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ABSTRACT

Pipeline owners have completed many in-situ repairs of large diameter PCCP
over the past several years utilizing fiber reinforced polymer composites (FRP). FRP
is one of the mos t successful trenchless repa ir methods for full structural upg rade to
specific pipe se ctions. During the design and field activities, owners, engineers and
contractors at times enc ounter and have to wor k tog ether to ove rcome challenges.
One such p roblem 1 s w hen t he ex isting con crete subst rate i s not compliant wi th
proposed Standard requirements. Th rough owner-engineer-contractor col laboration,
design and construction solu tions to resolve poor substrate conditions have been
developed. In addition, innovative techniques for surface preparation of concrete and
metallic substrates have resulted from tackling and overcoming these conditions. It is
by sharing this knowled ge and these concepts that the growin g industry standard for
FRP upgrades and r epairs will be impr oved. T his pa per will provide up to da te
information on constru ction best practic es, alo ng with input on how  to address
substrate deficiencies.

BACKGROUND ON FRP REPAIR OF PCCP

In the United States alone, there are over 1.4 million miles of buried pipelines
for wat er and wast e w ater m unicipal i nfrastructure (Gen eral Ac counting Offi ce,
2004). Accordin g to a recent stud y commissioned by AW WA (AWW A, 2011),
approximately 25% of water mains greater than 10in are made of reinforced concrete
or PCCP, with over $10 billion of P CCP assets in the United States alone. F  iber-
Reinforced P olymer (FR P) linings are pri marily used for t argeted st rengthening of
large diameter pressure pipe, pipelines greater than 30 in. (760 mm), which has led to
primary focus on PCCP for use of FRP linings.

PCCP has had a long and diverse histor y since its e arliest application in t he
United States in 1942, with many changes in standards and materials over the years
(Romer et al, 2008).  There are twot ypes of PCCP: lined-c ylinder t ype ( LCP),
consisting of a steel cylinder with cast concrete core, wrapped with steel prestressing
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wire directly over t he steel ¢ ylinder, and embed ded-cylinder t ype (ECP) which has
the prestressin g wir e em bedded wr apped onto an outer con crete core, as shown in
Figure 1. Site-manufactured ECP is made in larger diameters than LCP and has been
constructed as large as 2 52 inches in diameter. Both types of PCCP are d esigned for
the specific combination of internal pressure and external load in accordance with the
procedures outlined in ANS/TAWWA C304, Standard Design of Prestressed Concrete
Cylinder Pipe.

As shown in Figure 1, ECP-type PCCP is composed of an inner concrete core,
a steel c ylinder, an outer concrete core, prestressed wires whi ch are wrapped around
the outer core unde r tension, and an ex terior mortar coatin g protecting p restressing
wires from the environment. PCCP is designed for combined loads including internal
working and transient pressure, pipe and water weight, soil load, and live load. The
current an alysis and des ign proc edure is bas ed on checkin g ce rtain ser viceability,
damage, and strength limit sta tes by calculating stresses and strains in the concrete
core, mortar coating, steel cylinder, and prestressing wires (AWWA C304).

Figurel. Crosssection of a prestressed concrete cylinder pipe, ECP-type (Shenkirk, 2013)

There areav ariety of failure m echanisms for P CCP; however, at ypical
failure mechanism involves breakage of the pr estressing wires on individual sections
of pipe (Romer et al, 20 08). When prestressed wires on an individual s ection of pipe
break, the structural integrity of that pipe is compromised and the risk of a failure in
the line may be significantly increased, particularly if a pressure surge occurs in the
line. In the late 1990’s, e lectromagnetics technologies were developed to structurall y
assess the integrity of the prestressed wires on PCCP (Zarghamee et al, 2012). These
inspections are abl et o1 solate t he 1 ocation of broken prestr essed wir es with an
accuracy that allows pipeline owners to identify individual pieces of pipe which have
been str ucturally ¢ ompromised. B ased on  over 2 million f eetof PCC P
electromagnetically i nspected t o dat e, t he di stress rat e i n P CCP i s app roximately
3.9%, with onl y a f raction of the distresse d pip es having a si gnificant number of
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broken wires (Higgins et al, 2012). F ailure risk of pipes with broken wi res canb e
performed and repairs can be prioritized. Once distressed pipe sec tions have been
identified for rehabilitation, either replacement or a structural repair is selected based
on various constraints related to accessibility to excavate, downtime, and cost.

FRP lining systems have been used increasingly for internal rehabilitation of
water and wastewater pipelines since the mid-1990’s. The primary motivation for use
of F RP lining s as a rehabilitation technol ~ ogy is min imizing disrupti on to the
surrounding environment, particularly for distressed pipelines with difficul t access to
the exterior of the pipeline.

MAJOR FRP INSTALLATION OPERATIONS

The installation of an FR P structural liner inside the pipe includes many steps
and operations, be ginning with dew atering of t he pipeline and implementation of
ventilation and environmental c ontrols, followed by surface preparation of the pipe
substrate as well as cleaning and drying of the prepared pipe substrate. The procedure
for insta llation of the FRP ma terial in cludes mixing of epox yand mechanical
saturation of the reinforcing fabrics, priming the substrate with an epoxy primer and a
layer of thickened epoxy, application of the saturated FRP to the inside of the pipeline
substrate (as shown below in Figure 2.), implementation of end termination details for
the FRP lining system, and finally cure of the FRP material.

Figure?2. Installed longitudinal layer of FRP

Appropriate implementation of each of th ese steps is critical for a F RP lining
system to be insta lled s uccessfully and a chieve the de sired long te rm se rvice life
(Gipsov and Pridmore, 2012). One ofth e most important procedures for the
installation of the internal F RP structural liner is a dequate pr eparation of the pipe
substrate to achieve suff icient bond of the FRP liner material to the host pipe and
allow for proper load transfer between the FRP liner and host pipe.

The insta llation of an FRP line r s ystem for re habilitation of pipe lines is
considered a bond critical application. Bond is not only a function of adhesion, but
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also a function of substrate integrity itself. Confirmation of approp riate preparation
of the substrate is achieved throug h ASTM D4541 bond testing . Sampl e panels of
FRP arei nstalled o n prepared subst rate a nd te sting occ urs usin g the A STM
procedure. Testing of the adhesion sample panels should both confirm the adequacy
of the e xisting inne r ¢ ore ¢ oncrete str ength a nd ¢ onfirm tha t sa tisfactory su rface
preparation has occurr edt hatis in com pliance wi th t he new AW WA S tandard
(ANSI/VAWWA CFRP, in prepa ration). Given the importance of bond and adequate
surface preparation, it is essential that this step is carried out using appropriate means
and methods to insure long term success of the FRP liner.

CONQUERING CONSTRUCTION CHALLENGES

Surface prep arationis ake yel ement of t he i nstallation process and can
present many unique challenges. Special consideration is given to this step a nd best
practices have evolved over the past several years.

In cases where a con crete substrate is being prepared, specifications typically
call for ICRI profile of CSP-3 or g reater to cr eate an open po re structure and t o
remove all protrusions, sharp edges, and surface contaminants. S urface preparation
can be perfo rmed using seve ral methods which include water blasting , abr asive
blasting or pneum atic sponge-blasting. W ater blasting of  concrete surfaces is
acceptable, given the ap propriate equipment is utilized at the pressures necessa ry to
achieve the specified surface profile. If water blasting is selected, it is recommended
that 40,000 psi equipment, operatin g at 30,000 to 36,000 psi is utilized to ensure
proper profile of the concrete substrate is accomplished.

Attempting to use lowe r pressur e wate r blasting may result in low bond
strength and could be a detriment to the long term integrity of the FRP system. Water
blasting typically consists of hand-held or automated toolin g, as shown in F igure 3,
which positions the tip of the wand or wands 2-3 inches from the pipe surface. This
type of equipment typically uses 6-10 gallons of water per minute, which is collected
and managed as part of the installation process.

Figure 3. Surface preparation using water blasting equipment
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One caution regarding high pressure water blasting is concern for ov er-blast.
As seen in Figure 4, water blasting the surface opened up t he substrate to allow for
mechanical bond howev er also removed a significant portion of the cem ent paste in
the process. Given the forces utilized during high pressure water blasting, over-blast
of the surface, which adds time and const ruction costs associated with restoring the
profile prior to installation of the FRP liner, needs to be mitigated. It is suggested that
only experienced operators conduct this activity during the installation process. Due
in part to concerns regarding risk of over-blasting the substrate, some installers have
elected to shift to alter nate surface p reparation methods to mitig ate this potential
issue.

Figure 4. Close up of water-blast prepared substrate of inner core

Abrasive bl astingi s another m ethod for p reparation of t he sur face.
Conventional methods of abrasive blasting include grit blasting and sand blasting and
are completed using ab rasive blastin g equipment which h as be en modified for use
inside a pipeline. Spe cial precautions regarding mitigating airborne particulate levels
are taken for this type of surface preparation in a confined space.

A special type of abrasive blasting, which has displayed positive results for
pipeline applications, is spong e-blasting. Sponge media is open- celled, water based
polyurethane impregnated with abrasives and is applied to the substrate using hand
held or automated equipment as shown in Figure 5. O n impact with the surface, the
sponge particles compress and slide across the substrate producing a scrubbing action,
more similar to a sanding e ffect, but e liminating the har sher a nd dusti er neg ative
effects associated with conventional g rit blasting. The abr asive media r ebounds at
relatively low v elocity as the media converts the majority of its energy into work at
the surfac e. The spon ge blast media g enerates approximately 80 -90% 1 ess of the
airborne dust levels no rmally experienced with conventional grit blasting m edia,
allowing for improved safety during surface preparation.
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Figure5. Sponge-blast set-up on pipeinterior

Steel sur faces, w hether a pipe line or joint a rea w ithina PCCP se gment,
typically call for preparation to near white metal, SSPC-SP No.10 (NACE) as shown
in Figure 6.

Figure 6. Surface profile cardsfor comparison

In the joint r egions of PCCP where an FRP lining system is te rminated, the
inner concrete core is removed to expose the steel cylinder as shown in Figure 7. The
steel sur faces a t ter mination de tail a reas in the jointr egions of PCCP a re a Iso
prepared to a ne ar-white metal finish, which requires abrasive blasting o f the steel
substrate to achieve the necessary profile.
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Figure7. Joint region prior to surface preparation

Research and testing over the last several years confirmed the importance of
the a dequate pre paration of the ste el w ithin th e e nd te rmination r egion. D ue to
significant longitudinal forces applied on FRP liner, anchoring of the entire system is
vital for the successful installation. Sufficient bond of the FRP liner material to the
metal needs to provide adequate anchoring of the longitudinal layers to the end detail
region and is n ecessary for ensuring leak tightness of the F RP s ystem. Previous
practices for pre paration of the ste el inthe end te rmination r egions f or PCC P
involved use of wire wheels or g rinders to prepare the surface, as shown in F igure 8,
left photo.

Figure 8. Close up of prepared stedl substratein joint region of PCCP with grinder (left)
and sponge blasting (right)

There has been additional rese arch done which shows that grinding steel at

joints is not suf ficient in achieving the necessary adhesion between the FRP lining
and the st eel substrate. Near whi te metal, SP10, as shown on the rig  ht picture for
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Figure 8 h as been d eemed as the indus try requirement, which must be achiev ed
through abrasive blasting. If water blasting was performed surface preparation for the
main regions of the con crete substrate, ab rasive blasting would still be necessar y for
the steel regions at the end termination locations. Due t o safety concerns associated
with grit blasting, spon ge blasting has become the more prevalent abrasive blasting
process due to less dust generated during construction.

As part o fthe surface p reparation proc ess the soundness of th e substrate is
verified. Since a deviation from th e spe cifications on an y step o f the process may
compromise the structural integrity of the repair, Quality Assurance (QA) and Quality
Control ( QC) thr oughout the e ntire imple mentation pr ocess, inc luding su rface
preparation, is a vital ¢ omponent of th e F RP r ehabilitation of pipelines. Detailed
QA/QC pro grams hav e been well do cumented (Gipsov and Pridmore, 2012 and
Gipsov, 2012) and their implementation on all FRP lining projects is critical to ensure
project success.

On any construction project, discovery of unanticipated installation conditions
causes challenges during construction. The key to successful projects is to anticipate
challenges and to work on appropriate solutions. Ther efore, among other QC tasks,
installation of adhesion te st panels and pull- off te sting per ASTM D4541 is
performed in orde r to ¢ onfirm adequ ate pr eparation of the substrate as well as to
obtain feedback regarding the condition of the existing inner core concrete. Figure 9
shows the adhesion test equipment used for the ASTM D4541 adhesion test.

Figure 9. Adhesion test equipment used for ASTM D4541 test
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While specification requ irements typically call for a minimum of either 200
psi or 300 psi adhesion test values, F igure 10 shows an ex ample where a value less
than the spe cification re quirement wa s obta ined. F ollowing this re sult, the first
approach would be to perfo rm additional adh esion tests on the same test panel,
because low adhesion values will be observed if the adhesion test piece (known as the
test dolly) was not properl y adhered to the F RP surface or if the test dolly is pulled
off at a slight angle.

If test values are consistently lower than the spec ification re quirement for a
given adhesion test panel, the next step would be to repeat the surface preparation for
a pipe segment and repeat the installation of an adhesion test panel and the associated
tests. H owever, in a case where the adhesion test values are still insuf ficient a fter
further surf ace pr eparation and t he fai lure o ccurs wi thin t he concret e subst rate as
shown on the test doll y in Figure 10, this can be i ndicative of i nadequate m aterial
properties for the inner concrete core rather than a n issue with the level of surface
preparation.

Figure 10. Adhesion test dolly used for ASTM 4541 test

Based on “a s-built” spe cifications, the inne r core ¢ oncrete f or se lected
pipelines observed b y t he authors w as an ticipated to be at1  east 4000 -5000 psi.
However, on these pipelines the authors observed significant deterioration and testing
of the in-situ concrete st rength sometimes showe d compressive stren gth of 2000 psi
and lower. Since tensil e stren gth of concrete ist ypically around 1 0% of the
compressive stren gth of the concrete, pull-off te sting of such substrate w ould show
values of 200 psiand 1 ower. Concret e w ith such low material propert ies do not
comply with specification requirements.

Redesign of the FRP Liner
In cases wh eret he concrete h as 1 ow propert ies, rem edial m easures are
required which may include modification of the design or design assumptions. One

of the critical requirements for the design of FRP lining systems for rehabilitation of
PCCP is a resistance to exterior loads including weight from soil cover, vehicular and
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rail loads, g round wat er pressure, and va cuum pressure as shown in F igure 11. A
common pr actice in F RP lining de sign is to p artially re ly on the host pipe for
structural integrity by taking into account the inner core concrete in conjunction with
the FRP lining w hen resisting loads acting on t he s ystem. This d esign a pproach,
known as an interactive design approach, relies on the bond between FRP liner and
inner co re conc rete for resisting bucklin g under ex ternal loads. L ow inner cor e
strength values b elow s pecification requirements can require ch ange from an FR P
design with partial reliance on the host pipe (interactive design)to an FRP design
with no reliance on host pipe (stand-alone design).

Figure 11. Diagram of external loads acting on a pipéine

During the course of redesign from the interactive to stand-alone FRP design,
the number of FRP layers may need to increase to enhance buckling resistance for the
stand-alone FR P liner system. W hile adding additional la yers of FRP material can
address the issue, the added time and unforeseen costs may be pose challenges for the
pipeline owner.

Re-assessment of Site Conditions

Another approa ch to addressing the i ssues due to inadequate inner cor e
concrete str ength is to  re-assess the or iginal d esign assumptions utili zed f or the
rehabilitated pipeline segment. Re -evaluation of the soil ¢ over, water table and the
vehicular loads on the subject pipeline may reduce d esign | oads an d confi rm
sufficiency of the originally selected number of FRP layers.

Checking of the assumed soil conditions, particularly the design soil modulus,
E’, is of particular impor ~ tance. Some own ers have tak en into account ver 'y
conservative soil moduli E’ based on the previous ex perience of i nsufficient
compaction of the backfill during construction. A dditional soil bor ings along spring
line of the pipe ma  y eliminate over-cons ervative desig n assumpti ons for the
rehabilitated pipe line. If soil modu lusis stil 11 ow, g rout slur ry or ¢ ompaction to
modify the modulus may be considered.
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CONCLUSION

The purpose of this paper is to give the pipeline owner better control over the
FRP rehabilitation process for large diameter pipelines, even if in-field conditions are
different than anticipat ed. The firstcr itical step is a robust QA/QC  program to
address 1 ssues whi ch arise. If proc esses ar e c ompleted i n accordan ce t o QA/ QC
recommendations, undes irable field conditions can be identified earl y on in the
construction process and rectified.
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