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1. ABSTRACT 
 
Since 1999, Tucson water has had an active PCCP asset management program 

utilizing inspe ction a nd a dvanced str uctural ma terials suc h a s c arbon f iber. The  
program strate gy includ es precision insp ection methods which identif y distressed  
pipe seg ments and pro- active rehabilitation of those seg ments. In J anuary 2013,  
separation of sever al pipe seg ments l ocated at  b ends i n an 84-i nch PC CP l ine wa s 
identified. The  s eparation of  the  joints wa s due to c ombined loa ding is sues a t the 
bends, spe cifically in adequate thr ust re straint. The pipe  sec tions w ith ina dequate 
thrust r estraint w ere str engthened usin g ca rbon f iber pr imarily a pplied in the  
longitudinal dire ction in order  to addr ess the ide ntified issue s. Th e use  of  th e 
trenchless repair me thod w as favorable du e to  the  dif ficulty of excavating in  the  
distressed pipe region. The application of carbon fiber for this design condition was a 
significant advancement bey ond t ypical CFRP rehabilitati on which involves  
reinforcement primaril y in the hoop direc tion. This paper will provide valuable 
information and insight into the use of CFRP to address thrust restraint. 

 

2.  BACKGROUND ON TUCSON WATER ASSET MANAGEMENT  
 
Tucson Water currently serves approximately 710,000 customers with a water 

system consisting of 4,5 00 miles of unde rground pipelines.  In 1999, Tuc son Water 
experienced a catastrophic fai lure of a 96 ” P re-stressed C oncrete C ylinder P ipeline 
(PCCP) and a  72”  Butterfly Valve (BFV).  Th e 96” PCCP f ailure cost the  Cit y of  
Tucson over $5 million and a total of 12 hom es were cond emned.  Fro m 1999 to  
2005, Tucson W ater fo cused e fforts on c reating a Pipeline Prote ction Program,  
Corrosion Program, and procuring the necessary capital improvement funds to ensure 
safety and implementation of advanced technologies. 

 
One of  Tu cson Wa ter’s first ste ps in imple menting the ir asset ma nagement 

program was to create an inventory of all pipeline assets categorized by criticality for 
corrosion. This e ffort focused pr imarily on PCCP line s and critical foreign gas line  
crossings.   
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By 2005, sever al portions of the P CCP line s were bein g a coustically 

monitored with hydrophone arrays. The methodology at the time was that if there was 
no activity, the h ydrophones were r elocated.  In 2006, Tucson utili zed a customize d 
Acoustic Monitor ing s ystem a nd insta lled F iber O ptic Ca ble in the  P CCP l ines.  
Specialized t ransient pr essure senso rs wer e al so i nstalled on each o f the P CCP 
pipelines to c apture a ll pipe line surges. Th e transient pressure sensor u nits pe rform 
well in capturing the events of water hammer and have served as an effective tool for 
Tucson in aligning documented wire breaks.   

 
Tucson performed multiple tests on the PCCP lines and determined corrosion 

prevention was vital to the Pipeline Pr otection Prog ram. An impresse d cathodic 
protection (CP) s ystem was desi gned an d insta lled on 83% of  all PCCP. The  CP 
system wa s d esigned ut ilizing a  low  current r equirement a nd na rrow operational 
design c riterion. Groun d beds were d esigned cl ose t o each ot her t o m aintain 
consistent overlappin g CP g radients and  to p revent ov er-voltage pot entials a t 
rectifier/groundbed loc ations. E ach site is monitored b y a R emote Monitoring  Unit  
equipped wi th a refer ence el ectrode and cap able of m easuring i nstant on/ off 
potentials to c ontrol CP  le vels.  The  impor tance of  the  de signed CP sy stem is to  
protect the  pipe lines f rom c orrosion w hile a voiding the  possibilit y of  ov er-voltage, 
because it can lead to hy drogen embrittlement  of the pre-stressin g wires  within the  
PCCP.   

 
Also i mplemented was a D ynamic R isk Management program to activel y 

monitor a ll PCCP line s. A dvanced so ftware do cuments a ll acoustic wire bre aks, 
corrosion monitoring data, transient pressure sensor data, , , and, with the locations of 
the CP anode b eds bein g kno wn, c reates a Direct Assessment tool for  t he anal ysis 
process.   

 
To da te, Tuc son Wa ter ha s pe rformed multiple  inte rnal inspe ctions and  

electromagnetic te sting to e nsure th e integ rity of the  PCCP inve ntory. Pipe line 
inspections and repairs are predicated on the condition assessment and analysis of the 
electromagnetic t esting, acoust ic m onitoring, vi sual i nspections, and im pact echo  
testing.  This c ombination of  a sset management tools has cre ated a co mprehensive 
program mitigating risk for the citizens of Tucson.   

 
Pipe repair and upgrades have been performed on diameters 54”, 78”, 84” and 

96” PCCP. Tucson Water utilizes industr y-wide services of professional engineering 
firms a nd loca l J ob O rder Contr actors to fulfill the  ne ed f or a pipe r epair or 
modification.  

3. RECENT PCCP EVENT – FAILURE AVOIDED  
 
On August 21, 2012, Tucson W ater was able to prevent a cat astrophic failure 

on a 96” pipeline loc ated in ver y close prox imity to the first f ailure, which occurred 
in 1999. The acoustic m onitoring system alerted Tucson’s Qualit y Control Manager  
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of active wire breaks, which had the numb er of wire breaks increasing within a short 
amount of time.  W hile the active wire breaks are common, the timing and frequency 
of the wire break events caused significant concern for Tucson Water.  As previously 
highlighted, the last catastrophic failure cost the Cit y over $5 million i n collateral 
damage. In a ddition, a pproximately 38  million g allons of w ater we re lost into the  
Santa Cruz River within 90 minutes.  With this history, it was quickly decided to shut 
down and isolate the 96” pipeline segment.   

 
The r esult of this eme rgency action plan was that the status of  96” p ipe 

number 082 was elevate d to “imminent failu re” and immediate action was taken to 
address t he di stressed pi pe se gment. W hile t he dewat ering p rocess t ook pl ace, t he 
pipe was also bein g e xcavated in order to r epair b y ex ternal post- tensioning. 
However, it was determined that the pipe was too distressed to allow for external post 
tensioning to take pl ace when inspe ctions rev ealed t he pi pe had s evere m ortar 
delamination, severel y c orroded wi res, a cracked out er core, a com promised st eel 
cylinder and multiple longitudinal and circumferential cracks.  With the  approval of 
Tucson Water’s Administration and Condition Assessment team, a not ice to proceed 
for Carbon F iber Rehabilitation desig n wa s g iven and the pipe seg ments were 
repaired.  

4.  TUCSON WATER’S HISTORY WITH CFRP LINING 
 
Over the past decade, Tucson W ater has utili zed carbon fiber reinforced 

polymer c omposite ( CFRP) lining  s ystems as one of the structural repairs 
implemented to address di stressed pipelines.  The use of CF RP composites for 
pipeline rehabilitation in volves the application o f epox y satur ated sheets  of carbon 
fiber and glass fiber composites to the inside or outside of the pipeline, applied in the 
orientation designated on project design drawings.   

 

 

       Figure 1.  Mechanical saturation of carbon fiber fabric prior to installation in the pipeline 
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Unidirectional carbon fiber fabrics, as s hown in F igure 1, a re typically relied 
on for st ructural i ntegrity, wh ereas glass fabrics t ypically s erve as  t he el ectrical 
isolator lay er (on p rojects involving  meta llic p ipelines or in the end t ermination 
details for PCCP) to sep arate the carbon fibers from direct contact with an y metallic 
substrate be ing r ehabilitated.  O nce c ured, the se c omposite ma terials s erve a s th e 
structural system and often are designed to take all structural loads without relying on 
the host pipe for structural integrity.   

 

5. 84-INCH CAP WEST MAIN CABLE INSTALLATION DISCOVERY  
 
In lat e 2012, Tucson also scheduled a planned o utage of a 66 ” throu gh 96” 

pipeline to insta ll a  ne wly de signed a coustic monitoring s ystem as a n upg rade to  
current acoustic monitor ing equipment.  Du ring internal visua l inspections, Tucson 
Water crews identified a pipeline leak, shown in Figure 2. The leak was identified as 
water penetrating the pipe wall from the outside.   

 

 

Figure 2.  Observed joint damage (Photo Credit: Hector Posada of Tucson Water) 

 
A mor e thor ough inve stigation re vealed f ull c ircumferential cr acks, with  

longitudinal c racks in t he vic inity o f a ma nufactured blo w-off. The  Condition 
Assessment t eam concluded that more information was need ed to perfo rm a fai lure 
analysis. The proje ct e ngineer, Simpson Gum pertz and Heger (SGH)  found that  
within a pipeline span of approx imately 200 li near f eet, pipe s egments from the  
original C-301 design were restrained improperly and the pipe  was unable to restrain 
the t hrust forces on t wo adj acent 45 deg ree ben ds. S GH was abl e t o sim ulate t he 
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thrust concern at the failure on the upstream joint and additionally on the downstream 
joint. 

 
A CFRP liner was sel ected specifically because i t could be i nstalled rapidly, 

allowing the  pipe  to be  put ba ck in se rvice in a ve ry shor t time .  In thi s c ase, the 
implementation of the C FRP upgrade  was completed on an  eme rgency basis.  The 
normal plannin g, notific ations, and constru ction time that would hav e be en ne eded 
for a routine repla cement of the damaged pipe segment made the replac ement option 
infeasible.  

 

6. REHABILITATION OF THE 84-IN CAP WEST MAIN 
 
After the  CF RP option was se lected, th e contractor had  to provid e a f ull 

design and technical submittal within a short period of time, as construction activities 
were to c ommence imme diately.  De sign of  t he CF RP s ystem w as to ta ke into 
account the lon gitudinal weakness as the primar y driver and as su ch the majority of 
the reinforcement would utilize CFRP placed in the longitudinal direction.  A benefit  
of CFRP lining systems is that the use of unidirectional material allows for the design 
to be customized to resist specific loadings in each direction.  Figure 3 below details 
the repair area.   

 

Figure 3.  Overall project scope 

 
 
As detailed above, a k ey aspect of th is projec t was that the long itudinal 

deficiencies within the 84-inch pipelin e seg ment were found to be caused b y 
inadequately installed thrust r estraint.  The  longitudinal forces acting on t he pipeline 
were not prop erly r esisted b y th rust bloc ks and  ori ginal pi pe d esign, t herefore t he 
pipe se gments develope d circumfe rential c racks at  t he pi pe j oints wher e t he pi pe 
sections were pulled apart by the thrust forces.   

 
Upon acceptance of the technical submitta l, field operations commenced and  

the i nstallation process was t o t ake pl ace ove r approx imately t wo w eeks.  This  

1107Pipelines 2014: From Underground to the Forefront of Innovation and Sustainability
© ASCE 2014

 Pipelines 2014 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

ST
R

U
C

TU
R

A
L 

TE
C

H
N

O
LO

G
IE

S,
 L

LC
 0

9/
24

/1
4.

 C
op

yr
ig

ht
 A

SC
E.

 F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
rig

ht
s r

es
er

ve
d.



included the  time  r equired to f ully c ure the  CFRP s ystem.  Pr ior to beg inning the  
CFRP liner installation, the leaks had to be addressed; for this repair the steel cylinder 
at each l eak w as wel ded, as shown i n Fi gure 4 .  Becaus e t he l eak i n t he pi peline 
occurred in the joint region where the CFRP lining system terminated, welding of the 
joint was required to ensure leak-tightness of the overall system.  

 

 
 

Figure 4.  Welding of leaks in the joints prior to CFRP installation                                                   
(Photo Credit: Hector Posada of Tucson Water) 

 
Following repair of th e leaks, su rface p reparations took place ov er the 

approximately 165 linea r foot repair ar ea.  Concrete surfaces were prepared to ICRI 
CSP3 profile and the steel in the joint regions was prepared to SP-10 near white metal 
blast speci fication.  The  surfa ce pr eparation was  veri fied t hrough an adhesion t est 
performed per ASTM D4541 on adjacent subs trate.  The minimum  requirement for  
the adhesion test was a value of 200  psi, however values achieved were greater than 
400 psi. 

 
After th e sur face pre paration w as c omplete, th e ne xt ste p w as to insta ll 

specialized sc affolding within the  pipe  so tha t all sur faces c ould be  acc essed f or 
installation of the long itudinal and hoop- direction CF RP.  F or the Tuc son W ater 
project there were some unique installation aspects, given that a considerable amount 
of the design included longitudinally oriented fiber.    
 

Figure 5 shows t he scaffolding in place as a l ayer of epox y is being applied.    
The first material to be installed as part of the CFRP system is a prime coat of epoxy 
followed by a layer of thickened epoxy, which is also depicted in Figure 5.  Figure 6 
shows the Tucson Water pipe following installation of the CFRP system.   
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Figure 5.  Installation of initial layer of thickened epoxy prior to installation of CFRP             

(Photo Credit: Hector Posada of Tucson Water) 

 

 
Figure 6.  Completed CFRP lining (Photo Credit: Hector Posada of Tucson Water) 

 
Immediately f ollowing applic ation of  the  thickened epoxy, the  f irst la yer of  

longitudinal CFRP was installed.  The design varied, depending on the re gion within 
the pipeline, between a nominal thickness 0. 24in and 0.5in with the majo rity of th e 
reinforcement in the longitudinal direction and a minimal amount of reinforcement in 
the hoop direction.   
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Given the  we akened joi nts w here the  lea ks occur red in th e pipe , the joint  

repair, especially end termination details, received focused attention during the design 
and implementation phases.  As shown in F igure 7, below, the end detail provides a 
specially designed leak-tight connection through a tie-in with the steel cylinder.   

 

 

Figure 7.  End termination Detailing  

 
The finished end detai l is shown be low i n Figure 8.  The obj ectives 

accomplished by the CFRP liner and end detail design were as follows:  
 
1. Capacity for movement of the pipe segments.  
2. Water tight seal at the steel cylinder.   
3. Longitudinal str ength a t the  joint r egion to pr ovide r esistance to thr ust 

loads.   
 
 

 
Figure 8.  End termination Detailing  
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After the CF RP w as fully c ured, Tu cson Wa ter r e-installed the f iber o ptic 
cable in the repair region.  Figure 9, below, shows the cable installation taking place.  
The fiber optic cable in this region of the pipe is critical for monitoring the condition 
of the pipeline and ensuring system integrity between manned entry inspections of the 
system.   

 
 

 
Figure 9.  Re-installation of acoustic fiber optic cable after rehabilitation work was complete 

(Photo Credit: Hector Posada of Tucson Water) 

 
7. CONCLUSION 

 
Since the pipe f ailure event in 1999, Tucson Water has proactively addressed 

its PCCP system utilizing a comprehensive asset management program.  The Tucson 
Water approa ch combines technolog ies and human ex pertise, creatin g an eff ective 
program with a documented success of preventing pipeline failures.  The combination 
of the condition assessment program along with proven sectional repair materials and 
methods, such as CF RP, assisted in avoi ding a catastrophic failure in the  CAP 84-
inch pipeline.  CF RP proved to be an appropriate solution for a uniq ue desi gn 
condition, streng thening pipes or pipe segments w hich a re distr essed in the  
longitudinal direction due to thrust loads.   
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