected stiffness reaches a plateau after an

initial decrease. The pipe stiffness wakkgkated at 5% and 10% dife verticadiametrical

13



deformation according to ASTM D24 XKkandardsThe corrected pipe stiffness was used

tocalculaethep e x ur a | (Empodithel pipesusing the formula given below

whete t is the thickness of the pipe and r is the internal radius of the pipe.

40

Pipe Stiffness
--------- Corrected Pipe Stiffness

354

o
(=]
1

it
/
/

Pipe Stiffness (kPa)
8
L

15

Ay (%)

Figure 2- 3 Initial PS and Corrected PS Curves (Campaner et al. 2010)

The tensile modulus calculated for jute and glass FRP samples were fouriGe: i3

GPa and 7.% 1.4 GPa, respectively.

Table 24 gives the results of the parallel plate test. The values of properties corresponding

to the glass reinforced pipagremuch higher than that with the jute reinforcement. This

was because of the logvr modul us and | ower yber <conter
comparisorto the glass reinforced pipes. Although the valwege significantly different,

the PS values for botlvere in accordance with the American Water Works Association
(AWWA) and hence auld be used for the intended purpose. The specifications sedgest

a minimum stiffness of 248 KPa for pipes with an internal diameter of 150CGampaner

et al. 2010)
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Table 224  Results from Parallel Plate Loading Test (Campaer et al. 2010)

Pipe Pipe Stiffness (KPa) Efiex (GPa) Fibre content
5% 10% (% volume)

Jute/epoxy resin 325128 296 136 2.01+0.25 33

Glass/epoxy resin 1135142 1129+ 22 6.81+0.34 56

2.2.3 Sandwich Pipes under Transverse Compression

Rafiee and Habibagahi (2018) worked fanding the stiffness of aGFRP sandwich
composite pipavhich was subjected to transverse loading. The ovality occurripgpe
cross sectioras it is being loadedas considered an irregularithat would reduce the
moment of inertia across the cross sectidme inducel higher stressvhen compared to
the stressexperiencedin a perfecty circular cross sectiorwould compronse the
mechanical integrity of the pipeline. Moreover, ghge ovalzationwould disrupt thefluid
transmissionand affect theperformanceof the pipe Consequently, estimating and
analyzing the stiffness of pipes during the design stagdgrior to he mass production
wascritical from both structural and functional point\aéw.

The focus of this research wassstimate the apparent ristiffness othe GFRPsandwich
pipeusingasimple analytical approach and&ETest specimensgsed for thistwidy were
300 mm in length and 500 mm in diametn from a fullength GFRPsandwich pipe
The specimens weraade ofglass/polyestecomposite manufacturaging discontinuous
filament winding process. Thlepecimensalso consisted & liner layer and structurplies.
The liner of 1.5 mm thickness wasmposedof surfa@ mat, stitchedglassfiber and
polyester resito protectthestructural layer from direct exposure to the internal fluid. The
liner was toprovide a smoothinternal surfacefor transmissiorof fluid with minimum
headlossfrom hydraulic viewpoint. Thely configuration[90/£60.19/Core/+60.19/90]

of the structuralayerswas acombination ohoop/cross plies and a core layer
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Composite made dE-Glassdirect roving and polyester resivas used for @th hoop and

cross pliesThe core layewasan impregnated industrial sand filler wipblyester resin

Theoverall pipethicknessvas6.06 mmwith thethickness of hoop, cross and ctagers

being0.76, 264 and 1.16 mm, respectivdRRafiee and HabibagaBD18)

Solely ncreasing the GFRP pipeall thicknessby addingextra redundant GFRRyers

was to lead t@noverdesigned pipand would have led to an unfeasible overall product

cost.Hence, asand/rsin layer wasntroducedto increase the pipe thickness and enhance

the pipe stiffnesas shown in Figure-2.

E-Glass direct roving
+ Polyester resin

Surface mat + Stitched /

glass + Polyester resin

Sand filler + Polyester
Resin

Figure 2-4  Schematic Presentation of GFRFSandwich PipeWall Construction
(Rafiee and Habibagahi 2018)

Themechanical properties of materials used for this study are presented in-bablsirg

three samples taken from the pipe, weight fraction was found @s$ig1 D 317106

Procedure G Method 1 and are presented.

Table 225  Mechanical Properties of Pipe (Rafiee and Habibagahi 2018)

Glass Fiber | Polyester Resin | Silica Sand
Young's modulus [GPa] 70 3.5 10
Poisson's Ratio 0.22 0.33 0.39
Tensile Strength [MPa] 1970 78 -
Compressive Strength [MPa] - 130 -
Weight fraction [%e] 59.5 31.1 9.4
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Three specimens were tested under parallel plate loading using a Universal Testing
Machine (UTM). Thespecimes werecompressednntil the diametric deflection reacde

5% of thevertical diametey at a constant rate of 12.5 + 2.5 mm/m®n unloadingthe
specimenretainedits original shapewithout experiencing any permaneté¢formation
confirming that the specimen was within the elastic region till it rea&§¢dliametric
deflection.No visualcraking, delamination or rupturerasobservedA pipe stiffness of
163.3KPawas recorded at 5% deflection which corresponded to a compressive load of
1.225 kN. On continuing the test further, it wasserved thathe specimen experienced
failure at 7.078 kN which corresponded 83% diametric deflection(Rafiee and
HabibagahR018).

Rafiee and Habibagali2018) used a similar approach as Park et al. (2014) to obtain the
PS by usingthe 2-D ring concept Although since the pipe tested byRafiee and
Habibagah{2018) had layers with different materiélsvas essential to use appropriate
moment of inertia (I)Thecross sectionf the GFRPsandwich pipevall was similar tcan

| beam Each layethadadifferentelasticmodulusbasecn its fiber directioras presented

in Figure 25 andthe equivalent modulus of tleeoss sectiohad to be calculated

Layered cross section

%

Laycred GFRP pipe

-(’M—?\.
P ~
N.A.

Equivalent cross section

Figure 2-5 Equivalent Cross Section of5FRP Sandwich Pipe(Rafiee and
Habibagahi 2018)
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Using equations of micromechanics, expressionefgitudinalmodulus Ex), transverse
modulus Ey), in-plane shear modus (Es) andmajorPoisson's rati@x) was formulated
using fiber modulus(Ef), matrix modulus(Em), fiber in-planeshearmodulus(Gr) and
matrix in-plane shear modulu§Gm). The inplane mechanical properties of GFRP
sandwich pipdayers, i.e. k, Ev, Esa n &, werefed intoa transformation equation to
obtain theyoung's modulus of eagtly along hoop directiomndthe location ofneutral
axiswith respecto centerlinewasfound. The PS of GFRPsandwich pipavascalculated
based orthe geometricalspecificationof crosssectionand mechanical properties of the

constitutive layerss given in Equation-20 (Rafiee and HabibagaBD18)

% ) ]
03 BTe (2-10)

Finite elementnalysis using the commercial software Abaqus eseasiucted Two types
of 3-D FE modelsvere generatedsingthe conventional and continuum shell elemerts
numerical analysisvasperformed under displacement contohditions.The wpper plate
wasgivena displacement o25 mm in y direction, while the other platasfixed in all
directions and thereaction force were measured Since largedeformatiors were
encountered during the analysggometic nonlineaity feature was turned on in the
software.Though tte fiber behaviowas linear,theresinbehavior was no#inear. Hence,
material nonlinearity associated with inelastic behavior of the composite materials were
also consideredhese liree sets of FEA aredone on both the models for comparison:

1. A completely linear analysis.

2. Nonlinear geometry antinearmaterialbehavior considered.

3. Both geometrical andnaterial nodinearity considered.
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Table 226  Comparison Between Theorettal Modeling and Experimental
Observation and FEA (Rafiee and Habibagahi 2018)

Conventional shell element Continuum shell element Theoretical . .
T = - . Experiment
A B C A B C analysis
Reaction force [N] 1745.6 1267.8 1260.5 1603 1242 1239 976.27 1225
Stiffness [KPa] 232.7 169.04 168.06 2137 165.6 165.2 130.17 163.3
Error 42.5% 3.5% 2.9% 30.8% 1.4% 1.1% -20.8% -

"A: Linear model
""B: Linear material behavior and nonlinear deformation
""C: Nonlinear material behavior and nonlinear deformation

On comparison, thimeoretical calculation underestimaths stiffness of pipehich often
leadsto over designing. Tndifferencen stiffnessoccurred aghe effect of nodinearities,
pipe curvatureandinfluence of wall thickneswere notconsideredThe author conclude
that using description of materialayerwise is essentiabnd the use ogquivalentone
layerpropertiesshould be avoided.

2.2.4 Geometri ¢ Non-Linearity in Pipes under Transverse Compression

On beingsubjected to transverse compressiBRP linersstart failing elliptically and
undergo large deformations. Tligauses nonlinearloadi displacementesponseén the
pipe.While analyzing flexilbe structuredike thesea typicallinear elastic analysis may not
adequately capture the true response of the stru@efkections are assumed to be small
relative to sizeof the memberi.e. there is acomparativelysmall diference between the
undefamed and deformedhape of the structuyrén a linear elastic analysisThe static
equilibrium equations for tlseare basedn the undeformed geometry and the strains are
linear functions of the displacementssulting in linear equilibrium equations. However,
when the displacements become large, @sisentiato considerthe dfects of geometric
stiffness in order to obtain results that are accurate and physically represeltéize.
function of the intenal force inan elementand the changa positionof its nodeslin order

for a structure to remain in static equilibrium as it undergoes finite deformations, forces
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are developedithin the members to balance externalpplied forceWhen tese interal
forcesarecaused byhe change in geometrytthereis anincrease irthe stff ness Thisis
known as stress ffttning or geometric $tening.It is more accurate to refey the static
equilibrium equationso the deformed configuratiowhile solving for structures of this
nature The straini displacementfunctions are noflinear, resulting in nodinear
equilibrium equations. This kind of problemdalled geometrically ncefinear (Lebofsky
2013) Hence, 1 wasimportant to consider geometrnonlinearity while analyzing the
FRPlinerswhich were subjected to transverse compressive loadicgnpareagainst the
experimental resultis this study

2.2.5 Long Term Ring Deflection of Buried Pipes

Kim et al. (2019) studied about the long term rileglectionof pressurizedburiedpipes as
thePSreducel over time A large diametesandwich pip&vas constructed fromeinforced
polymer mortapipe (RPMP)whichwas embedded betwegberglass pipes. The diameter
of the sandwich pipevas 2400 mm and was buried for 664 day&EA and pipe ring
deflectionspredictedusing the lowa formulan AWWA M45 was used to determine the
safetyof the buried pipeThelong-term behavioof the pipe wasleterminedstatistically
using initialring deflection dataccording t)ASTM D5365t0 predict the long term ring
deflection The structural behaviasf a buried pipe is dependent on the external pressure
acting upon itThe vertical earth pressuaeting on the buried pipmn bedeterminedrom
the load orthe top ofpipe andoadedarea whera static load is acting on in this case
therewasaninducel earth pressure in the horizontal directamthe buriedpipe deforned
The vertical earth pressure generated from #pplied load beame greater than the

horizontal earth pressucausedy thepipe deflection.
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When a prdoadwasapplied to the pipaithout considang the effect of the surrounding
soil onthe pipe deflectiorthe pipe deflectionwere calculatedising Equation Zaand 2

7b (Kim et al. 2019)

The lowa formulain ASTM D2412 was also used to predict the deflection of flexible
buried pipes as given in Equation2.

> $7 7 ¢ (2-11)
™™ 1T w0 88t ™ Pop

where , D = Deflection lag factor

Wc = Vertical soil load orthe pipe (N/m)

W, = Live load on the pipe (N/fh

Ks = Bending ceefficient

E6 = Composite soil constrained modul us
The lowa formula limits the deflection to 5% for the safety of the pipes and prevent
leakages. For the test, the pipes were buriedransidil over it was compacted. The vertical
and horizontal deflections were measured using a laser distance meter. A Finite Difference
Analysis (FDA) was conducted using the program MIDAS/GTS to compare it against the
experimental test results. Three budepthsi 5 m, 10 m and 16 m, three domsamd soll
characteristichased on the pipe bedding mateviedre considered for this analysis. The
results from the experimental and FDA analgsegiven in Table 27. Case vasin closer
agreement with the test data and it was found that compaction density of the pipe affected
the deflection level§Kim et al.2019)
Thevertical and horizontadeflectionsat 1 m, 3 m, and 5 m from the entrance ofle
weremeasuredThepipe deflection was within 1% of the original pipe diametelt was

found that majority of theleflection occurreavithin the first 30 dysof constructionln
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the buried condition, theipe begandeflecing elliptically and experienced a reduction

the vertical diameter and increase in horizontal diameter. The deflédiroe grapls are

presented in Figure-@.

Table 227  Comparisons of Numerical Analysis and Experimental Results (Kim
et al. 2019)
Two-dimensional analytical results (%) Experimental AWWA M45

Buried depth (m) Case 1 Case 2 Case 3 results (%) (%)

Ay Ap Ay Ay Ay Ap Ay Ay Ay Ay
5 -0.28 0.27 -0.75 0.71 -1.17 1.18 -0.17 0.17 -0.52 0.52
10 —0.56 0.53 —1.38 1.30 -2.06 2.07 -0.38 0.38 -1.05 1.05
16 -0.90 0.85 -2.13 2.00 -3.08 3.09 -0.71 0.54 -1.67 1.67

Note: (+): increases in diameler; (-): decreases in diameler.

Vertical ring deflection (%)
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i
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8§ 10 14 16 30
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Figure 2- 6
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The authors concludethat the effect of PS on deflectiovas minimal and was within
3.5% deformationAt thatstage, e contribution of soil foundation and PS to the deflection
wasabout 96.5%. Hence, the authors suggptstat the soil foundation could play a major
rolein deflection levels of buried pipes (Kim et al. 2019).
2.3 ADVANTAGES OF USING FRP SANDWICH CoOMPOSITE PIPES
Generally, theompressive strength of FRffements arwer than their tensile strength
Also, thin FRPsheet$avelessstiffnesswhichleadsto installinglayerafter layerof fabrics
inside a pressure pipe tbtain a liner of sufficienthicknessand adequate stiffnessn
suchrepairs, it is common to see designs calling f@ror more layers dfabrics The
typical cost of asingle lger of CFRP with installationcharges isabout $30(per square
meterin the US Accordingly, al2-layer systenwould cost over$3500 per square meter
of the pipe surface are@he major shortcomings of this system are bothtiyh cost of
repair and théong installation time Also, since many of these repairs are to be performed
with a shutdown and under tight schedules, shortening the repair time is of extreme
importance to the owners of these pipes running power plants, water utilities, etc.
Sliplining a conventional pipento thedeteriorated pipés acommonly used technique.
However, this ofterauses aignificant lossn flow capacityof the repaired systedue to
the large annular spacie createsbetween the host pipe and the new pipee above
shortcomings led to the development of the StifPipe@ch is FRP sandwich pipe by
Ehsani(2019). There are twa&ngineeringattributes that the structure of a pipe must offer:
1. Sufficient strength and sfiiesswhile beinghandled during installation and

resising gravity loads safely
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2. Adequate strength to resist the internal fluid pressure in both hoop and longitudinal
directions

Ehsani (2019addressethese by making aew sandwich pipghat uses<GFRP orCFRP
skin anda light-weight honeycomb panebre The interior surface of the pip&as to be
coated with CFRRo resist hoop stresses and thiesids.It wasadvantageous to use the
anisotropic property of FRP #%e tensile strength of FR® degendenion the direction of
the fibers The fibers oriented in the hoop directimasto resist internal pressuasd the
fiberspositionedalong the length of the pipeas toprovide resistance against thrust. This
feature of FRMelps to come up with aaconomical desigmthethickness and rigidity of
the pipecould be increaseat a low cosby using a spacer material suchadgghtweight
honeycomb core or 3D fabrighesandwich pipewould resemble the flangeeb system
of an Fbeam.
Ehsani (2019) demonstrated the followingng asandwich panel system:

1 Thickness of 1 layer cEFRP fabric= 1.3 mm

1 Thickness of 1 layer of honeycomb cor&.&§ mm

9 Total thicknes®f the pael =10 mm
The stiffness of the panelasincreased to 37 timaghile therewasonly a 9% increase in

weighton introducing a spacer.

- o

RELATIVE STIFFNESS 1 7 37
WEIGHT (Ib/ft?) 0.910 0.978 0.994

Figure 2-7 Comparison of Stiffness of CFRP with CFRP as Skin Reinforcement
to a Lightweight Polypropylene Honeycomb CorgEhsani 2019)
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The pipe ould be designed for any internal pressure by adding additional lay©RR®
to the inner surface of the pip&.light-weight and inexpensivepacer likgpolypropylene
honeycomb or 3D fabriaas toprovidestiffnessto the pipe To increase the stiffness and
provide durabilityagainst environmental conditionBRP fabric layers were provided
externally FRP being nonrcorrosive eliminated the need for cathic protection. It
weighed 10%- 15% of a conventionaGFRP pipeand issignificantly lighter than steel or
concrete pipegEhsani 2019)
Ehsani (2019) has reported a raamhe application of this sandwich pipefor the
rehabilitation of a pressure pipe. @Aguirre power planin Puerto Ricohad alarge
network of pipelines ranging from 600 to 1500 mm in diameter, delivering cooling water
to various parts of the plant or carrying teedwater to be discharged in the Caribbean
Sea. These pipes opercia a pressure of aboutIll4 MPa (15200 psi).The access to
the pipe networkvas through theiser piges. Due to evere corrosion in one of these riser
pipes the steel cover dislo@glunder pressur&.hepipe lid was thrown nearly 30 m away
from its location Consequently, all the pipes wenspeced, and it was found thaeveral
risers exhibited various degrees of corrosion near the grounditevak decided to repair
the upper 1.2 m of 29 riser @p. There was a concern to repair th@8ench diameter
steel pipes coated with a cementitious mortar ligixgeditiously
The pipes were subjected to

1. Internal fluid pressure

2. External load from the weight of the soil and traffic
On evaluationa full structural repair (Class 1V) to resist these loads witheirig reliant

on the host pipevas plannedThere werghree design alternatives
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1. Replace the upper 1.2 af the riser pipes with a new steel pipe.
a. Excavatbnaround theiserwas required. Had farovidetemporary shoring
for the surrounding soilThe existing pipdad to be cut and removed
b. Installation and welding of new pipe to the old pipe and coated with mortar.
c. Removal of shoring and backfilling.
This conventional repatechnique was ruled out agéquirel moretime to completeand
would havecausé a disruption of service.
2. Repair the pipe witlCFRP using the wet layup technique. i$hechnique has
proven tobe successfuh the repair of similasteel pipesGeraghty2011).
a. If only the internal pressure of the pip&as to be considered, thene or
two layers ofCFRPwould have beesufficient
b. Sinceexternal loadsverealsoto be considereth this casedesign called
for 6 to 7 layers oCFRPas it wascontrolled by the stiffness or rigidity of
the liner.
This optionwastime-consuming anéxpensiveHigh chances dbwer quality installation
was possible as thentire repaihad tobe performed in the fieldSkilled labomwasalsonot
readilyavailable on the island.
3. Using StifPipe®made of GFRP/CFRP skin and a honeycomb/ 3D fabric core.
a. Easily manufactured stored and transporteldefore the shutdown and
installed quickly.
On analyzing the threalternativesthis was the most feasibtechnique to carry ouhe
structuralrepair of the 29 riser pipg&hsani 2019)The pipe had to be designed for an

internal pressure of 2.75 MPa (400 psi), which is considerably higher than the operating
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pressuref 1.03 MPa (150 psiand had to be festanding to resist the external traffic and
soil weight loadsThe deterioratediser pipes coated with a cementitious mohad a
diameter of 914 mnF-or rehabilitation, theandwich pipef 890 mm outer diameter was
chosen to fit inside the host pipadathe annular space was to be filled with grout. The
majoradvantagef this sandwich pipaes its ability to bemanufactued tofit a pipeof any
shape and sizghsani 2019)
Thesequencsandwich pipdayers from inside to the outside of tiheterioratd pipewall
as presented in Figure&

1 1 Layer of chopped strand mat

1 2 Layers of TU27QUnidirectional Carbon Fabric)

1 1 0.3%kinch spacer sheet

1 2 Layers of VB26@Biaxial Glass Fabric)

1 layer Chopped Strand Mat
2 layers Unidirectional CFRP

1 layer Spacer Fabric
2 layers Biaxial GFRP
Figure 2-8 Cross-Sectional View of Sandwich Liner proposed by Ehsani (2019)
Each layer served a particular function as given below:
1. To providean impervious layer that coveadl smallpinholes present in the pipe
surface chopped strand mat richly saturated with regas used
2. The 2 layer unidirectional CFRP wastmvide hoop strengtimat would helpgesist

aninternal pressuref 2.75 MPa (400 psivith anadequate factor of safety.
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3. The spacer fabric was to increase thement of inertiaof the cross sectiorby
acting as theveb of an | beamandalso to increase thagidity of the pipe.

4. The longitudinal fiber®f the biaxial glasgabric was toincrease the hoop strength
and ring stiffness of the pip&hefibers in the transverse directiarere toincrease
thestrength oflie pipe along its length.

The overall weight of 4.2 m longsandwich pipehat was used to rehabilitate 29 riser
pipes was only 36 kg.wWo pieces of theandwich pipavere randomly selected from the
production line and were tested under parallel platnig according to ASTM D241&s
part of quality control and to verify the validity of design assumptibhebehavior of the
sandwich pipesverelinear to failureas presented in Figure® Theloadi deformation
behaviorof the two samplewereidenticalwithin the elastic rangi@dicaing ahigh quality

of construction. The ring stiffnesgs calculatebr both samples and averagedlifferent
deflection levelsas presented in Tae 2-8. This could be useth the design of pipe
subjected toxdernal compressive loads theresults were comparable with  HDPE and
PVC pipeqEhsani 2019)

The dashed curve in Figuredds theresult ofatest conducted by the autHeihsani (2012)

in whicha 914 mm diameter pipe with 6 layersaohigh strengtlunidirectional carbon
fabric was testedinder transverse compressi@nsignificant increase in stiffness can be
notedthough thesandwich pipénad lesser number of fabric layers when compared to the
solid wall composite pipe which was made of 6 carbonddayers.This data proves #t
using asandwich pipés highlyeconomic andt also has a higher stiffness capacity (Ehsani

2019).
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Table 228  StifPipe® Stiffness at Different Deflection Level§Ehsani 2019

Percentage of outside diameter 3% 5% 8% 10%

Deflection mm (inches) 284(1.12) 47.2 (1.86) 75.7 (2.98) 94.7 (3.73)
Pipe Stiffness for Sample# 1  kPa (psi) 136 (19.7) 133 (19.3) 127 (18.4) 121 (17.6)
Pipe Stiffness for Sample # 2  kPa (psi) 148 (21.5) 141 {20.5) 132 (19.2) 127 (18.5)
Average of two Samples kPa (psi) 142 (20.6) 137 (19.9) 130(18.8) 124 (18.0)
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Figure 29 Load-Deflection Results of theéSandwich Pipe(Ehsani 2019)

2.4 | NFERENCE FROM THE LITERATURE

On reviewing the literature, it was found thatious sudies on the behavior of solid walll

FRP pipes, under axial loading and/or internal hydrostatic pressure (Das and Baishya 2016;
Wang et al. 2016), impact loading (Wakayama et al. 2002; Deniz et al. 2013) and fatigue
cycles (Tarakcioglu et al. 2007; Rafiaad Elasmi 2017), pipe mechanics and fracture
strength (Parashar and Mertiny 2011) etc. have been carrieBinnitarly, it is evident

that innumerable works have been performed to understabehlgiorof sandwich pipes
which ae mainlybeingused folunder sea and deayater applications. Studies on shearing
capacity, compressive strength and behafliar et al. 2017; Hansen 1998)emperature

field of sandwich pipe(Wang et al. 2017)shear deformation based on bending and
buckling (Jianghong2015) external pressure capaci¢prjomandi and Taheri 201])
elastic buckling and bending capac{#yrjomandi and Taheri 2012; 2010pnsed on an

experimental, analytical and numerical approach, have been performed.
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Limited tests taunderstand the behaviof solid wall FRAiners bonded inside PCCP as a
rehabilitative measurspuch as sectional ring tests, external load test for-gatge bearing
(TEB) strength, full scale hydrostatic burst teatlial compressiotest (Lee and Karbhari
2005; Rafiee and &bibagahi 2018) have been conducted asttess analysis (Houssam
and Sean 2001has also been don8imilarly, sandwich pipe liners o& few different
facesheetoreresin combinations havween patented with some providing the method of
lining as well(Kittson and Kulawic 1998; Imoto et al. 189 Aylor Jr. and Hirtz 1990).
There ardess than fivestudies in the literature, discussing about the beha¥gwlid wall
FRP and sandwich pipe liners which are subjected to transverse compréksiactual
behavior of both solid wall and sandwich FRP liners uttdsioadingare not well known.
In many studies, F&k has been used to simulate the effecpaifallel plate loading and
physical parameters such as the PS and SF of FRP ring spebiavenseen determined
using commercial softwares like ANSYS and ABAQUSing FEA reduces the number
of physical tests and thereby helpsieatingan optimizedsolutionin a short duration of
time. However,FEA is the onlyanalysis method thdiasbeencurrently used tdlustrate
the material and geometric ndimearity of FRP composite element Bimple analytics
have been developed tubstantiatehe geometric nofinearity displayed bythe liners
while largely defornmg under loading.

Hence, thigesearclwasfocused oranalyzingthe behavior of FRP liner undgansverse
compressiorto determire thestiffness and strength parametehs iterative analytical
model was alsalevelopedby considering geometric nelmearity and was compared

against the test data.
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CHAPTER 3 EXPERIMENTAL PROGRAM

The outline of experimental program conducted for testing FRP solid wall and sandwich
liner specimenareprovided in this section. A test matrix is used to describe the specimen
categories. All materials properties are discussed with a detailed exptaaatidhe
fabrication and testingprocedure is also made availabl€he failure modes are
demonstrated antthe test results, including load deflection behavior and lo&dstrain
behavior ar@resentecnd discussed.

3.1 TEST MATRIX

For the solid wall liners, GFRP and CFRP specimens with an average outer diameter of
340 mm and width of 315 mm were fabricated. Four layers of fabric with a finishing
overlap ofapproximatelyl00 mm were cured in epoxy resin for both liner types. For the
sandwich liners, specimens with two layers of either GFRP or CFRP facesheets with 100
mm overlap and a 3D woven fabricalpulkermat core, with an average outer diameter of
350 mm and width of 310 mm were fabricated. The solid wall test specimens were
identified with a specimen ID as XYZ, where X stands for the number of fabric layers
and Y stands for either fiberglass (G) or carbon (C) fiber and Z denotes the ID number. For
example, 4G 1 stands for GFRP solid wall specimen with 4 layers of GFRP With
number 1. The sandwich test specimens were identified with a specimen IDAsXXY

- Z, where X stands for the number of fabric layers, Y stands for either fiberglass (G) or
carbon (C) fiberA stands for either-B wovenfabric (W) or Bulkermat (B) ore and Z
denotes the ID number. For example-RG2G - 1 stands for GFRP sandwich specimen
with 2 layers of GFRP and 1 layer offlBwoven corewith ID number 1.Thetestmatrix

is presented iMable3-1 and crosssectional view of specimens are shown iguiFe 31.
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The test matrix was developed to increasestrength angtiffness of solid wall specimens

by introducing a spacer fabric. A normalized elastic modulus was found using the coupon

thickness of GFRP and CFRP composites, respectively. This wiasrfused to calculate

the normalized ring stiffnesat different deflection levelto make all the six specimen

types comparable. Having a comparable stiffpesametehelpsin identifying a potential

material for structural rehabilitation

Initially, a 3D woven fabric core was introduced as a spataerial Although the initial

stiffness was improvedhe strength was compromised. A bulkermat foam core was then

introduced to improve both strength and stiffness of the liner system.

Table 3-1 Test Matrix
# Specimen ID Outer Width Wall Note
Diameter (mm) thickness
(mm) (mm)
1 4G-1 329.75 309.00 04.53
2 4G-2 343.25 320.13 04.13 .
Glass solid wall
3 4G-3 338.50 313.00 04.27
4 4G-4 344.63 318.38 04.21
5 4C-1 347.63 316.38 05.36 )
Carbon solid wall
6 4C-2 346.75 315.63 05.17
7 2GW-2G-1 358.38  290.50 11.52
8 2G-W-2G-2 355.63 308.13 11.65 )
GFRP/3D woven sandwich
9 2G-W-2G-3 358.00 314.50 11.22
10 2G-W-2G-4 358.00 314.75 11.30
11 2CGW-2C-1 360.38 315.38 12.14
12 2C-W-2C-2 361.50 318.50 12.50 ,
CFRP/3D woven sandwich
13 2CG-W-2C-3 360.88  318.38 11.79
14 2C-W-2C- 4 353.50 311.25 12.66
15 2G-B-2G-1 34525 304.75 09.55
16 2G-B-2G-2 346.63 303.29 09.77 GFRP/Bulkermat sandwich
17 2G-B-2G-3 346.88 305.88 09.24
18 2C-B-2C-1 345.75 300.88 09.87
19 2C-B-2C-2 346.50 304.63 09.87 CFRP/Bulkermat sandwich
20 2C-B-2C-3 300.75 345.63 10.08
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4 Layers of GFRP/CFRP 2 Layers of GFRP/CFRP + 1 Layer of 3-D
Fabrics Woven Fabric + 2 Layers of GFRP/CFRP

[ ¢

(@ (b)
2 Layers of GFRP/CFRP + 1 Layer

Bulkermat + 2 Layers of GFRP/CFRP

Figure 3-1 Cross-Sectional View of (a) Solid Wall; (b) & (c) Sandwich Specimens

3.2 MATERIAL PROPERTIES

For the solid wall liners, unidirectional glass/carbon fabric saturated using -a two
component epoxy resin was used. The aerial weight of dry glass fabric was $1& g/m
had atensile strength of 3.24 GPa, tensile elastic modulus of 72.4 GPa, density of 2.55
g/lcm?and an ultimate elongation (rupture strain) of 4.5%. A-t@mponent epoxy resin

was mixed imaratio of 2:1,with two parts of resin and one part of hardener. Thepsisy

of two-component saturating resin was 180800 cps. After the full cure time of 48 hours,

the resin is reported to have a tensile strength, compressive strength and flexural strength
of 49.3 MPa, 65.4 MPa and 76MPa, respectively. The tensile moldis, compressive
modulus and flexure modulus were 1.995 GPa, 3.25 GPa and GHd0espectively.

Also, the water absorptiowas < 1% in 24 hours. When the glass fabric was laminated
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with epoxy, the nominal ply thickness was 1.3 mm. McCracken and Sade(ft18)
performed the tensile test and the results based on nominal ply thickness of fh8anm
average tensile strengitas583 + 31 MPa and the average elastic modulus was 21.75 +
0.58 GPaThe test procedure and results are presented in AppendikeBdry carbon
fabric had aweight of 943 g/ tensile strength of 3.8 GPa, tensile modulus of 231 GPa,
density of 1.8 g/c) ultimate elongation of 1.64%. When laminated with epoxy, the carbon
fabric had a ply thickness was 1.24 mm. The CFRP lamindtarhaverage tensile strength

of 1126 MPa and an elastic modulus Dd0 GPa. For the sandwich liner, the GFRP and
CFRP facesheets had the same properties as mentioned above.

The core was composed ofBwoven fabric made with two {girectionally woven giss
fabrics, mechanically integrated with vertical woven piles. One pillar had taltafed

piles and appeared in shape of 8 and 1 from the warp andiveetion,respectively. The

dry aerial weight and thickness of the carere 1050 g/nt and 8 mm regectively The
density in warp direction was 15 ends/cm and density in weft direction was 8 ends/cm. The
tensile strength in warp and weft directions were specified to be 6000 N/50 mm and 10000
N/50 mm, respectively. Based on preliminary testsnductedby McCracken and
Sadeghian(2018) the average thickness after curing was found to be 7.54 mm and the
weight of the fabric was 2988 + 134 dinBulkermat is a low density, nonwoven
continuousstrand laminate bulker/print control mat constituting of micrdooals (45%

by weight). It has a density of 0.045 d/rdry aerial weight of 160 g/fand dry thickness

of 4.1 mm. The tensile strength and elastic modulus in longitudinal and transverse

directions were 6.37 and 5 MPa, and 1.19 aaPa respectively.
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Material properties ofdry fiber, epoxy and core material are as specified by the
manufacturer QuakeWrap Ind.ucson, AZ, USA Faceshedaminate ad core material

properties are giveim Table 32.

Table 32  Facesheet and Core Material Properties

GFRP Laminate

Ply Thickness (mm) 13

Avg. Tensile Modulus (GPa) 21.75

Avg. Tensile Strength (MPa) 582.93

Avg. Rupture Straifmm/mm) 0.0274
CFRP Laminate

Ply Thickness (mm) 1.24

Avg. Tensile Modulus (GPa) 100

Avg. Tensile Strength (MPa) 1126.35

Avg. Rupture Straifmm/mm) 0.0115
3-D Woven Fabric

Youngod6s Modul us ( MPa 57

Core Shear ModulugviPa) 16.6

Bulkermat

Youngdés Modul us ( MPa 374.4

Core Shear ModulugviPa) 144

Ultimate Shear Strengi(iMPa) 2.2

3.3 SPECIMEN FABRICATION

The following procedure was adopted for specimen fabrication:

Stepl: To fabricate the liner specimens, sheets of glass and carbon fabrihergD

woven fabric and bulkermat core were cut to required length using shears. Having scaled
and cut the fabric requirements to a larger dimension helped in fabricating 3 or 4 liners at

once. Wet layup method was used to fabricate all the specimens.
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Step 2:The fabric was thoroughly cleaned of any minute dust particles.

Step 3: A plastic sheet was used to cover the cardboard mandrel of 305 mm nominal
diameter, before placing the fabric.

Step 4:For the solid wall liners, a layer of resin was applied on the plastic sheet for good
bonding and then four layers of glass or carbdorifawas wrapped around while
sufficiently wetting the fabric with epoxgnd providingan end overlap of 10énm.
Similarly, for the sandwich liners, 2 layers of glass or carbon fabric were applied as inner
and outer facesheets and one layer-bBf\8oven fbric or bulkermat were applied as the
core material of the liners.

Step 5:A roller was used to evenly distribute the resin over the fabric surface and a spatula
was used to smoothen the resin layer.

Step 6:A motor system was used to spin the mandmi/isl to create a small centrifugal
forcein orderto avoid the concentration of the resin at the botdsreshown in Figure-3.

Step 7:The specimens cured for approximately 24 hours at room temperature with a plastic
sheet covering its exposed surfacegltain a smooth and dust free surface

Step 8:The cardboardnandreland plastic sheets weremoved, and the liner was allowed

to cure

Step 9:After at least 7 days of curing at room temperature, the single unit of liner was cut
into three orfour identical specimens using a diamebkhded saw. The rough edges were
sanded to obtain a smooth surface.

Step 10:A measuring tape was used to measure the outer diameter and width, and a digital
caliper was used to meastinethickness of each specimen ajtidifferent locations and

was averaged for further calculations.

36



> Cardboard
Single Unit of FRP Liner Mau(hl

—

~3v.4

Figure 3-2  Specimen Fabrication

3.4 TEST SETUP AND | NSTRUMENTATION

For testing the liners, a customized parglelte load test setup was crafted using &0

load cell. The plates were 450 x 750 mm in size and had a thickness of 12.7 mm. The stroke
of actuator was 340 mm and pump allowed a loading rate of 20 mm/min. For the liners,
two strain gauges (SG) were applied at 4#méight of the liner on the crowand invert
positions. Two strain gauges were applied on either exterior side of the liner at springline
position as shown in FiguBe3. All strain gauges were placed parallel to the fiber direction.
The fabricated specimen was connected to a string paiegter on sides A and B by
drilling small holes on either side of the liners, which could measure up to 635 mm
deflection in the horizontal direction. Likewise, string potentiometers C and D were
clamped to top and bottom plate respectively and couldureasdeflection of up to 305

mm in the vertical direction. All the specimens were then tested under compressive
transverse loading according to ASTM D241P (2018)standards. Displacements in
vertical and horizontal directions and strains in springlme@own/invert positions were
collected using a data acquisition system (DAQ) with a frequency of 10 Hz and were
further processefbr analysis
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Figure 3-3 Test SetUp and Instrumentation

38



3.5 EXPERIMENTAL RESULTSAND DISCUSSION

3.5.1 Failure Modes

3.5.1.1 Solid Wall Liners

The common failure mode that GFRP solid wall liners experienced was wall crushing at
springline.Specimens 4G 3 and 4G- 4 delaminated at the crown and underwent wall
buckling. The modes of failure for GFRP liners are presented in F3gdir€racking was
initiated at the springline at around 5 kN for all the four specimenssgd®@mens reached
anaverage peak load of 11.5 kN after which they faded to springline wall crushing
GFRP being a flexible and elastic material, the liners almost returrleeldaginal shape

and size after unloading.

The solid wall CFRP liners failed byall crushingat the springline and delaminating at

the crown simultaneously. There was a reversal of curvature at the crown, and the invert
lifted and cracked. Since the CFRP is highly stiff, there was delamination between the
laminate plies under high loads. A comimus crackling sound of individual fibers
fracturing was observed until the specimens ultimately failed. This acoustic effect of the
buckling fibers could have taken place as carbon fibers are brittle under loading. The CFRP
liners ultimately failed by btile fractureat springline The cracks at springline started
occurring at 7.5 kN and specimens reached a peak load of 13 kN. The reversal of curvature
was recorded at an average load of 11@RRPspecimengartially retained the reversed
curvature at @wn and lifted invert even after unloadiriggure 3-4 shows the modes of

failure for CFRP liners and its deformed shape.
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3.5.1.2 Sandwich Liners

The GFRP sandwich liners with[3 woven fabric core showed the following modes of
failure: core shearoverall buckling of the linerand skin delaminationfrom coreas
presented in Figurg-4. An audible springline crushing and visible cracking developed at
an average load of 7.5 kMn average peak load of 10.6 kN was attained by all the
specimens. Skihuckling occurred in the direction away from the core and at the shoulders
for the specimens 2@&/-2G - 2 and 2GW-2G - 3. Interestingly, it was observed that the
core shear was dominant at the shoulder and haunch positions of the liner. Based on
previous tudies, the diagonal tilting of vertical cofiers (core shearpccurs as the
sandwich liners start behavipgrtialy compositewhere thefacesheetare stiffandthe
weakcoreis unableto maintain a linear strain profile dueatow rigidity. While bending,
facesheets stadbehaving independently and the top and bottom facesheets start moving
in directions opposite to each otl@eatingshear stressesithin the core It ultimately
compromiséd the stability of thesystemas thecoreshear deformationccurred

CFRP sandwich specimens wittD3woven fabric core had the same failure modes as that
of GFRP specimenBue to the high rigidity of carbon laminathe facesheet delamination
from the weak core occurred at a much lower ledegn compared to GFRP sandwich
specimens. Springline cracking occurred at about 8 kN for all the specimens and the
specimens reached an average peak load of 11.5 kN. Buckling near thevpktesre
prominent when compared to GFRP sandwichiesilar to ®lid wall CFRP specimens.

GFRP and CFRP sandwich specimens with bulkermat core failed due to core shear closer
to the crown/invert positions amnsequentdelamination of théacesheet from the core

was observedfter failure Core shear failureccuredas the maximum sheairessof the
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core exceeedits ultimate shear stss The GFRP and CFRP specimens reached an average
peak load of 13.1 and 13.2 kN respectively, after which the core sheared and a sudden drop

in loadcarrying capacitypccurred.

Delamination éCrown andWall
Buckling

; Reversal ‘ot:gr\;atureat the

~ CrownandLift atInvert
T

(a) (b)
Figure 3-4 Modes of failure for (a) Solid Wall and (b) Sandwich Liners
Overall, the sandwich specimens had shown higher stiffness when compared to solid wall
specimens. Especially, there is a significant difference of stiffness in the GFRP specimens

of the both typesThe sandwich specimens witiHDBcore are stiffer but they have lower
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strength than the solid wall specimens as they fail early due to coreasttarther
delamination. The sandwich specimens with bulkermat core though, has both higher
strength and stiffness when compared to its counterpamgs noticed that sandwich
specimens with the-B woven fabric core when loaded under transverse cessfm,
undergoes diagonadllting of vertical core piles which are in the direction Under
compression loathe focuss shifted to the bending resistance of the joints linkiegical

fiber piles and the panel skins, from the geometric constraini@dibg. As the maximum

shear stress in the core increases beyond the shear yield strength, the joints with bending
resistance starts resembling the function of plastic hinges. This weakens the structural
integrity of the system, thereby lowering its uléita strength.

3.5.2 Load i Diametrical Deflection Behavior

3.5.2.1 Solid Wall Liners

The results of loadl diametrical deflection response for GFRP and CFRP liners based on
the transverse compressive loading are given in TaBland their corresponding graphs

are presented in FiguBe5a. A total of four GFRP and two CFRépecimens were tested
using two string potentiometers in each direction to measure the diametrical deflection.
The average of the two were used for further calculatidogiever, the data from the two
devices were very close to each other. Until an avdoagkeof 8 kN and 11 kN, the GFRP

and CFRP specimens vary linearly, after which they start behavinlineanly until they

reach their peak load, based on FigeHsa

As the load increases, the circular liner stdeformingelliptically thereby recating large

levels deflectionwhich causes a nelimear loadi diametrical deflection response in the
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liner. This deformationis called elliptical ring deflectiorand it causes aonlinear
behaviorcalled geometric netinearity in the FRP liners

As expected, the CFRP specimens had a higher initial stiffness and peak load, hence
showing minimum deflection when compared to GFRP specimens. An analytical model
was developed tcompare the&ertical and horizontal deflecticagainst the test dates the
circular linerfails elliptically while loadingunder transverse compressiosing Mathcad.

The model is described in further sections of tasort

3.5.2.2 Sandwich Liners

Results of the load diametrical deflection response of GFRP and CFRP sandwich liners
with 3-D core based on the parallel pladad testing are given in Tablg-3 and their
corresponding graphs in Figure58. A total of four GFRP and CFRP specimens
resgectively, werdestedo find the deflection using string potentiometers. Basdeigure

3-5¢, it is noticeable that until a load of 7 kN and 9.5 kN, the GFRP and CFRP specimens
tend to behave linearly after which they becdménear/ nonlinear. This on-linearity
occurs as the core shears and starts behaving partially composite vd@ferming
elliptically under loadingThe specimen 2@V/-2Gi 3 had two peaks when it was loaded

to its maximumcapacitywhere, after the first peak the overall bucklingsvdg@minant. In
general, for both GFRP and CFRP specimens the core shear was the governing mode of
failure.

Loadi diametrical deflectiobehaviorof GFRP and CFRP sandwich liners with bulkermat
core is presented iRigure 35b. It can be observed that thelation between load and
diametrical deflection ialmostlinear for sandwich specimens with this coraterial,until

it reaches its ultimate load capacity. It also shows that this composite has higher initial
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stiffness when compared to solid wall andD 3ore sandwich specimenghe elastic
modulus of bulkermat is 6.6 times the elastic modulusBf8oven fabric corebecause
of which thebulkermat sandwich systehas a high flexural rigidity

Table 33  Summary of TestResultsbased onDiametric Deflection

) Peak Load Vertical Deflection Horizontal Deflection
Specimen N at Peak Load (mm at Peak Load (mm)

TYP®  “AVG SD  AVG SD AVG SD
4G 1150 1.40 187.00 1570 117.00 550
4C  13.00 0.12 6350 27.80 42.80 13.90
2GW-2G 10.60 0.93 1%4.00 449 1198  22.8
2CW-2C 1150 0.61 152.00 3050  90.90 14.80
2GB-2G 13.07 154 59.00 5400 37.00  29.00
2CB-2C 13.15 1.64 18.00 12.00 12.00 6.00
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Figure 3-5 (a) Load vs. Diametrical Deflection for Solid Wall Specimens
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Figure 3- 6 (b) Load vs.Diametrical Deflection for Sandwich Specimens with

Bulkermat Core
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Figure 3- 7 (c) Load vs.Diametrical Deflection for Sandwich Specimens with
3-D WovenFabric Core
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3.5.3 Load i Strain Behavior

3.5.3.1 Solid Wall Liners

Strains at springline and crown/invert positions were collected using a DAQ with
frequency of 10 Hz. Load Strain behavior of GFRP and CFRP specimens at the springline
and crown/invert positions are presented in Figh6a. Due to the loss of some strain
gauges during the test, the curves indicating loattain response were continued based
on their previous slopto the failure load. It is evident that CFRPlow ductility while

comparingts loadi strain graptagainstGFRP specimens.

Figure 3- 8 (a) Load vs. Strain Behavior of FRP Specimens at Springline and
Crown/Invert Positions for Solid Wall Specimens
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