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ABSTRACT

The inform ation presented in this dissertation is based on research work conducted 

at Trenchless Technology Center (TTC) at Louisiana Tech University. This work was 

perform ed through a contract with China U niversity o f  G eoscience (CUG ) for a gas 

com pany. C hina’s gas pipelines need replacem ent or rehabilitation after 15 to 30 years o f  

service. C hina’s gas industry is looking for suitable techniques to transfer into their 

market.

When com pared to conventional excavation pipeline renewal or replacem ent 

m ethods, there are obvious advantages o f  TRT for gas pipelines that can impact the triple 

bottom -line o f  econom ic, social and environm ental benefits. An introduction o f  TRT for 

gas pipelines has been provided. Also, an overview  o f  international and China's TRT for 

gas pipelines is provided. The focus is on specific questions existing for urban gas 

pipeline networks. Based on the international survey and literature review o f  TRT, TTC 

evaluated the candidate technologies and developed a selection criterion. A new 

com posite hose was selected as the specific candidate technology for China gas pipelines.

TTC perform ed m echanical and material property tests on the com posite hose for 

pressure gas pipeline rehabilitation. These tests included long-term  and short-term  

tension and bending tests, as well as tests for hardness and thickness. The perform ance o f  

the hose has been com pleted including flexibility, strength and burst testing with 

connections. Taking advantage o f  the material param eters and the burst testing results.



IV

the Finite Element A nalysis (FEA) and A pproxim ate Analytical Calculation (AAC) o f  

the pressure carrying capacity o f  the hose has been completed.

The purpose o f  the theoretical analysis was to find a sim ple and practical design 

principle and equation for the com posite pipe with the Pipe-in Liner (P1L', method.

The hoop stress equation was validated and set up as the design principle for the 

m ulti-layer hose. The P1L construction scope and technical advantages were determ ined. 

Installation details and technical param eters for the lowest Life Cycle Cost (LCC) were 

optim ized. Industry Standards and Testing R equirem ents for Fiber Reinforced 

Polyethylene Flose for Trenchless Rehabilitation were com pleted in English and Chinese 

versions.
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CHAPTER 1 

INTRODUCTION

1.1 Background and O bjectives

China has experienced a rapid growth in the am ount o f  urban natural gas 

consum ption. Based on official data from 2014, total supplies and the p ipeline’s length o f 

natural gas, liquefied petroleum  gas, and coal gas are shown in Table 1-1. The decreased 

and increased percentages are com pared with those from 2013. There were 421 m illion 

gas custom ers in 2014. Gas utilization in 2014 was 94.56% , which had increased by 0.31%  

over 2013 (Liu 2014).

Table 1-1: Official data for the gas m arket in 2014 in China.

Item Supplies in 2014 The length o f  pipeline in 
2014

Natural gas 96.44 billion cubic 
m eters 

(Increased by  7.0%)

270,296 m iles 
(435,000 km) 

(Increased by 11.9%)
Liquefied petroleum  

gas
10.827 m illion tons 

(Decreased by 2.4%)
6,835 miles 
(11,000 km) 

(D ecreased by 4.7% )
Coal gas 5.6 billion cubic meters 

(D ecreased by 10.9%)
18,020 miles 
(29,000 km)

The poor condition o f  the pipeline is due to m any factors, including construction 

and installation practices, urban developm ent, soil conditions, erosion, corrosion, 

m aterials, etc. Risks o f  catastrophic failures and other dangerous accidents have increased.
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This affects the reliability o f  gas supply, leads to greater waste, serious casualties, huge 

econom ic losses, and negative social impacts. As tim e progresses, m ore gas pipelines will 

need replacem ent or rehabilitation. C hina’s gas m anagem ent is very concerned about 

these issues.

W hen com pared with the developm ent and utilization o f  trenchless technical 

solution in other countries, the adoption o f  trenchless technologies application in China is 

m uch lower. W e need to accelerate the developm ent and utilization o f  trenchless 

technologies in China (Yue 2003). However, this will require som e overall planning to 

address several significant issues, such as:

1) Selecting technical solutions and contractors based on low bid rather than 

m inim um  life-cycle cost.

2) U tilizing inadequate specifications which do not address quality expectations.

3) C onstruction quality and safety issues.

4) Lack o f  trenchless rehabilitation standards.

5) Lack o f  professionals trained in the design o f  trenchless rehabilitation projects.

6) Lack o f  construction m anagers and skilled workers trained in the installation o f  

trenchless rehabilitation.

There exists regional im balance with the trenchless rehabilitation work done in 

China for gas pipelines. Five provinces, including Guangdong, Shanghai, Zhejiang, 

Jiangsu and Shandong, accounted for over 90%  o f  China's trenchless rehabilitation 

technologies (TRT).
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1.1.1 K unm ing 's Gas Pipeline N etw ork

The business scope o f  Yunnan PetroChina Kunlun Gas GO.LTD (KG) includes 

the planning, design, construction, operation and m aintenance o f  urban gas pipeline 

networks, city  gas distribution, natural gas and liquefied petroleum  gas sales and after

sales service, and other related services. K unm ing gas netw ork data in this paper is 

provided by KG.

Since 1983, KG has upgraded the gas mains in the urban districts two tim es. KG 

provides gas service to 760,000 residential custom ers, 44 industrial users, and 1,578 

com m ercial users now. The inform ation about urban gas pipelines in K unm ing is listed in 

T able 1-2.

Tabie 1-2: Statistics for K unm ing’s gas pipeline network.

Pressure type Pipe material O uter diam eter Pipe length

Medium 
1.45-56 psi 

(0.01-0.4 MPa)

Seamless steel pipes, 
PE pipes, 

polyethylene plastic 
com posite pipes with 

steel skeleton

8.6”(219 m m) 
12.8” (325 mm) 
14.8”(377 m m) 
16.8”(426 mm) 
18.8”(478 mm) 
20.8”(529 m m) 
24.8”(630 mm)

2,300 km 
(1,430 m iles)High Pressure 

56-560 psi 
(0.4-4 MPa)

At present, the m edia o f  the K unm ing city ’s gas pipeline system  is coal gas. It 

contains hydrogen, carbon m onoxide, m ethane, nitrogen and carbon dioxide, trace 

am ounts o f  hydrogen sulfide and naphthalene. Natural gas replacem ent work is underw ay 

since 2014 in Yunnan province. Natural gas is com ing from the gas fields o f  M yanm ar by 

the Sino-Burm ese gas pipeline. For M yanm ar natural gas, the m ethane content o f  the gas 

is up to 99.07% , with the low calorific value 33.4 M J/m 3 and high calorific
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value 37.8 M J/m 3. A fter thirty years’ operation, K unm ing’s gas pipeline netw ork has the 

follow ing problem s.

1.1.1.1 Pipelines corrosion

A subsidiary com pany Kunm ing Coal Gas Holdings Limited detected the 

corrosion for parts o f  gas pipelines in M ay 2001, which was based on the dual-frequency 

Eddy current m ethod to evaluate the m etal’s loss by pipe corrosion and to assess the 

external coating o f  the pipe.

Based on the detection results, although K unm ing’s Gas Pipeline N etw ork used 

the special anticorrosive coating and cathodic protection (sacrificial anode) and other 

anticorrosion m easures, serious corrosion problem s existed. Corrosion becam e m ore 

serious as it was near the end o f  service life for gas pipelines, which were constructed in 

the mid 1980s. The reasons for pipeline corrosion are (Wei 2009) :

(1) Corrosive gases resulting in internal wall corrosion, which results in thinner 

and uneven thickness,

(2) Poor quality pipe m aterials and poor quality installation practices,

(3) The natural periodic and repeating vibrations resulting in fatigue dam age to 

pipe and fittings and produced electrical corrosion,

(4) Failure o f  preservation, resulting in increasingly high corrosion rate, including 

aging o f coating and cathodic protection failure.

1.1.1.2 Pipeline blocking and  fouling

K unm ing’s Gas Pipeline N etw ork has been in operation for m ore than thirty years. 

Impurities, such as the tar, naphthalene, ash and corrosion, result in pipes, sumps, and
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regulators being blocked. The poor coal gas transm ission affected the nonnal use and 

delivery and accelerated the corrosion rate.

1.1.1.3 Natural gas replacement

The transition to natural gas has started in Kunm ing. Based on other cities’ 

experience, such as Shanghai and H a’erbin, when the urban gas pipelines previously used 

to transport the wet coal gas saturated with steam, tar and other im purities were converted 

to transport dry natural gas, several challenges arose (M a and Su 2009).

(1) The pressure, flow rate, pressure drop, and pipeline m aterials need to be 

adjusted.

(2) The im purities chapped to dust particles and flowed with the gas, resulting in 

pipe blockage or equipm ent dam age and affected the nonnal gas supply.

In sum m ary, KG began to develop an urban gas system  since the 1980s. Pipeline 

corrosion perforation has caused a large num ber o f  gas leaks in recent years. K unm ing 

ow ns more than 1,429 m iles (2,300 km) o f  m edium  and high pressure pipelines. It needs 

to do pipeline condition surveys to locate serious corroded pipelines, and to do 

replacem ent or rehabilitation. Because o f  the environm ental lim itations, some sections 

cannot be renew ed by the cut-and-cover m ethod, so rehabilitation by trenchless 

technology is required. O ne purpose o f  this dissertation is to select a suitable gas 

rehabilitation technology and to conduct laboratory and field tests to ensure the 

successful im plem entation o f  this technology in Kunming.

1.1.2 Significance

Gas pipeline corrosion is increasingly serious and natural gas replacem ent is 

underw ay in Kunming. Pipeline replacem ent by the open-cut m ethod resulted in an



excessive am ount o f road damage, environm ental pollution, traffic congestion, and other 

problem s. TRT are alternative good solutions and can m eet the requirem ent o f operating 

pressure after natural gas replacem ent.

The application o f  TRT for gas pipelines is still in its infancy in China. The 

dem onstration in K unm ing will play an exem plary role in China's prom otion o f  TRT.

1.2 O verview  o f  TRT for G as Pipeline

A ccording to the definition from CJJT 147-2010, “Technical specification for 

trenchless rehabilitation and replacem ent engineering o f  urban gas pipeline.” no-dig 

rehabilitation and replacem ent are to use non-excavation technologies to do in situ pipe 

repairs, or to do in situ pipe replacem ent to im prove perform ance. According to the 

definition o f  the North Am erican Society o f  Trenchless (NASTT), TRT are to utilize 

m icro-excavation or non-excavation technologies to renew pipelines. Generally, som e 

specific benefits o f TR T include (Ma 2014) :

•  Much low er carbon footprint,

•  M inim izing impact o f  traffic and congestion,

•  M inim izing negative econom ic impact on local businesses,

•  Requiring less space underground, m inim izing chances o f  interfering with

existing utilities or abandoned pipes,

•  Providing the opportunity to upsize a pipe without open-trench 

construction,

•  Requiring less-exposed w orking area, and is safer for both workers and the 

comm unity.
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Thus, when com pared to conventional excavation pipeline renewal or replacem ent 

m ethods, there are obvious advantages o f  TRT for gas pipelines that can im pact the triple 

bottom -line o f  econom ic, social and environm ental benefits. They can be applied on both 

gravity and pressure pipelines, but the main research and application is for gravity 

pipelines. TR T have begun to be applied on pressure pipelines but has faced some 

challenges, including the lack o f  experience and industry standards and m uch needed 

m arketing, etc.

Trenchless technologies for gas pipelines application have experienced a rapid 

developm ent in Shanghai, Beijing, Jiangsu and other places in China, but are m ainly used 

in the new p ipes’ installation. TRT is a  revolution in p ipelines’ rehabilitation m ethods. 

Trenchless renewal and replacem ent m ethods include Sliplining (SL), Cured-in-place 

p ipe (CIPP), Sprayed in Place Pipe (SIPP), Close-Fit Pipe (CFP), Coating and Linings 

(CL), Pipe Burst (PB) and Pipe Replacem ent by Horizontal D irectional Drilling (HDD), 

etc.

1.2.1 Sliplining (SL)

SL is also know n as the traditional lining or insertion lining, which is to insert the 

sm aller diam eter pipe into the larger diam eter original pipe. Then grout is forced into the 

annular spaces betw een the new and old pipes. Today, this early rehabilitation m ethod is 

still an internationally convenient and econom ical way (Figure 1-1) (Infra 2016).
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Figure 1-1: Sliplining process.

1.2.2 Cured-in-Place Pipe (CIPP)

In the 1970s, the British engineer Eric W ood invented the Cl PP. It is later referred 

to as the Insituform pipeline rehabilitation method. The CIPP process involves the 

insertion o f  a resin-im pregnated fabric tube into an existing pipe by use o f  water or air 

inversion or winching. Usually, the fabric is a polyester material, reinforced fiberglass, or 

sim ilar. The pliable nature o f  the resin-saturated fabric prior to curing allows installation 

around curves, filling o f  cracks, bridging o f  gaps, and m aneuvering through pipe defects. 

CIPP can be applied to structural or nonstructural purposes. At present, CIPP has been 

w idely used in water system s. It m ainly provided leak-proof, sealing and non-structural 

rehabilitation in natural gas pipeline system s (Tabor, Newman et al. 2014). Starline30 from 

Germ any uses a seam less fabric hose with circular diam eter m ade from polyester yam  

and provided with plastic surface o f  a layer polyurethane. The hose is attached to the 

internal gas pipeline wall with a polyurethane resin-based adhesive and is widely used in 

New Jersey. Figure 1-2 shows the structure and construction technology o f  Starline*.
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Figure 1-2: The structure and construction technology o f Starline*.

1.2.3 Sprayed in Place Pipe (S1PP)

S1PP utilizes a robotic pipe lining system for installation o f  impenetrable liners in

ln-Situ Pipes. A robotic lining process is in place for rehabilitation. The S1PP repair 

process utilizes a rotational grouting apparatus to build new smooth pipe walls robotically 

where the existing ones deteriorated. Additionally, the technology is utilized as 

preventive fortification for new pipe installations (EA Services 2012). The sprayed in 

place pipe system functions with a computer-controlled robot traversing through the pipe 

at the calculated formula based on speed, flow, thickness, and diameter. The procedure 

uses various robotic sizes and configurations depending on the pipe’s diameter 

(Figure 1-3). S1PP advantages are:

•  Arrests deterioration from extremely aggressive effluents, 

m icrobiological/sulfur reducing bacteria, oxidation/reduction and erosion,

•  Navigates multiple pipe convolutions,

•  Offers real time video o f the process,

•  Offers precision location capabilities for localized repairs, joint sleeves, 

etc,
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•  Has m ultiple pipe geom etries and m aterial com positions,

•  Has horizontal through vertical piping system s,

•  Has a long design life.

Figure 1-3: Process o fS lP P .

1.2.4 Close-Fit Pipe (CFP)

The Close-Fit Pipe is also known as cross-sectional area m odification, with over 

940 miles (1,500 kilom eters) o f  rehabilitation length worldwide, including the United 

States, Britain, Canada, Germ any, Denm ark, and other countries. It holds a 25% m arket 

share o f pipeline repair and is suitable for high density polyethylene (HDPE) pipe, 

m edium  density polyethylene (M D PE) pipe, and ordinary PE pipe. It has been used in gas 

pipeline rehabilitation.

The process tem porarily reduces the cross-sectional area o f  the new pipe before it 

is installed. After placem ent, the liner expands to its original size and shape at the jobsite 

to provide a close fit with the existing pipe. This m ethod can be used for both structural 

and semi-structural purposes for pressure (more com m on) and gravity pipelines. The thin 

polyethylene lining can be reduced and reform ed by heat and/or pressure on-site. Figure 

1-4 presents a process o f  the deform ed lining entering the main pipe (Najafi and Perez 

2016).



Figure 1-4: The process o f  U liner entering the main line.

Therm oform ed Pipe is an exam ple o f  Close-Fit Pipe and used in North Am erica. 

Pipes with a reduced cross-section by folding for insertion are then heated to therm oform  

them  to conform  to the dim ensions o f  the host-pipe (Najafi and G okhale 2005). The pipe 

is made o f  folded PVC or PE pipe. A sam ple o f  therm oform ed pipe (TUP) is illustrated in 

Figure 1-5.

Figure 1-5: Therm oform ed pipe.

1.2.5 Coating and Linings (CL)

Both internal lining and external coatings provide protection against gasoline, 

kerosene, alcohols, crude oils, and natural gases. Epoxy-based metal repair com posites



and high tem perature coatings and linings have been used in the oil and gas industry 

since the late 1970s. CL m aterials are specifically designed to provide outstanding 

erosion, corrosion protection and chemical resistance for equipm ent operating at various 

tem peratures and pressures. C orrosion-resistant com posite m aterials and coatings can be 

used to repair rubber jo in ts and pitting dam age and corrosion prevention for host pipes. 

Epoxy coatings are designed to provide long-term  chemical protection against a w ide 

range o f substances including acids and alkalis even at high tem peratures (Figure 1-6) 

(Belzona 2016). M ost o f  the difference betw een CL and S1PP is the construction m ethod, 

robotic pipe lining and manual coating.

Figure 1-6: Gas pipeline protected against corrosion by coating.

1.2.6 Pipe B ursting (PB)

Pipe bursting, as the nam e implies, uses a burst head to break the existing pipe 

and force broken pipe fragm ents into the surrounding soil w hile a new pipe is pulled 

and/or pushed in its place sim ultaneously. There are different variations o f  the pipe 

bursting m ethod (Najafi 2007):
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• Pneum atic pipe bursting: a pneum atic ham m er is used to break the existing pipe.

• Static pipe bursting: the energy to break the existing pipe is in the pulling with 

no percussion action. Com pared to the pneum atic m ethod, this is a quiet operation 

and action preferable in clayey soils or when there is need to cut (split) cast iron, 

ductile iron steel pipe.

• Hydraulic pipe bursting: the bursting head articulates to create the bursting 

action, without the noise o f  the pneum atic system s, but pulled along with a cable 

like the pneum atic system s.

• Insertion m ethod (also called pipe expansion): this m ethod jacks a new rigid 

pipe (such as clay) into the existing pipe. Clay and ductile iron are the two m ost 

w idely used segm ental pipes.

Figure 1-7 illustrates a schem atic o f  the pipe bursting operation. This m ethod can 

be used to replace natural gas, water, and sew er pipes. This technique is useful in size- 

for-size replacem ent and up-sizing o f  pipeline sections. A pit is excavated to m ake new 

insertion possible based on the required bending radius o f  the new pipe. Pipe bursting is 

applied to pipes ranging from 4” to 48” (101.6 mm to 1219.2 mm). The length o f  

installation is based on the project and site conditions and can be in the 400 ft (120 m) 

range (M urphy pipeline 2016).

The pipe bursting technology is popular in Europe. It m ay not be applicable when 

replacem ent occurs in hard soil conditions, such as “expansive” clays, densely com pacted 

soils and backfills, or soils below the w ater table. In addition, pipe bursting projects could 

be complicated further by close proxim ity to other underground utilities (less than 10
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tim es outside the diam eter o f  the new pipe), past point repairs that reinforce the existing 

pipe with ductile m aterials, and a collapsed section o f  the existing pipe.

Figure 1-7: Pipe bursting method.

1.2.7 Horizontal Directional D rilling (HDD)

Pipe rem oval, also known as pipe eating, can be perform ed by use o f  a HDD rig, a 

Horizontal Auger Boring (HAB) m achine, or a M odified M icro-tunnel Boring M achine 

(M TBM ). In this m ethod, the existing pipe is broken into small pieces and taken out o f  

the ground by means o f  a slurry (in HDD or MTBM  method) or an auger (in HAB 

method). See Figure 1-8 (TransCanada 2016).

Example - Trenchless Watercourse Method

Horvont.t Del .no Rk; IK .-:<i ? ., •: P -V r - , K K . i t v  , , i ! r ( j  P,i ! V :  t  . •:

Figure 1-8: HDD for w atercourse
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1.2.8 Overview o f  International TRT

Trenchless technologies were formed in developed countries in the 1980s.

1STT, the International Society for Trenchless Technology, an international trade 

association, was established in 1986. It aim ed at prom oting the developm ent and 

exchange, and expanding the use o f  trenchless technologies. M ore than 30 countries and 

regions have joined ISTT [Com m ittee on U nderground Engineering for Sustainable 

D evelopm ent (U.S.) 2013].

TRT were first used in the UK.. CIPP and Close-fit Pipe are w idely used for the 

rehabilitation o f  water pressure pipes with leakage and internal corrosion problem s. Over 

6,214 miles (10,000 km) o f  potable water pipelines have been repaired by CIPP and 

C lose-fit Pipe in the UK [Bruce and Institution o f  Public Health Engineers 

(G reat Britain) 1985].

CIPP has been w idely used on gas pipeline rehabilitations in the United States, 

Britain, France, Germ any, Spain, Sweden, Singapore, Japan, and other countries. It has 

been a grow ing subset o f  trenchless technology since its 1971 debut and is now a 

substantial m arket for com posite m aterials. Due largely to research and developm ent on 

the part o f  various resin producers, CIPP structures can be designed to satisfy virtually 

any need for underground pipe rehabilitation, from industrial plants to potable w ater lines. 

It has won the high valuation and prom otion in Europe and the US, with good social and 

econom ic benefits (K irm eyer 2000).

G erm any is one o f  the world leaders in trenchless technologies. The pipelines 

needed to be rehabilitated or renew ed have increased in G erm any (Baawain, Chou et al. 

2015). The length o f  the water pipelines netw ork is approxim ately 285,830 miles



16

(460,000 km ) in Germany. The length o f  gas pipelines was 16,777 m iles (27,000 km).

T he rehabilitation length by the trenchless m ethod has reached the 2%  o f  total pipeline 

length since 2009. The rehabilitation length o f  water pipeline has reached 5,716 m iles 

(9,200 km) and the natural gas pipeline has reached 336 miles (540 km).

Starline31', belonging to CIPP technology, is from Germany. This technology was 

originally developed by Karl W eiss in Berlin. It has been used for gas pipeline 

rehabilitation under com plex conditions. The liner is inverted and installed by 

com pressed air, which is a non-perm eable polyethylene and seam less polyester braided 

hose, with inner air bags, m aking the pad becom e an airtight barrier. In the process o f  

repair by Starline®, m ultiple cam eras were used to check to ensure that unknow n or 

abnorm al protrusion does not occur to ensure the efficiency o f  the repair work. O nce the 

liner was in place for a few hours, under ultraviolet light (UV) that cured the liner, the 

adhesive was applied directly to the host pipe. O nce the rehabilitation was com pleted, the 

natural gas pipeline services recovered quickly (Progressive pipe 2014). Starline30 has 

been applied to over 435 m iles (700 km ) o f  pressure pipe rehabilitation since 1991. It met 

the requirem ents o f  rehabilitation and ensured the 50 years lifetim e (G eorge 2011).

Prim us Line production appeared in the 1990s in G erm any (W annagat, Friedhelm  

at al. 2008). It is a flexible high pressure pipeline with special connectors and max 

operating pressure 3.4 MPa~-3.9 MPa (493 psi~566 psi) and can be applied in pressure 

pipelines. Primus Line has been w idely used in the urban water supply, gas and oil 

pipeline rehabilitation in Germ any, Russia, Sw eden, and Italy. The m axim um  single 

installation length was reached 0.62 m iles (1 km) in Russia. The total length o f  gas 

pipeline rehabilitation is up to 9.9 m iles (16 km).
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Pipe bursting is a well-established m ethod for trenchless replacem ent o f  pipes 

throughout the world. Pipe bursting was first developed in the UK in the late 1970s by D. 

J. Ryan & Sons in conjunction with British Gas, for the replacem ent o f  sm all-diam eter, 3- 

and 4-inch cast iron gas mains. This m ethod was patented in the UK in 1981 and in the 

United States in 1986; these patents expired in April 2005. Since the late 1970s, pipe 

bursting has grown into a m ature m arket internationally with significant potential for 

continued growth in the North Am erican water, sewer, and gas m arkets (International 

Pipe Bursting Assocation 2012).

North Am erica has the world's largest growing pipe rehabilitation market. The 

U.S. is identified as the leader in the field o f  pipeline rehabilitation. Based on 

A dvantica’s estim ation, the expenses o f  pipeline rehabilitation will be $300 billion over 

the next 20 years in the U.S. TRT are the most beneficial rehabilitation technologies. A 

recent survey by Jim Bush showed that a m ajority o f  utilities were routinely using 

trenchless relining m ethods (M ichael 2015). For exam ple, approxim ately 4.7 m iles (7.5 

km ) o f  gas distribution pipelines with 45 and 90 degree elbow structures have been 

rehabilitated by Germ an CIPP technology S tarline3*’ in New Jersey, and the total cost 

savings were $6.75 m illion dollars (G eorge 2011). M iller Pipeline Corporation took 

advantage o f  HDD to replace the gas pipelines parallel to the existing pipeline route and 

abandoned the existing pipeline directly (M illerpipeline 2016).

Tom ahaw k ™  System Process technology from Canada is a new technology to 

clean, inspect and renew pressure pipelines. It is a dry process used to clean and line 

pressure pipelines such as gas, potable water and sewer force mains. The clean process 

uses a vacuum  system to convey abrasives to clean and dry deteriorated pipes and surface



preparation prior to lining the pipe. Proper surface preparation is critical for the 

successful application o f  non-structural, sem i-structural or structural lining system s 

(Tom ahaw k System 2016).

A sia is becom ing a new attractive area for the pipeline rehabilitation industry. 

Japan spent nearly fifty years developing TR T for sewer pipelines and provided a unified 

specification for TRT. PALTEM  rehabilitation technologies from Japan has been used in 

natural gas pipelines since 1980 and is the pioneer for natural gas pipeline rehabilitation 

by CIPP. It has been used in the United States, Britain, France, Germ any, Spain, Sweden 

Singapore, and Japan. The rehabilitation length o f  the gas pipelines has reached 90 m iles 

(144 km) in the w orldw ide excluding Japan. The range o f  the diam eter is from 4 ” - 24”

(101.6 mm - 609.6 m m). The rehabilitation length o f  the gas pipelines has reached 731 

m iles (1169.6 km) in Japan. The range o f  the diam eter is from  2” - 36”

(50.8 mm - 914.4 m m ) (Ashim ori Industry 2016). On the rehabilitation front in Hong 

Kong, a num ber o f  trenchless relining projects were successfully com pleted for clients 

such as the M TRC (underground railway), the D rainage Services Departm ent (DSD) and 

the Hong Kong Airport Authority, some dating back to 1990. However, the w idespread 

use o f  Trenchless Technology did not really take o ff  until the Hong Kong W ater Supplies 

Departm ent (W SD) com m enced a m assive program  to replace or rehabilitate alm ost ha lf 

o f  all the w ater m ains in the Hong Kong Special A dm inistrative Region. This is probably 

one o f  the largest pipeline rehabilitation program s in the world, and approxim ately 1,875 

m iles (3,000 km) o f  w ater mains have been targeted for renewal or rehabilitation in four 

stages at an estim ated total cost o f  approxim ately H K S11 billion (US$1.4 billion). The 

work com m enced in 2000 and is scheduled for com pletion by 2015. A range o f  trenchless
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techniques have been used so far in the program , including pipe jacking, pipe ram m ing, 

directional drilling, pipe bursting, slip lining, fold and form close fit lining, and CIPP 

(Trenchless Australasia 2007). W ith cooperation between local governm ent and 

international contractors, CIPP also has been used to repair the urban sew er system 

blocked for m ore than tw enty years in India (Trenchless ASIA 2016).

TRT is widely developed and applied in Australia and New Zealand. The 

problem s o f  m aintaining aging pipe infrastructure is highlighted by the know ledge that 

there are som e 80,778 m iles (130,000 km) o f  w ater m ains and 49,710 m iles (80,000 km) 

o f  sewers and sewerage pum ping mains in Australia. A significant proportion o f  these 

have exceeded, or are approaching, their design life. Conservative estim ates indicate 

annual replacem ent costs o f  over $200 m illion dollars, with an increasing aw areness o f  

the favorable econom ics o f  renovating, or m aintaining an already expensive hole-in-the- 

ground. The potential use and application o f  trenchless technology in Australia and New 

Zealand is huge. The full deregulation o f  the Telecom m unications Industry in A ustralia 

has resulted in some 2,796 miles (4,500 km ) o f  new cable netw ork installation, with 

trenchless technology playing a m ajor role in these installations. The use o f  directional 

drilling and guided boring provided cost savings o f  som e 35%  com pared to open cut 

installation. In W estern Australia, pilot projects are underw ay to test the feasibility o f  

placing the electrical system  underground which is currently on overhead lines. Fifty 

percent o f  the system has used trenchless technology. The transferring o f  the whole 

system  underground was estim ated to cost around $2.4 billion in 2010 (Pem berton and 

Harvey 2011). There are two pioblem s in TR T [Com mittee on Geological and 

Geotechnical Engineering (U.S.) 2013],
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1. The liner needs to be im proved to meet the operation internal pressure o f  the 

w ater and gas pipes.

2. It needs to develop and im prove the application on structural rehabilitation, 

especially for gas and oil pipelines.

1.2.9 Overview o f  China's TRT

The CIPP m ethod has been introduced in China in the 1990s. China Society for 

Trenchless Technology (CSTT) was established in 1998, and it played a great role in the 

developm ent o f  C hina’s trenchless technology and the introduction o f  international 

advanced technologies. A corresponding trenchless technology journal named Trenchless 

Technology was released. CSTT form ally signed to jo in  ISTT in July 1998. Shanghai, 

Guangdong, Beijing, and Sichuan have set up their Societies for Trenchless Technology. 

China University o f  Geosciences, Chengdu University o f  Technology, Jilin University, 

and other institutions have set up trenchless courses and trained graduate students. China 

and US Joint Trenchless Engineering Research Center was also established by China 

U niversity o f  G eosciences (W uhan) in 2007. The application o f  TRT has changed from 

em ergency replacem ent and repair to the preventive replacem ent and repair in China. 

Replacem ent and repair projects are increasing rapidly (M a 2014).

Trenchless rehabilitation projects began to increase after a breakthrough o f  the 

application o f  CIPP for 5 m ile (8 km) pipelines in 1998 in China. A gas pipeline 

com pany named HuaYan Engineering Ltd was set up for the replacem ent work 

(transferring from coal gas to natural gas) in Shanghai in 1999. Cooperating with the 

Shanghai Urban Gas M anagem ent Departm ent and Tongji University, they focused on 

the scientific and technological project nam ed "Trenchless rehabilitation technology for
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natural gas pipelines." They developed the TR T to adapt to conditions and characteristics 

o f  Shanghai urban gas pipelines based on international advanced technologies. Three 

m ethods were used in the program , including CIPP, Sliplining and C losed-fit pipe. They 

have been successfully applied to the big project “ W est-E ast Gas Pipeline into Shanghai” 

and have m ade rem arkable success. M ore than 621 m iles (1,000 km) o f  natural gas pipes 

have already been repaired com pletely in Shanghai by TRT (Li and Liu 2001).

According to CSTT, 112 m iles (180 km) o f  pipelines have been rehabilitated by 

trenchless technologies in 2003 and have increased 4 times m ore than the length o f  21 

m iles (35 km) in 2002. The m ain technologies are Pipe-Lining M ethods, including Close- 

fit pipe, CIPP and Coatings and Grouting. The length rehabilitated by Close-fit pipe was 

up to 93 miles (150 km ), accounting for 75%. The length rehabilitated by CIPP was 11 

m iles (18 km ) accounting for 10% -1 6 % . C hina’s trenchless rehabilitation was m ostly 

applied to gas and sew er pipelines. A small part was used in w ater pipes. The average 

cost per kilom eter was $ 44,776 dollars (300,000 Chinese yuan). The output was $8 

m illion dollars (54 m illion Chinese yuan) in 2003.

The adoption o f  trenchless technologies in China has been much lower than other 

countries. Trenchless technology application for underground pipeline projects was only 

0.2%  at the end o f  2004. The application o f  trenchless technology was m ostly in 

Shanghai, Beijing, Jiangsu, and other developed areas in China in recent years. However, 

the m ajority o f  applications focused on trenchless installation. Trenchless rehabilitation 

was only at the initial stage in China (Y ue 2003). W ith the advances in the application o f  

trenchless technology in the past decade, trenchless m ethods account for 7 percent o f  the 

construction activities in China in 2007 (Adm in 2007). Therefore, China represents
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potentially the largest and fastest growing worldw ide market for the application and 

further developm ent o f  trenchless technology and underground infrastructure 

technologies. The rehabilitation lengths by TRT in China for the years 2008 and 2009 are 

listed in Table 1-3.

Table 1-3: The rehabilitation length by TRT.

Year
The pipeline length o f  trenchless 

replacem ent and rehabilitation
The difference

2008 143 m iles (230 km)
It was increased 31.8%2009 188 m iles (303 km)

Saertex, a Germ an Com pany, established its branches in Dongying and Taicang in 

China in 2008. Then, glass fiber reinforced lining technology by UV curing was officially 

introduced to China by Saertex (Ji 2012).

The first instance o f  the large-scale use o f  CIPP technology in China was the 6 

m iles (10 km ) o f sew age pipe rehabilitation by CIPP in Hangzhou in 2010. Then CIPP 

w as applied successfully to the sewer pipelines with a large diam eter o f  31.5” (800 m m ) 

by Saertex in G uangzhou Road, Taicang, Jiangsu Province in July 201 1.

Close-fit pipe, CIPP and Sliplining are still the largest proportion o f  applications 

(m ore than 70%) o f  TR T in China in the 21st century based on statistics (M a 2014).

The length o f  urban pipelines was shown in Tabic 1-4 (Zhang and He 2012). The 

length o f  gas pipelines, water pipelines and drainage pipelines was m ore than 18,641 

m iles (30,000 km) in all. Every year, 373 m iles (600 km) o f  pipelines that were com ing 

to the end o f  their 50-ycar lifespan needed to be rehabilitated or replaced. However, the 

total amount o f  trenchless construction was less than 124 miles (200 km) over the past 

five years in Beijing. Close-fit pipe, CIPP and Sliplining were most w idely used and were
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quickly developed in Beijing. The amount o f  trenchless rehabilitation and replacement 

projects in 2014 is 15 times more than the one in 2009 in Beijing, and it is up to 1,864 

miles (3,000 km) per year (Ma 2014).

Table 1-4: Statistics for Beijing urban pipeline network in year 2009.

The total length o f urban pipelines 26,719 miles 43,000 km)
Gas pipes Potable water 

pipes
Heating pipes Drainage and 

other pipes
5,195 miles 
(8,630 km)

4,350 miles 
(7,000 km)

4,380 miles 
(7,048 km)

4680 miles 
(7352 km)

Beijing Gas Group spent more than $ 3 million dollars (20 million Chinese yuan) 

on transferring CIPP technology Starline^ from Germany to Beijing in 2011. It was the 

first time that Starline® was successfully applied to the rehabilitation for the 0.5 mile (700 

m) high-pressure gas pipeline in Beijing in October, 2011. Based on the International 

Organization for Standardization (ISO), this project o f  high-pressure gas pipeline 

rehabilitation by Starline*'was fully qualified. The repaired gas pipeline has successfully 

m et the sum m er peak demand for natural gas. Another 2.7 miles (4.3 km) o f high 

pressure gas pipeline rehabilitation project was applied by Starline* in Beijing in 

June 2012 (Beijing Gas 2011).

1.3 Research Content and Outline

Following the research process flow chart (Figure 1-9), we selected the suitable 

TRT to solve practical problems for China’s gas pipelines. A simple and practical design 

principle and equation for the composite pipe with the Pipe-in Liner (PIL) method was 

validated and set up. The Engineering Manual for the hose was completed and we are 

promoting this TRT to China gas pipeline rehabilitation.
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Figure 1-9: Research process flow chart.



CHAPTER 2

CANDIDATE TECHNOLOGIES SELECTION

2.1 Evaluation of C andidate Technologies

Trenchless renewal and replacem ent m ethods can be used to renew both gravity 

and pressure pipelines. The decision process to select a specific m ethod should consider 

m any factors, including nature and extent o f  existing pipeline deterioration and problem s, 

type o f  application, pipe geom etry, as well as plans for future pipe applications, costs, 

and availability o f  contractors and technology providers. A lthough num erous cross- 

sectional shapes are available, the circular shape is the most com m on shape for a pipe 

because it is hydraulically and structurally efficient under m ost conditions. A pipe- 

renewal selection should also consider the following factors in Table 2-1 (Najafi 2013).

Table 2-1: The decision process to select a specific TRT m ethod

Type o f  application Conditions to be considered

G ravity pipe Pressure pipe Potential for clogging by debris

Sanitary and storm  
sewers

Potable water 
pipes

Limitations on headw ater elevation

Pipe geom etry and depth

Culverts and 
drainage structures

Natural gas 
pipelines

Hydraulic perform ance o f  the new pipe

Sewer m anhole 
structures

Oil pipelines
The site conditions (soil conditions, 

surface conditions, and availability o f  
space for installation)

25
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There are a w ide variety o f  factors (Table 2-2) that affect perform ance o f  existing 

pipes (Najafi 2010). Existing pipe perform ance is closely related to the rate o f 

deterioration and the service life. Non-inspected and non-m aintained pipes deteriorate 

faster than expected due to various service, environm ental, hydraulic, and social 

conditions, which often lead to em ergency repairs. Table 2-2 provides a sum m ary o f  

factors to consider when a project is considered for trenchless renew al and/or 

replacem ent. The pipeline renewal and replacem ent m ethod selection process is indeed a 

com plicated one. As m entioned above, m any param eters and factors m ust be considered 

to reach an optim um  solution. The decision must be m ade according to the follow ing 

aspects.

Table 2-2: A sum m ary o f  factors to consider.

Factors to be considered for TRT Com m on factors affected 
perform ance o f  existing pipes

Grouped under surface conditions Structural loads (soil and live loads)
Subsurface conditions Corrosion

Existing pipeline conditions Excessive fluid pressure
Pipe service requirem ents conditions Inadequate flow capacity

Constructability conditions Scour
Strengths and lim itations conditions Erosion o f  stream bed and em bankm ents

Contact the com pany to learn about the techniques, previous tests, and history 

data, including

•  Nominal sizes,

•  Max operating pressures (depends on diam eter),

•  Max burst pressures (depends on diam eter),

•  Wall thickness,

•  Hose length per drum depends on diam eter,

•  Bendability,
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•  Continuous operating tem perature,

•  Service life duration (years).

The field perform ance evaluation is also included. Contact the owners, 

designers, contractors, installers and operators to collect related inform ation about 

this technology, including

• Surface conditions,

• Subsurface conditions,

•  Existing pipeline conditions,

• D eterm ination o f  the new pipe service requirem ents,

• Constructability and site lim itations,

•  Strengths and lim itations o f  potential renew al/replacem ent methods.

2.2 Developm ent o f Selection C riteria

TRT can be used either to rehabilitate or to replace existing pipelines in situ 

(Najafi 2010). TTC actively contacted the m anufacturers o f  various m ethods with field 

trips. M eetings were held with the relevant contacts. Follow ing the requirem ents o f  

m edium  and high pressure pipelines in China, the suitable TRT and m anufacturers are 

shown in the figures.

Sm artpipe* (Figure 2-1), from Houston, is a non-intrusive pipeline replacem ent 

technology. It uses the existing pipeline infrastructure to hring in a new generation o f  

pipeline. Sm artpipe* is predom inantly inserted into an existing pipeline, hut it is designed 

and can be laid as a stand-alone system. However, the com pany was restructuring when 

w e tried to contact them  (Sm artpipe Technologies 2016).
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Smartpipe

Figure 2-1: Sm artpipe* from Houston.

PipeM edic* (Figure 2-2) from the U.S. is the fibre-reinforced plastic (FRP) 

product that has been tested by the Gas Technology Institute (GT1) and has been 

approved for repair o f  pressurized natural gas pipelines. The thin lam inates can be 

rem otely installed, allow ing the pipe to resist internal pressures in excess o f  250 psi. 

However, the FRP was in the experim ental stage then (PipeM edic 2011).

Figure 2-2: Pressure tests for PipeM edic*.
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PALTEM  HL (Hose Lining) (Figure 2-3) is a m ethod o f  rehabilitating pipes by 

inserting a liner inside out into the pipe using air pressure. W hat characterizes HL is a 

structure com posed o f  a base hose (a seam less woven jacket with an extruded cover) 

treated with various reinforcem ent layers, m aking it adaptable to a wide range o f  

construction and engineering conditions. However, the com pany was not focused on 

C hina’s m arket then (Ashim ori Industry 2016).

Creating, a  Pipe, Within, a pipe.
By using PALTEM HL to rehaMrtate potable water pipes, existing pipes are given an inner liner 
that makes them better than new pipes. With the two varieties of Super-HL liner, rehabilitation 

work results in pipes highly resistant to pressure and earthquakes

3o'*e*te» f be* 

Poiyeftyervc t *.

F r o m  p r e v e n t i n g  l u s t y  w a t e r  . inti  

e x t e n d i n g  lt‘c  to loLtibil  t o t n g  p

o i p e s  a n d  p i o t c c t m g  a g a t n s t  

o a t  t h q o a k . e s

existing pipss^ar* w 
transformed into*naw.pipes.

PALTEM HL brings 
water pipes back to life.

D ram atic  in c re a se  in 
^  norm al opera ting  p re s su re  

Withstands pressure between 
C >i«tirg i.pe 1.0 MP« llt tl  1.5 M Pl

S tand  a lo n e  bursting  p re s su re  of

more than 5.0rMPa.
'c 'dc

G lass mat

Figure 2-3: PALTEM  HL method.

Prim us Line® (Figure 2-4) is a trenchless technology for the rehabilitation o f  

pressure pipelines for different m edia such as water, gas and oil. The process is based on 

a flexible high-pressure hose and a specially developed connection technique. However, 

Primus Line® was not specific interested in C hina’s m arket then (Prim us Line 2016).
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Prim us Line Hose

Kevlar

Figure 2-4: M ultilayer structure o f  Primus Line*.

Natural gas m ains 3 inches to 24 inches in diam eter (up to 100 psi) can be 

rehabilitated with Starline* 2000 technology. W ith this system, pipe segm ents that are not 

easily accessible can be lined using Starline*1 m obile lining equipm ent. The actual lining 

procedure can be com pleted in approxim ately one hour for sections up to 700 feet, with 

the total process taking from 12 to 24 hours. The pressure drum  can be disconnected from 

the line so that additional sections can be rehabilitated with a single installation system  in 

one working day. A specially developed cleaning technique and proprietary resin 

adhesive allow the fabric hose to be uniform ly bonded to the interior wall o f  the pipe, 

ensuring the high quality  o f  the rehabilitation. However, Beijing Gas is the exclusive 

contractor o f  Starline* for gas application in China (Starline 2016).
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2.3 Selection o f the Testing Product

A flowchart depicting the selection steps for the candidates technologies are 

show n in Figure 2-5.

Pressure pipe

Potable water pipes

M arketing research

No

Yes

Oil pipelines

Seek for 
another 

one

Natural gas pipelines

Select as the testing product

W illingness to cooperate

Contact the m anufacturer 
to learn about the 
technique advantages.

Contact the ow ners, designers, 
contractors, installers and operators 
to do field perform ance evaluation.

Existing pipeline conditions to  be considered Factors to  be considered for TR T

Figure 2-5: Decision support system  for selection o f  TRT for pressure pipelines.

A fiber-reinforced com posite hose for TRT with the Pipe-in liner m ethod (P1L) is 

selected as the testing product (Figure 2-6). The Pipe-in Liner Solution can be used for 

rehabilitating water m ains, oil pipe and gas pipe. It is com parable to the Primus Line®1. Its 

m anufacturer is Asoe, from China.
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P ip e - in  L i n e r

P ip e-in  L in er  S ulution> can  be u se d  fur 

r e h a b ilita t in g  w a te r  m a in * , o il p ip e  an d  gas  

p ip e

■  S t r u c tu r e  o f  L in e r  
For w a ter  m ain : A  P E  B  F abric  

re in fo rcem en t layer  C P E  

For oil p ip e  A  P E /P I ' B  F abric  

re in forcem en t layer  C P U /P V D F  

For gas p ip e  A  PE B  F abric  

re in fo rcem en t layer  (' P U

■  M ain  In s ta l la t io n  
P re c e d u r e s
1 C lean  h ost p ip es

2 Fold  P ip e -m  L in er in to  U -sh a p e  an d  trap  

lin er  by  ta p e s

3 P u ll P ip e-tn  L in er in to  H ost P ipe

F igure  2-6: Pipe-in Liner.

For gas pipe rehabilitation, its inner design layer is sm ooth TPU material and the 

outer layer is PE cover. The m iddle layer is the fabric reinforcem ent layer. Its operating 

tem perature range is from -60°F to 176°F (-50°C to 80°C). Its standard color is black. 

O ther colors are available per request. Its diam eter is from 3” to 12” . Its standard length 

includes 50 ft (15.25 m), 100 ft (30.5 m), 300 ft (91.5 m), 330 ft (100 m)

and 660 ft (200 m). O ther lengths are available per request. The test hose and specific

connector are shown in Figure 2-7.

Figure 2-7: Test hose and connectors from Asoe.

4 In s ta ll f it t in g  and  teM p ip e by 

a ir  or w a te r  p ressu r e  

■  T e ch n ica l  S p ec if ica t ion  
T h ic k n e s s  4 nun to 7 m m  

A p p lica b le  d ia m e te r  4" to 3 0 “ or 100 m m  to 

T.V) m m

C o m p u m b U '  to. P r i m u s  L t n r  l\\ P u i lh n g i ' r



CHAPTER 3

MECHANICAL TESTING

3.1 Hose Inform ation

Five three-layer sample hoses with 12” (305 m m) inside diam eter and 3 ’ (1 m) 

length were shipped from Shanghai to TTC by the Asoc Com pany. For the shipped hoses, 

both the inner and outer layer are sm ooth PU. The medium layer is the fabric 

reinforcem ent layer. The testing hose (Figure 3-1) inform ation is shown in Table 3-1.

T he hoses were received and checked at the TTC South Cam pus Lab Facility on Friday, 

M ay 1st, 2015.

Figure 3-1: Sample hose shipped from China.
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Table 3-1: Hose information.

ID W all thickness W eight W orking
pressure

Burst
pressure

Inch mm Inch mm lbs/ft kg/m Psi/bar Psi/bar

12 305+3 0.138-
0.236

3.5-
6

3.36 5.01 150/10 450/30

3.2 Thickness o f Hose

3.2.1 Testing Standards

ASTM  D 1777 for Textile-thickness m easurem ent is suitable for most fabrics, 

including woven fabric for airbags, carpets, pile fabrics, knitted fabrics, 

m ultilayer fabrics, and velvet fabrics. The specim en was placed on the meter base with a 

heavy object on it. The thickness can be m easured random ly by a m icrom eter.

3.2.2 Sample Size

Specim ens for thickness testing as described in ASTM  D 1777 were cut from  the 

hose using the chainsaw and water je t cutter (Figure 3-2). A m icrom eter with the 

resolution o f  ± 0.0025 m m  was used to m easure the sam ples’ thickness (Figure 3-3). Ten 

samples were cut with size 2" (50.8 mm) * 2" (50.8 mm) and a test thickness was 

conducted in five different positions for each sam ple randomly.
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Figure 3-2: Procedure o f  sample cutting.

Figure 3-3: M icrom eter (left) and samples (right).

3.2.3 Testing Procedure and Results

A total o f  50 readings were on ten 2” x  2” (50 .8  m m  x  50.8 m m ) sam ples cut 

from different sections o f  the liner specim en. The average thickness was determ ined to be 

0.219” (5.56 mm) as shown in Figure 3 -4 .The thickness was an im portant param eter o f  

the tensile and bending testing.
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average 5.556 mm

M e a s u r e d  s p e c i m e n s

Figure 3-4: Average thickness o f  samples.

3.3 Surface H ardness o f Hose

3.3.1 Testing Standards

This indentation test m ethod allows for hardness m easurem ent on a rubber 

specim en using a specified standard indenter. ASTM D2240 (International 2015) refers to 

several rubber hardness m easurem ent scales (A, B, C, D, DO, O, OO, and M). It is used 

to evaluate the indentation hardness o f  m aterials such as elastom ers, therm oplastic 

elastom ers, vulcanized rubber, and plastics. The m ethod consists o f  indenting the 

specim en using a hardened steel indenter with specific geom etry and force, based on the 

chosen scale o f  m easurem ents. The indenter tip displacem ent is m easured for calculating 

the hardness o f  the m aterial. A m athem atical relation is used to convert the displacem ent 

data into hardness num ber, limited w ithin a range o f  0 to 100. Type D is one o f  the most 

com m only used scales (Figure 3-5).
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* ' . 2 7 ± 0  12mm 
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Figure 3-5: Type D head and hardness testing machine.

3.3.2 Testing Procedure and Results

According to ASTM D2440, Shore Type D Durometer was used to determine the 

hardness o f  the liner samples. The Shore D hardness scale utilizes a weight o f 10 lb 

(4,536 g). The tip diam eter and angle are 0.004” (0.1 mm) and 35°, respectively. Samples 

(2” x 2”) (50.8 m m  x  50.8 m m )  were cut from the Asoe hose by a water jet machine. A 

total o f  100 readings were read on the inner and outer surfaces o f the liner specimens 

(Figure 3-6).



38

A SO E 12" ■J Inner burfocc Weighted <*■ eragr of innei suifate-T ‘ t

■  O u te r *>urfjce Weighted AveiAge of oiitei uu fa t?  •- t

1 2 3 * 5  0 / 8 9  10

S pec im en

Figure 3-6: Shore D hardness readings from the inner and outer surfaces.

3.4 Tensile Testing

3.4.1 Testing Standards

Tensile strength testing is one o f  the most com m on physical property testing 

m ethods. ASTM  D638 (International 2014) is a tensile testing standard designed to 

determ ine the tensile properties o f  unreinforeed and reinforced plastics in the form o f  

standard dum bbell (dog-bone) shaped test specim ens. ASTM  D638 can be adapted to this 

testing.

3.4.2 Sample Si/.e

As the thickness is less than 0.3” (7.62 mm), the tensile specim en’s shape should 

select Type I o f  ASTM  D638. The specific specim en dim ension o f  tensile testing is 

shown in Figure 3-7 as ASTM  D638 described. Dog-bone dim ensions are sim ilarly
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chosen to reflect the in situ applied thickness and an average thickness o f  0.185” (6.2 mm) 

is selected. The length o f  the narrow section o f  the sample is also kept at 2.25” (7.5 mm) 

and the rem aining dim ensions follow the Type 1 specim en in ASTM  D638. The sides o f  

the specim ens were sm oothed using sharp scissors. A total o f  fifteen specim ens were 

prepared and tested separately along circum ferential, longitudinal and 45 degree 

directions. M arked tensile specim ens and test setup are shown in Figure 3-8.

!
0 750 

i

 0185

6 502

Figure 3-7: ASTM  D638 Type 1 (Unit: in).

Figure 3-8: Specim ens prepared for tensile testing.
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3.4.3 Testing Procedure and Results

The suggested loading rates o f  5 to 1.97”/m inute (50 m m /m inute) in the ASTM  

D638 (1998) Standard are intended for thin plastic sheets. Based on the material 

properties, the hose specim ens have lim ited deform ation range, and failure oeeurs in less 

than 0.04” (1 mm) o f  deform ation. The use o f  0.2 inch/m inute (5 m m /m inute) loading 

rate would imply that the testing would be com pleted in 12 seconds, which falls short o f  

the m inim um  test duration recom m endation o f  30 seconds (Ozturk and Tannant 2010). 

The testing should ideally be com pleted in 3 minutes. Therefore, the loading rate should 

be flexible in such a way that failure is achieved within the recom m ended tim e limit, 

w hether the rigid or yielding hose are tested (Figure 3-9).

Figure 3-9: Tensile testing in a 45 degree direction.

T he tensile testing results are presented in Figure 3-10 and in Table 3-2. The 

average tensile stress was around 583 psi (4 MPa), 3,680 psi (25 MPa) and 4,623 psi (32 

MPa). They are autom atically given and inputted into the PC side by A D M ET eX pcrT- 

500 lbs Universal Testing M achine. The average tensile m odulus was ealculated as 9,750 

psi (67 M Pa), 25,922 psi (179 MPa) and 68,175 psi (470 M Pa), respectively, in a 45 

Degree Direction, Circum ferential D irection (C'D) and Longitudinal D irection (LD).
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Figure 3-10: Stress -  position curves o f  tensile testing o f  specim ens in 45 degree, CD 
and LD.
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Table 3-2: Tensile testing results.

Direction Sam ple  ID Area
( in2)

M ax load 
(lb)

Max
stress
(psi)

Strain
(in)

T ensi le
m odulus

(psi)
1 0 .1 2 7 6 54 .6 6 428 0 .0 1 8 2 16 ,597
2 0 .1 2 7 9 93 .2 5 729 0 .0 7 5 4 ,8 8 2
3 0 .1 2 3 6 73 .32 593 0 .0 3 3 7 11,407

45  D egree 4 0 .1 2 4 3 85 .24 686 0 .0 5 3 8 6 ,2 0 7
5 0 .1 2 5 5 59 .98 478 0 .0 3 4 2 9,671

A verage 73.3 583 0 .0 4 3 0 9,750
STD EV 16.3 130 0 .0 1 9 6 4 ,6 3 0

1 0 .1 0 3 8 6 2 9 .0 4 6 ,0 6 0 0 .1 9 8 7 4 0 ,8 1 2
2 0 .0961 193.81 2 ,017 0 .1 1 1 3 22 ,4 4 5
3 0 .1 5 7 3 507.31 3 ,225 0 .2 7 9 5 13 ,112

Circumferential 4 0.1051 4 1 1 .3 5 3 ,9 1 4 0 .2 3 1 6 2 9 ,6 7 4
Direction 5 0 .0 9 4 6 29 9 .8 9 3 ,170 0 .1 9 2 2 2 3 ,5 6 8

A verage 4 0 8 3 ,6 8 0 0 .2 0 2 7 2 5 ,9 2 2
STDEV 171 1,496 0 .0 5 5 7 10,200

1 0 .1031 5 0 9 .2 4 4 ,9 3 9 0 .0 5 1 7 7 7 ,5 1 9
2 0 .1 0 8 4 2 9 3 .8 3 2,711 0 .0 4 4 8 6 2 ,1 7 8

Longitudinal 3 0 .1 1 3 3 4 8 6 .0 9 4 ,2 9 0 0 .0 5 0 5 6 2 ,1 7 7
Direction 4 0 .1 0 2 8 525.41 5,111 0 .0 3 8 8 7 1 ,3 9 3

5 0 .0 9 8 8 59 9 .2 7 6 ,0 6 5 0 .0 5 3 6 7 6 ,9 5 2
A verage 4 8 2 .7 7 4 ,6 2 3 0 .0 4 7 9 68,175
STDEV 102 1,112 0 .0 0 5 4 6,311

3.4.4 Tensile Stress along LD

H oop stress is the main factor to be considered for the com posite hose. 

Com bining the short-term  tensile testing results in different directions and PIL 

construction characteristics, we would like to discuss the follow ing situations when 

tensile strength occurs along the longitudinal direction.

3.4.4.1 PIL installation m ethod

Com posite hose repair is a kind o f  Pipe in Linear trenchless repair m ethod. This 

process uses the hose that has been folded into a “U ” shape, then pulled into the existing 

pipe. Using air or w ater pressure, the liner is reshaped to m eet the existing pipe. Tensile

force along the longitudinal direction will happen every tim e during production, storage

and transportation and PIL installation (F ig u re  3-11).
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Figure 3-11: Tensile and bending in longitudinal direction.

3.4.4.2 Out o f  service and  contacting m ethod

The hose rehabilitation is a sem i-class rehabilitation without any adhesive 

between the main pipes. It entirely relies on the special jo in ts and internal pressure to 

squeeze the hose to conform  tightly to the host pipe. W hen the new repaired pipe is out o f 

service, the fatigue deform ation and tensile strength will occur along the longitudinal 

direction (Figure 3-12).

Figure 3-12: Tensile strength along the longitudinal direction.
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3.4.4.3 Hose structure

The com posite hose is a three-layer structure. The interm ediate layer is for 

reinforcem ent, and its w eaving direction is along the longitudinal direction. The testing 

results o f  longitudinal strength are strongest (Table 3-2). This design is consistent with 

its principle force.

3.5 Bending Test

3.5.1 Testing Standards

Bending strength testing has been one o f  the most com m on physical property 

testing m ethods. ASTM  has a bending test standard designed to determ ine the bending 

properties o f  unreinforced and reinforced plastics in the form o f  standard rectangular 

sheet shaped test specim ens. ASTM  D790 (International. 2015) can be adapted to this 

testing.

3.5.2 Sample Size

A ccording to ASTM  D790, where the hose’s thickness is less than 0.3” (7.62 mm), 

five bending specim ens were prepared along LD, the specific specim en dim ension o f  the 

bending test is sim ilarly chosen to reflect the in situ applied thickness and an average 

thickness o f  0.185” (6.2 mm), the rectangular with 5” (127 mm) x 0 .5 ” (12.7 mm)

(Figure 3-13 right). A bar o f  rectangular cross section rests on two supports and is 

loaded by means o f  a loading nose m idw ay betw een the supports (F igure 3-13 left). A 

support span-to-depth ratio o f  10:1 is used for certain lam inated m aterials. It is set up as 3” 

(76.2 mm) for this test. The specim en is deflected until rupture occurs in the outer surface 

o f  the test specim en or until a m axim um  strain o f  5% is reached, w hichever occurs first. 

T he procedure em ploys a strain rate o f  0.10 m m /m m *m in (0.01 in/in*min).



Note: (A) m inim um  radius =  3.2 mm Q  i n . ( B )  m axim um  radius support 1.6 tim es 

specim en depth; m axim um  radius loading nose = 4 times specim en depth.

Figure 3-13: Bending test specim ens (right) and allowable range o f  loading nose and 
support radii (left).

3.5.3 Testing Procedure and Results

The size and inform ation o f  the specim en was inputted into the PC side by 

ADM ET eX perT-500 lbs Universal Testing M achine (Figure 3-14). The load was 

applied from 0.1 lb at 1 lb/second loading rate. It autom atically unloaded at the end o f 

deform ation. The testing should ideally be com pleted in 3 minutes.

Figure 3-14: Flexural testing.
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The bending test results are presented in Table 3-3. The area values (Line 2 in 

T able 3-3) were autom atically calculated by the software when the max load was reached. 

T he 3rd test sample is negative (rounding). The ratio o f  the m easured bending stress and 

strain is Y oung's flexural m odulus. The average flexural m odulus was 3,640 psi (25 M Pa) 

and flexure strength was 578 psi (4 MPa).

Table 3-3: Original bending data collected and calculated by A D M ET M achine.

Item (unit) Sam ple 1 Sam ple 2 Sam ple 3 Sam ple 4 Sam ple 5
Area (in2) 0.0039 0.005 0.0043 0.0043 0.0044
Span (in) 3 3 3 3 3

W idth (in) 0.5 0.536 0.51 0.493 0.48
Depth (in) 0.188 0.205 0.195 0.199 0.204

Peak Load (lb) 2.54 2.44 2.58 2.37 2.65
Peak Bending Stress 

(psi) 651 488 600 551 602
Flexural M odulus 

(psi) 5,008 3,997 N/A 4,627 4,583
Average Flexural M odulus (psi) 4,554



CHAPTER 4

LONG-TERM CREEP BEHAVIOR TESTS

4.1 Long-term  Experim ents Preparation

The ASTM D 2990 (International. 2009) tests were perform ed to evaluate the 

long-term creep behavior o f  specim ens prepared following the ASTM  D638 and ASTM  

D790 standards. A program m able air condition unit and a hum idifier were utilized to 

ensure the following environm ental requirem ent, shown in T able 4-1.

The strain over tim e and the creep m odulus were obtained after 1,000 hours o f  

testing. Long-term bending and tensile Y oung’s M odulus w ere obtained. Long-term  

bending Y oung’s M odulus was com pared w ith short-term  testing to predict the lifetim e 

o f  the hose. A ccording to ASTM  D638 and ASTM  D790 standards, it is the same as the 

short-term  sample preparation process.

Table 4-1: Environm ental requirem ent and testing duration.

Requirem ent item Tem perature Humidity Testing duration
Specific value 73 ±  4°F

(23 ±  2°C)
40 ±  5% 1,000 hours

4.2 Long-term  Tensile Strength Test and Analysis

The ASTM D2990 long-term  tensile, com pressive and flexible creep testing 

m ethod (The left in Figure 4-1) designs and m anufactures a long-term  tensile testing

47
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instrum ent, taking advantage o f  a steel arm and hanging weights, applying a long-term  

load for the tensile sam ple fixed by two clips. The applied load and tensile strain are 

recorded by the strain gage. It is connected to the PC and records all real-tim e data. The 

ratio o f  the stress and the strain gauge m eter is tensile strength. In order to get a 

successful test, a 15 day s’ continuous holding test for the 1,000 hours long-term  tensile 

grip was carried out from  June 8 to June 23 (The right in Figure 4-1).

Figure 4 -1 : Long-term  tensile creep testing procedures and a 15 day continuous 
holding test.

A constant tem perature and hum idity cham ber was built at the south cam pus lab

Ctfvd ”0*

0  l o u ’ o a  o r  o u ,  j t o u r o *  m i  h o t  u t t o  «  m v m o m M 'u i  c iu a  

0  io u T > o <  o r  o u i  A f r c j r o *  • « » «  o t t o  »  c a v u io *  o u M t a

- «*0 H> IIKi

(Figure 4-2). It was equipped with a therm om eter, hygrom eter and voice facilities.
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Figure 4-2: Environm ental cham ber with constant tem perature and hum idity.

Long-term tensile testing started on Septem ber 15, 2015 (Figure 4-3). It is still 

ongoing to m ake sure m ore than 1,000 hours continuous loads on testing sam ples are 

applied. Three different test loads were applied and each load was applied on three 

samples.

Figure 4-3: Tensile specim ens in the environm ental chamber.

A ccording to ASTM  D638 standard, the specim en size and preparation process 

were the same as the short-term  tensile testing. W e used the high-strength thin string to
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hang the hom em ade w eights on the rear o f  the steel arm. The force diagram  o f  long-term  

tensile testing is show n in Figure 4-4.

The weights of the steel arm

j r X X Jr J r J r J r X
A )  < ) • «

I  LiA Lab B l-BD D  n  Ld c I

Sample if
F

The applied load

Figure 4-4: Force diagram  o f  long-term  tensile testing.

The calculated applied tensile stress load may be calculated from 

E q.4-1  to Eq. 4-7. The physical map o f  the long-term  tensile creep testing is in 

Figure 4-5.

12 "

Q — P  X ------
H H 1 f t

M, = F x \Lab x —  J + - { l AB x — ) x q

1 f tMd — W  x Lab x
12 "

^ M fl =  0 = M D +  Mc -

Eq. 4-1 

Eq. 4-2 

Eq. 4-3 

Eq. 4-4 

Eq. 4-5
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F =

[w  x Lbd x  + \  x (LflC x i ^ ) 2 x q -  \  x (L„fi x x q]

lUAB  A  J 2 "

Eq. 4-6

a  ~  — Eq. 4-7
/I

where:

p =  density per unit length,

q =  density per unit length,

F =  calculated load for the sample, ib,

L^b — length o f  AB section in Figure 4-4, in,

LflC =  length o f  BC section in Figure 4-4, in,

LBd ~  length o f BD section in Figure 4-4, in,

W  =  weight o f  the applied load, l b ,

Ma =  moment at point A in Figure 4-4, ib X f t ,

Mg =  moment at point B in Figure 4-4, lb x  / t ,

Afc =  moment at point C in Figure 4-4, /b x  f t ,

Md =  moment at point D in Figure 4-4, lb x  f t ,  

a  =  calculated tensile stress, psi,and 

A =  cross area o f  tensile sample.
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Figure 4-5: Physical map o f  long-term  tensile creep testing.

Based on the sam ple sizes in Table 4-2 and the param eters in Table 4-3, the 

tensile stress were calculated by Eq. 4-1 and listed in the very left colum n o f  Tabic 4-3. 

The segm ent length in Table 4-3 respectively corresponds to the arm conversion 

form ulas m anuscript in Figure 4-4, where EA is the corresponding am i length to the left 

o f  point A, and is used to calculate the density p (lb / in) o f  the steel arm. O ther 

param eters arc described in T able 4-3.
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Table 4-2: Long-term  tensile specim en size.

Unit:
Inch

1 2 3 4 5 6 7 8 9

Sam ple
width

0 .4 8 9 0 .4 8 6 0 .4 8 9 0 .4 5 6 0 .463 0 .4 8 6 0 .4 8 5 0 .4 8 5 0 .4 9 3

0 .4 9 2 0 .4 8 5 0 .4 9 4 0 .4 6 8 0 .4 5 7 0 .4 7 6 0 .4 7 9 0 .5 0 0 0 .4 7 9

0.501 0 .4 8 8 0 .4 9 6 0.481 0 .4 6 4 0 .4 7 3 0 .501 0 .4 8 6 0 .4 9 9

Average 0 .4 9 4 0 .4 8 6 0 .4 9 2 0 .4 6 8 0.461 0 .4 7 8 0 .4 8 8 0 .4 9 0 0 .4 9 0

Sam ple
thickness

0 .1 8 4 0 .2 2 4 0 .1 8 8 0 .2 1 7 0 .205 0 .1 8 9 0  181 0 .2 2 6 0 .1 8 5

0 .1 8 6 0 .2 1 8 0 .1 9 4 0 .2 2 6 0 .2 0 6 0 .1 8 7 0 .1 8 9 0 .2 2 9 0 .1 8 4

0.181 0 .2 2 0 0 .191 0 .2 1 7 0 .2 0 7 0 .1 9 3 0 .1 9 0 0 .2 2 5 0 .1 9 0

A verage 0 .1 8 4 0 .2 2 0 0 .1 9 0 0 .2 2 0 0 .2 0 6 0 .1 8 9 0 .1 9 0 0 .2 2 6 0 .1 8 6

Table 4-3: Param eters in Fq. 4-1.

1-Ali
(in)

l-l A
(in)

t.UI)
(in)

1 -EM
(in)

Steel 
A nn 
M ass 

o f  unit 
length

q
(lb /0 )

The 
weight 
o f  the 

applied 
load 

W (lb)

Density 
o f  the 
steel 
ann  

P
(lb in)

U«,i
(in)

I.IX 
(in)

The 
calculated  

applied 
Inad (lb)

Sam ple 
cniss- 

sectinnal 
area ( in ’)

Tensile 
luad a lte r 

calculating  
o (psi)

NO. 1 2 3 12 18.9 20.6 3 03 0 50 0.253 23 8 1 75 31.0 0 091 341 8
N O .2 2 3 13 18 8 20 8 2.98 0.50 0 250 23.9 2.00 30 9 0.107 289.2
NO. 3 2 3.00 18.9 21.1 2.98 0.50 0.250 24.1 2.25 3 1 9 0.093 342.1
NO .4 2 3 13 19.1 2 1 4 2.94 0 75 0.250 24.5 2 25 34.6 0 103 335.9
NO 5 2 3.00 19.1 22.0 2.90 0 75 0.242 25.0 2 88 35 9 0 9 9 5 378 4
NO 6 2 3.30 1 9 0 20.5 3.03 0.75 0.253 23.8 1 50 33 0 0.091 364.6
NO 7 2 3.40 18.80 20.6 3.00 1.00 0.250 24 0 1.88 35 3 0.091 387.9
NO.8 2 3.25 18.80 20.9 3.00 1.00 0.250 24.0 2.00 35.6 0 111 321.2
N O .9 2 3 15 18.90 20.9 3 00 1.00 0.250 24.0 2 00 36 0 0 0913 394.2

A strain gauge was connected with the PC by the hexadecim al data processing 

box. Strain data was autom atically saved, transferred and processed by the PC. Strain 

data was recorded every second by the PC-side in the first 100 hours. Then, the strain 

data was recorded every m inute by the PC'-side in 100-500 hours. A fter 500 hours, data 

was recorded every hour by the PC-side.

At the same tim e, data was recorded and pictures were taken m anually and 

regularly. The strain data was m anually recorded every two hours in the first 100 hours. 

After 100 hours, data was recorded every two days. Also, the strain values at critical
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points according to ASTM  standards were recorded. These two recorded m ethods 

guaranteed the accuracy o f  the 1,000 hours long-term tensile strength test.

4.3 Long-term  Bending Strength Testing and Analysis

A ccording to ASTM  D2990, we designed and m anufactured a long-term  bending 

test table, strain gauges and load weights (Figure 4-6), which was placed in the 

environm ental cham ber with constant tem perature and hum idity. Firstly, a 15 day 

continuous bending pre-test was carried out to verify the feasibility o f  the bending test 

table and strain gauges. The pre-test proved that the strain gauge can record data in real

tim e and the PC’ term inal can store and collect data autom atically.

Three different loads were applied for bending Y oung's m odulus test and each 

load was for three sam ples. According to ASTM  D790 standard, the specim en’s size and 

preparation process were consistent with short tensile testing.

Figure 4-6; Long-term bending test tables, strain gauge and ioad weights.
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Long-term bending testing principle and structure is the same as the short-term  

bending testing. The support span-to-depth ratio is still 10:1 for this lam inated m aterial. It 

w as set up as 3” (76.2 m m ) for this test. It is different that a hom em ade w eight was 

hanged at the m idpoint as the constant load. Strain gauge was fixed on the top o f  the 

center point. Bending deform ation is recorded in real-tim e and collected in the PC. 

A ccording to ASTM  D790 standards, the long-term  bending stress was calculated by 

Eq. 4-8.

of  =  3 P L / 2 b d 2 Eq. 4-8

where:

a  = applied load in the center, MPa (psi),

P = applied w eights in the center, N (lbf),

L= span, mm (in), 

b = sample width, mm (in), and 

d ~ sample thickness, mm (in).

Based on the sam ple sizes and applied weight in Table 4-4, the long-term  bending 

stress were calculated and listed at the very end line in Table 4-4. Data storage, 

processing and collection for long-term  bending test are the sam e as the m ethods for 

long-term tensile testing.
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T ab le  4-4: Sam ple sizes, load and calculated stress o f  long-term  bending samples.

Item N o.l N o.2 N o.3 No.4 N o.5 N o.6 N o.7 N o.8 N o.9
W idth (in) 0.50 0.49 0.51 0.49 0.54 0.51 0.50 0.51 0.54

0.51 0.52 0.51 0.49 0.52 0.51 0.51 0.51 0.52
0.51 0.52 0.50 0.51 0.51 0.51 0.51 0.52 0.51
0.48 0.48 0.49 0.47 0.49 0.48 0.49 0.49 0.48
0.49 0.48 0.48 0.47 0.48 0.49 0.49 0.49 0.48
0.49 0.47 0.47 0.46 0.48 0.50 0.50 0.48 0.48

Average width 
(in)

0.50 0.49 0.49 0.48 0.50 0.50 0.50 0.50 0.50

Thickness (in) 0.18 0.18 0.18 0.19 0.21 0.19 0.20 0.21 0.20
0.20 0.18 0.17 0.19 0.21 0.19 0.19 0.19 0.19
0.19 0.19 0.19 0.19 0.21 0.19 0.20 0.19 0.19

Average 
thickness (in)

0.19 0.19 0.18 0.18 0.21 0.19 0.20 0.20 0.19

Loads(oz) 1 1.02 0.99 2.01 2.03 2.03 3.05 3.03 3.02
Loads (lb) 0.063 0.064 0.062 0.13 0.13 0.13 0.19 0.19 0.19
Span (in) 2 2 2 2 2 2 2 2 2

Stress (psi) 10.5 11.3 11.3 21.8 17.1 21 29 29 30

Based on hundreds o f  data, long-term  bending Y oung's m odulus VS Tim e curve 

figure was drawn by Excel in Figure 4-7. The ratio between the stress and strain is the 

long-term Young's m odulus. O ne thousand hours’ long-term  bending Young's m odulus 

were listed and com pared with short-term  Y oung's beading m odulus in Table 4-5. The 

average value o f  1,000 hours’ long-term  bending Young's m odulus was 47%  less than the 

short-term  value. The reason m ay be that ASTM  D790 Standard is suitable for plastic and 

rigid m aterials, but this is the hose material.

In order to establish suitable testing m ethods for the new com posite pressure pipe, 

TTC and m anufacturer jo in tly  drafted the Engineering Design G uide for Rehabilitation 

with Pipe in Liner by Fiber Reinforced Hose in Chapter 8.



Figure 4-7: Long-term bending Y oung's m odulus VS time.

Table 4-5: Bending Y oung’s m odulus com parison : long-term  vs short-term.

Item
Short-term  

load applied  
(psi)

Short-term  
Young's  B ending  

M odulus (psi)

Long-term  load  
applied (psi)

Long-term Young's  
B ending  

M odulus(psi)

Sam ple  one 651 5 ,0 0 8 30 .2 3 ,0 2 0

Sam p le  two 488 3 ,9 9 7 21 2 ,0 0 0

Sam p le  three 6 0 0 N /A 29.3 2 ,2 5 4

Sam ple  four 551 4 ,6 2 7 N /A N /A

Sam ple  five 602 4 ,5 8 3 N /A N /A

A verage 578 4 ,5 5 4 27 2 ,4 2 5

The difference  
betw een  long-term  

and short-term%
( 4 5 5 4 - 2 4 2 5 )  / 4 5 5 4 * 1 0 0 %  •“ 47%

4.3.1 Prediction Curve

Based on the huge num ber o f  bending test results, a curve (Figure 4-8) and 

equation (Eq. 4-9) were created for prediction by Excel. It may predict Y ong’s bending 

M odulus in a hose’s design life.
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Long-term  bend ing  m odulus o /e  w ith 30.2psi load

limn*

-O *  C C_
_c

•) I HXHXX'

Figure 4-8: Bending Y oung’s m odulus prediction curve.

Theoretically, we can get the long-term  bending m odulus at a specific tim e by 

substituting the specific hour into the equation during the hose’s lifetime.

The long-term  bending testing is still ongoing in the environm ental cham ber. 

Based on the physical data, the bending Y oung’s m odulus is 2,727 psi testing at 10 AM , 

M ay 11, 2016.

The long-term  bending test started at 10 AM , August 16th. The duration was 

calculated as 269 days (6,456 hours) (Figure 4-9).

y = 110767jc-0'45 Eq. 4-9

where:

y  =  long-term  bending m odulus at specific time, psi,

x  =  specific tim e, hours.

4.3.2 Validation o f  Prediction Curve
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Calculate duration between two dates -  results 

Start Date
M o n t h  D a y  Y e a r  D a t e

8  /  1 6  /  2 0 1 5

T o d a y

I n c l u d e  e n d  d a t e  in  c a l c u l a t i o n  (1  d a y  i s  a d d e d )

Add time items
Add time zo n e <. cxtversKX

C a l c u l a t e  d u r a t i o n

End Date
M o n t h  D a y  Y e a r  D a t e

5  /  11 /  2 0 1 6  p " ^

T o d a y

i. <>v*'D<'ty Wtwkd.IV'>

^rom and mciudmq Sunday. A ugust 16. 2019 
To bt ft n o t tor mdtng W »dn«sday. May 11. 2016

Result: 269 days
it is 2 6 9  days from the start date to the end date but not including the ►whJ date 

* >r ft m o n ths 25 clays exdodm g the end date

Alternative time units
days < an Ix* converted to one of these

IttlltS

■ 2.3 ?41 H00 se< nods

• v>t) mmt/ies
■ H4bfthe**s

• .’h y d .iv s

■ W weeKs antj t days
• n  /0°v of .i common yeat (385 days)

Figure 4-9: The duration calculation.

Then, 6,456 hours were substituted into E q. 4-9, the calculated long-term  bending 

Y oung’s m odulus is 2,138 psi. The physical testing value is 2,727 psi. There is a 10% 

difference between the actual value and prediction value (Table 4-6).

Table 4-6: Com parison between physical data and prediction o f  bending m odulus.

Initial strain The strain in 6456 hours
0.0135 0.017

The short-term  bending Y oung’s M odulus
The physical testing 

value
The prediction 

value
3640 psi 2727 psi 2138 psi

The different betw een actual value and 
prediction value

1 9 4 0 -  2 1 3 8
------— — ------  x  100%  =  10%

1940
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4.3.3 Stages o f  Creep Theory

There are three creep stages (W ikipedia 2016). In the initial stage, or prim ary 

creep, the strain rate is relatively high, but slows with increasing time. This is due to 

work hardening. The strain rate eventually reaches a m inim um  and becom es near 

constant. This is due to the balance betw een work hardening and annealing (thermal 

softening). This stage is known as secondary or steady-state creep. This stage is the m ost 

understood. The characterized "creep strain rate" typically refers to the rate in this 

secondary stage. Stress dependence o f  this rate depends on the creep m echanism . In 

tertiary creep, the strain rate exponentially increases with stress because o f  necking 

phenom ena (Figure 4-10). Fracture always occurs at the tertiary stage. Creep is a very 

im portant aspect o f  material science.

e primary s e c o n d a r y  : tertiary

cO

time
to

Figure 4-10: Strain as a function o f  tim e due to constant stress over an extended period 
for a viscoelastic material.

A ccording to the stages o f  creep theory and the near constant strain rate, the 

prediction curve for the bending Y oung’s M odulus is in secondary or steady-state creep. 

The curve and equation may be applied to predict the bending Y oung’s M odulus during 

steady-state creep in the hose’s lifetim e design, but it is a bit overestim ated.



CHAPTER 5 

RESEARCH ON PERFORMANCE OF HOSE

5.1 O verview

Short-tim e hydraulic pressure tests, including the strength testing, flexibility 

testing and burst testing, were perform ed in the liners with the connectors o f  12” diam eter. 

It was based on the field perform ance test conducted by the CUG (W uhan), China. The 

purpose o f  these tests was to verify the sealing and overall perform ance o f  the hose and 

the joints under the testing pressure (Figure 5-1). These tests can provide better insight o f  

the pipe material perform ance when subjected to hydraulic pressure.

Figure 5-1: Specially designed connector for pressure pipe rehabilitation.
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5.2 Testing Equipment

Short-tim e hydraulic pressure tests were perform ed in accordance with ASTM  

D1599 using the T T C ’s Elevated Pressure A pplication Device (EPAD ) shown below  in 

Figure 5-2.

Figure 5-2: Elevated pressure application device and pressure test setup.

W ater was injected into the hose with the connector in both ends by using pum p 

with m axim um  pressure o f  1000 psi. The gauge within the range o f  2000 psi connected at 

both ends would show the m axim um  pressure value. The cam era would record pressure 

values at real time.

5.3 Strength Testing

According to the hose m anufacturer, the hose design w orking pressure is 87 psi 

(0.6 MPa). Strength testing was performed at pressure gradually increasing up to 130 psi 

(0.9 MPa), which is 150% o f  the system ’s design pressure. The 150% w orking pressure 

was kept for four hours. Strength testing should be stopped when leakage or burst 

happened.
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In accordance with ASTM  D1599, the strength testing o f  the com posite hose with 

connectors was conducted from 11:00 to 15:00 on December 16, 2015. No leaks and 

cracks occurred on the hose itse lf and the connectors. No pressure drop occurred by 

gauge observations (Figure 5-3).

Figure 5-3: Strength testing. 

5.4 Flexibility Testing

Then, gradually decrease the internal pressure to 100 psi (0.7 MPa), which is 120% 

o f  the system ’s design pressure. Flexibility testing was perform ed at 12.0% o f  the 

system ’s design pressure. The 120% w orking pressure was kept for tw enty-four hours. 

Flexibility testing should be stopped when leakage or burst happens.

In accordance with ASTM  D1599, flexibility testing was conducted from 15:00 

on December 16 to 15:00 on Decem ber 17, 2015. A cam era recorded the gauge reading.

No leaks and cracks occurred on the hose or the connectors. No pressure drop occurred 

by gauge observations (Figure 5-4).
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Figure 5-4: Flexibility testing.

5.5 Burst Testing

Burst testing was performed at pressures gradually increasing up to the crack or 

leakage happening on the surfaee o f  the hose. A cam era was set up to record the whole 

procedure o f  the burst. The bursting pressure would be recorded when dam age or leakage 

occurred. The first burst testing started at 2 PM, Dec. 18, 201 5, and it lasted two hours. 

The internal pressure was gradually increased by a pressure pum p with m aximum  

pressure o f  3000 psi (20.7 MPa).

However, the hose did not break, but it was estim ated to break at 600 psi 

(4.2 MPa). W e decided to stop the pressurizing pump. Then the video observation was 

checked. It found that the m axim um  pressure m aintained at 200 psi (1.4 M Pa) with no 

boosting trend.

The second burst testing started at 9 AM, Jan 15, 2016. The red connector 

collapsed from the hose at the pressure o f  235 psi (1.6 MPa). The connecter was worn 

after the second burst testing. The inner diam eter o f  the connector was changed from 

12.125 " to 12.3125" with an expansion o f  1.5% (Figure 5-5).
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Figure 5-5: Second burst testing.

W e contacted the hose m anufacturer Asoe to check for the history testing data. 

There was a very good testing chamber, pressure equipment and electronic recording 

instruments in Asoe. According to the Chinese national standard GB/T 5563: Rubber and 

plastics hoses and assemblies, Hydrostatic testing, the Asoe carried out the burst testing 

on June, 2014. The burst testing result was 435 psi (3 MPa) for the same hose with a 12” 

(300 mm) diam eter (Figure 5-6). Specific test parameters and results are shown in 

Table 5-1
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Figure 5-6: Burst testing results from the m anufacturer.

Table 5-1: Burst testing table.

Burst sample 300 m m  (1 2 ” ) Tim e: June 17th, 2014

Burst pressure 
(M P a )

A ctually m easured 
circum ference 

(m m )

Expansion
(% )

The actual 
m easuring length 

(m m )

Elongation
(% )

970 N/A

0.10 968 N/A 1039 N/A

969 N/A

1050 8.25%

1.00 1048 8.26% 1045 0.58%

1051 8.46%

Ultim ately 435 psi Final expansion
Ultim ate

elongation
burst pressure (3.0 M Pa)

8.3% 0.6%

5.6 Burst T esting in M anufacturer Plant

On Novem ber 2015, Dr. Iseley and Xuanchen visited the Asoe plant in Taizhou, 

Jiangsu, China. W e discussed and helped them  to im prove the hose connector’s design. It 

solved the problem o f  too less over-flow  area.
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Also, we witnessed and recorded the burst testing for a new com posite pressure 

hose with a 6” diam eter (Figure 5-7). This new com posite pressure hose was designed 

for pressure water pipeline rehabilitation. A ccording to ASTM D 1599, the burst pressure 

was 5.5 MPa (797.5 psi). The working pressure should be 1/3 o f  the burst pressure, 

which was 1.8 M Pa (266 psi). The w orking pressure could meet the requirem ents o f 

m edium and high-pressure gas pipeline, which is 0.4 M Pa-4 M Pa (56 psi-560 psi).

Figure 5-7: Burst testing in Asoe.



CHAPTER 6

FINITE ELEMENT ANALYSIS

6.1 Object and Purpose o f FEA

The finite element analysis (FEA) is a numerical technique for finding 

approximate solutions to boundary value problems. The FEA model can analyze the 

stress and strain on each layer o f the composite hose. We can better understand the 

structural information and function o f  each layer.

6.2 M aterial Properties and Parameters

Various material properties and parameters are needed for FEA. The ideal plastic 

stress-strain relationship and bilinear kinematic hardening guidelines are used for 

material non-linear VonM ises yield criterion and associated flow rule calculation. For 

FEA nonlinear and large deformation calculation, accurate m easurement o f  bilinear data 

o f material properties is the premise for correct calculation.

Tensile mechanical properties in the longitude direction are one o f  the important 

parameters for the composite hose, which is explained in Section 3.4.4.

Short-term tensile stress-position curves was shown in Figure 6-1. The number 

marked in Figure 6-1 is the maximum stress.

68
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Figure 6-1: Tensile stress-position curve in LD.

Based on the specific sam ple size (Table 4-1), the long-term  tensile stress is the 

divisor o f  applied load and heavy steel arm  weights and the cross-sectional area o f  the 

sample. The specific long-term  stress may be calculated by Eq. 4-1. Gauge readings are 

the strains. The ratio betw een the stress and strain is the long-term  Young's m odulus.

Based on hundreds o f  data, long-term  tensile Young's m odulus vs. Tim e curve 

figure was drawn by Excel in Figure 6-2.

400000 

J j  350000 *

S2 rz: 300000 
df Q.f— ->50000
F 3 <1F 3  300000 ii
U 3  I

f— g  150000 J

C? S  100000 » — I | M | » |
—1 50000

0
0 5(X) KXX) 1500

Time: Hours

4 - -  long  Term Tensile M odulus 1 
(Load 336 psi/2 3 MPa)

—• —Long Term Tensile M odulus 2 
(load  i 2 1 psi I I I  MPa)

— Long Term Tensile M odulus 3 
(load  304 psi/ 2 7 MPa)

Figure 6-2: Long-term tensile Young's modulus.
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One thousand hours’ long-term  tensile Y oung's m odulus were listed and 

com pared with short-term  Y oung's tensile m odulus in Table 6-1. The average value o f  

1,000 hours’ long-term  tensile Y oung's m odulus was 3.5%  less than the short-term  value. 

The Young's m odulus o f  sim ilar com m on m aterial M edium -D ensity PE was listed and 

com pared. The testing was according to the ASTM  specification.

Table 6-1: Tensile Y oung's M odulus com parison: long-term  VS short-term.

Unit

( p s i )

Short-T  erm  
T est A pplied  

Load

Short-Term  
T en sile  Y ou ng's  

m odulus

L ong-T erm  
T est A pplied  

Load

L ong-T erm  
T en sile  Y oung's 

M odulus

M edium -
D en sity

PE
4 ,9 3 9 7 7 ,5 1 9 394 7 7 ,2 3 0

8 0 ,0 0 0

6 ,0 6 5 7 6 ,9 5 2 321 7 0 ,6 0 8
5, 111 7 1 ,3 9 3 336 7 0 ,7 2 2

A verage
V alue

5 ,3 7 2 7 5 ,3 8 8 350 7 2 ,8 5 3

D ifferen ce  
b etw een  

Long-term  
and short

term %

( 7 5 ,3 8 8 - 7 2 ,5 8 3 )  /7 2 .5 8 3 * 1 0 0 %  3.5%

The m anufacturer Asoe com m issioned Taizhou Product Quality Supervision and 

Inspection Agency to carry out physical and m echanical tests o f  the hose m aterials 

(Figure 6-3). The test data (Figure 6-4) were used for m athem atical equations and 

num erical sim ulation.



Figure 6-3: Testing in Taizhou Product Quality Supervision and Inspection Agency.

inT '

Figure 6-4: Testing reports for fiber reinforced polyethylene hose.

6.3 Finite Elem ent M odel and Test Results

The finite elem ent model (FEM ) is a num erical technique to find approxim ate 

solutions for the boundary value by the partial differential equations. It is also referred to 

as finite elem ent analysis (FEA). M odeling is the key to the whole process o f  FEA. The
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reasonable model will directly affect the accuracy o f  the calculation results, process and 

time. The model established in this dissertation not only took into account the present 

analysis, but also considered the follow-up work, as well as quantitative calculations on 

sim ilar cases. A param etric model, including the geom etry, m aterial properties, and 

applied load, was established. If  re-m odeling for each case, it will cost a lot o f  time. So 

the use o f  the param etric model is very im portant and can save time. Simply changing the 

value o f  part o f  the param eters can be available when re-m odeling.

The model geom etry, m aterial properties, and load and other factors depended on 

the project and can be param eterized. The effect on the strength and deform ation o f  the 

com posite pipe by different param eters can be studied system atically and quantitatively. 

Primary and secondary factors that affect strength and deform ation can be analyzed. The 

param eter model can lay the foundation for the design and optim ization o f  the com posite 

pipes.

The basic idea for m odeling is to set up a m echanical model for a class o f  m aterial 

issues firstly. Model the m echanical behavior in the working state by num erical m ethods 

and simulation.

By the com parison with the physical experim ental, the "parametric" contained in 

models were prepared and calibrated. The variables were about the m odel’s structure and 

properties. If the calculation does not m atch the physical experim ent, the given initial 

value o f  "within the variable" needed to be adjusted until satisfied.

6.3.1 M odeling Preparation and Introduction

There are two m ethods to create a finite elem ent m odel, direct generation and 

solid modeling. For nodes and elem ents needing special analysis, the direct generation is
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a sim ple and easy m ethod, but it applies to a more regular shape. Solid m odeling is to 

generate geom etric entities firstly, if  necessary, to control the unit and divide the 

param eters. Mesh nodes and unit are generated autom atically by Solidw orks (but 

som etim es not very regularly). Solid m odeling m ethod can create the model quickly and 

is more convenient when the model is larger and m ore complex. For the geom etry model 

needed to study in this dissertation, we need to analyze the stress and strain distributions 

along the wall. The unit should be divided by the m apping m ethod, so the obtained 

discrete units can be regular. If  the unit is divided by the free m ethod, it m ay be irregular 

in some places. There m ay be som e bias. The stress design and analysis in this 

dissertation is to create a sim ple surface by the direct generation m ethod firstly, then use 

the m apping division for the structural units to ensure the accuracy o f  the results.

The following points are needed to be taken into account when m odeling:

(1) Take advantage o f  the sym m etry properties o f  the structure to m ake the model 

as simple as possible. Using the sim ple m odeling orders, including mirror, copy and 

rotate the functions to obtain complex structures modeling.

(2) M inimize the num ber o f  Boolean operations com m and and m ake the 

geom etric structure as sim ple as possible.

6.3.1.1 Simplify the m odel

In order to highlight the main factors and to reduce com puting tim e-consum ing, 

there are these following principles:

(1) Generally, the actual ratio betw een the pipe diam eter and the longitudinal 

length is large. Therefore, the hose can be considered infinitely long. Just one section 

needs to be analyzed.
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(2) Do not consider the friction between the fibrous layer and the plastic layer.

(3) Ignore the diam eter reduction caused by stretching and winding.

(4) Do not count com posite pipe weight.

6.3.1.2 Selection o f unit type

W hen we use the FEM to analyze the problem , it is very im portant to select the 

appropriate unit type for the calculation. SOL1D45 unit is selected as the plastic 

deform ation unit. The links unit is selected as the fiber deform ation unit. The auxiliary 

unit is used during the m odeling (only used for graphic unit and deleted when pulled out 

o f  the body’s unit). The spring unit COM BN114 is used as boundary constraints.

The characteristics o f  each unit are described as follows. SOILD45 unit is mainly 

utilized to sim ulate a three-dim ensional solid structure. It is defined by eight nodes. Each 

node has three degrees o f  freedom (nam ely, UX, UY, UZ). This unit is suitable for elastic, 

creep, swelling, hardening stress, and large deform ation analysis. It has a degraded 

function and can degenerate into pentahedral and tetrahedron, which is easy to generate a 

com plex structural grid o f  cells.

6.3.2 M odeling

In theory, either section o f  a hose along the infinite length can sim ulate the stress 

state o f  the entire hose. In order to save calculation tim e, com puter m em ory and hard disk 

space, a pipe section with 36 mm length is used for FEA. In this dissertation, a fiber 

reinforced plastic com posite with a three-layer hose with 12" (304.8 m m ) diam eter is 

studied. A ccording to the actual structure, the thickness o f  each layer o f  the com posite 

pipe is 2 mm, 2 mm and 2 mm, from the inner to the outer layer, respectively. Plastic 

Unit w idth is divided into 36 equal portions in the circum ferential direction.
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6.3.2.1 Flat unit

Firstly, the annular surface o f  the hose was made. As the hose was axially 

sym m etric along its longitudinal cross section, it was possible to take advantage o f  a 

quarter arc surface.

6.3.2.2 Unit model and m aterial properties

According to the m anufacturer, the hose is a three-layer structure and composed 

by the hot extrusion m olding processing technology. The inner liner is TPU 

(therm oplastic polyurethane). The interm ediate layer is the reinforcing fabric and the 

material is polyester filament fabric nets. The overcoat layer is PH (polyethylene). The 

hose can be flat and coiled and the structure diagram  is shown in Figure 6-5 (left).

The Solid45  unit and Links unit w ere selected. The length o f  the plastic element 

along the longitudinal direction was 2 mm and the total length o f  the stretch was 36 mm. 

The hose diam eter was 12” . Take advantage o f  the Extruder Com m and to stretch the 

planar elem ent along the longitudinal. The finite elem ent model (FFIM) was drawn in 

Figure 6-5 (right).

The o v e r c o a t  lever 

fa b r - c  r e in f o rc e m e n t  layer 

inner  Lner

Figure 6-5: The structure and FEM o f  the three-layer hose.

The overall physical and m echanical properties o f  the three-layer hose were tested 

in TTC. However, the physical properties o f  each layer cannot be tested separately.
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M aterial mechanical properties, including the elastic m odulus, the Poisson's ratio and the 

thickness o f  each layer used in FF.M sim ulation and Num erical Analysis Calculation 

(Chapter 7) were shown in Table 6-2. They were from the reference o f  m aterials 

providers so that the results may be more accurate.

Table 6-2: Elasticity properties. Poisson's ratio, and thickness o f  each layer.

Material Elastic M odulus 
(M Pa)

Poisson's ratio Thickness
(mm)

Inner layer: TPU 100 0.48 2
M iddle layer: 

Polyester Filament
15,000 0.35 2

O uter layer: PE 1,070 0.41 2

The final sim ulation and calculation results were com pared and analyzed with the 

overall physical and m echanical properties obtained by TTC. The operation o f  m aterial 

selection and definition are shown in Figure 6-6. PE High D ensity in the Solidw orks 

material library was chosen as the material definit'on for the outer layer material.
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Figure 6-6: Applied m aterial properties o f  outer layer material in Solidworks.

According to the m anufacturer Asoe (M ortcnsen 2006), the definition o f  

interm ediate layer, polyester filament properties, was defined as a new material in 

Solidworks. The specific param eters are shown in Figure 6-7.
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Figure 6-7: Applied material properties o f  fabric m aterial in Solidworks.

The definition o f  inner layer therm oplastic polyurethane (TPU) is according to the 

material supplier (BA SF 2011) and (Qi and Boyce 2004). A new m aterial was defined in 

Solidw orks and the specific param eters were shown in Figure 6-8.
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Figure 6-8: Applied material properties o f  inner layer o f TPU in Solidworks.

6.3.2.3 Boundary conditions

For calculation accuracy, the boundary conditions should be similar to the actual 

working conditions o f  the pipeline. Boundary conditions for the composite hose were 

established as follows:

1. The longitudinal support

Since the whole pipe segment should be numerically analyzed, it inevitably 

resulted in the pipe suspension. In order to solve this problem, there are two treatments.

(1) At the edges o f  the composite hose (i.e., z -  0 mm, z -  36 mm), the spring 

supports with stiffness K (K take .05) were set to limit the displacement o f the spring 

ends in X, Y, Z-direction. The spring supports were in the circumferential angles o f 0°,
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90°, 180° and 270°. This treatm ent was appropriate because the weight o f  the hose was 

not considered. The selection principle o f  the spring’s stiffness K followed the Hooke's 

law (Eq. 6-1).

F =  K X  Eq. 6-1

Eq. 6-2 was assum ed and has fully m et the sim ulation accuracy requirem ents. Eq. 

6-1 was substituted into Eq. 6-2 and it got K <  3.5. D ifferent K values w ere calculated 

for com parison and the results show that the K value had little effect on the calculation 

results. K was determ ined to be 0.5.

F / { P  X A)  ~  1 (T 3 Eq. 6-2

where:

F- the force on the spring when the com posite hose under internal pressure, M Pa,

P- the internal pressure with the value 3M Pa,

X- the spring deform ation during burst testing and taking 0.01m m -20 mm,

A- the unit area o f  the outer surface o f  the com posite hose, mm.

(2) An im aginary outerm ost supporting sleeve was m ade for the com posite hose. 

Elastic m odulus o f the sleeve was taken as .05. Then the constraint was applied in the 

normal direction on the outer surface o f  the sleeve.

FEA was respectively sim ulated by these two restrictions. The calculations were 

the sam e by these two different boundary conditions. W hen eight springs w ere 

sym m etrically  built at the edge o f  the com posite hose (and then lim iting the constraints 

the displacem ent along x, y, z direction at spring end), it can m inim um  the impact o f 

additional constraints on the deform ation and stress. This boundary condition was sim ilar 

with the free boundary o f  com posite hoses and guaranteed the authenticity  o f  the
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sim ulation. Com pared w ith the imaginary outerm ost supporting sleeve, the spring support 

greatly reduced the num ber o f  units. The corresponding calculation tim e-consum ing was 

greatly reduced. So the spring support was selected to solve the suspension problem . The 

elastic support from Solidw orks was chosen as the constraints (Figure 6-9).
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Figure 6-9: Elastic support and constraint it Solidworks.

2. Contact settings between each layer

As the hose was com posed by the hot extrusion m olding processing technology, 

bonded is selected as the contact type for the three layers connection (Figure 6-10).
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Figure 6-10: Contact type o f  each layer in Solidworks.

6.3.2.4 Mesh

M any grid problem s can be solved by using a small unit, but it may lead to longer 

solving time. In order to find the m axim um  w orking unit, autom atic loop function (ALF), 

in CO SM O SW orks options w indow , was used. ALF required the m eshing program  to 

reclassify the model w ith sm aller global cell si/.e. Fine m esh density  was set in 

Solidw orks. M eshing was autom atically generated as shown in Figure 6-11 by the 

follow ing three steps:

•  G eom etric model assessm ent,

•  Borders processing, and

•  Grids creation.

The param eters o f  the grids are shown in Figure 6-12.



Figure 6-11: M esh generation in Solidworks.
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F ig u re  6-12: Grid Param eters in Solidworks.

6.3.2.5 Load

It was difficult to determ ine the operating pressure o f  the hose accurately. So the 

load applied to the FEM was greater than the actual operating pressure and was uniform ly 

applied to the inner wall surface o f  the com posite hose. W e set up the internal pressure o f  

FEM  as 3 M Pa (435 psi) obtained by bursting (Figure 6-13).

W hen the program  reached the burst pressure value, the calculation would stop 

autom atically. The internal pressure was applied to sim ulate the hose under normal 

operation.

Also, we set up the longitudinal pressure as 3 M Pa (435 psi) (Figure 6-14). The 

longitudinal pressure was applied to sim ulate the hose when it was out o f  service. As it 

was explained in Section 3.4.4, the fatigue deform ation and tensile strength would occur 

along the longitudinal direction.
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F ig u re  6-14: Applied longitudinal load in Solidworks.
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6.3.3 Results o f  Finite Elem ent Analysis

6.3.3.1 M ises equivalent stress distribution o f  different units

Solidw orks softw are has powerful post-processing capabilities. According to 

different unit types, it gives contours o f  M ises equivalent stress at m axim um  loads for 

different unit types using different data processing methods. Analysis principles for 

Solidw orks m axim um  stress (vonM ise) by FMA software are in Eq. 6-3.

P i  -  a2) 2 +  p 2 -  j 3) 2 +  (o-3 -  axY  6 3
v o n M is e  =

N

where:

<ru  <y2, and  cr3 are the uniaxial stress separately in the X,Y, and Z direction, MPa.

The FEA sim ulation result was consistent with the physical burst testing. The 

m axim um  stress occurs in the interm ediate fiber layer (230 M Pa) (Figure 6-15), which 

fits the tensile yield strength (200 M Pa) o f  polyester filament given by material suppliers 

(Table 6-3) (M ortensen 2006). That is, when the inner pressure reached 3 MPa (435 

psi), the m axim um  stress in interm ediate layer will reach 230 M Pa, exceeding the tensile 

yield strength (200 M Pa) o f  the polyester filament. So the hose break. This is the role that 

fiber-reinforced layer should play. FEA sim ulation results also show the m axim um  

tensile stress for each layer (Figure 6-16).



Figure 6-15: M aximum stress occurred in the fiber reinforcem ent layer.

Figure 6-16: M axim um  stress o f  each layer.
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T able 6-3: M aterial properties o f  polyester filament.

Properties Value
Y ield Tensile Strength, M Pa (psi) 200 (29,000)

(A STM  D 4 12-6IT)
100% M odulus, M Pa (psi) 150(21,750)

(A STM  D 4 12-6IT)
M ass D ensity K g/m 3 1,440

lb/in3 0.052
Possion ratio 0.35

Thermal C onductivity [W /(m *K)l 0.04
Special heat (J/Kg*K) 1,420

6.3.3.2 D isplacem ent and deform ation results analysis

To better understand the overall deform ation o f the com posite hose during burst 

testing, strain (ESTRN ) and displacem ent figures were shown from  Figure 6-17 to 

Figure 6-19. M axim um  strain was 3% and occurred on the inner surface. Strain results o f 

FEM were com paratively analyzed with the results o f  the Approxim ate Analytical 

Calculation in Chapter 7.

fcSIM

Figure 6-17: M axim um  strain and strain results o f  com posite hose.



Figure 6-18: M axim um  strain o f  each layer.
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Figure 6-19: Displacem ent results o f  com posite hose.

It was clearly shown that the longitudinal displacem ent as the color went from 

dark to light in Figure 6-19. So the material longitudinal properties were im portant when 

the repaired pipe was out o f  service.

We should pay attention to the increasing o f  deform ation and stress during pipe 

installation and when the repaired pipe was out o f  service. It is also recom m ended to
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m ake the pipe jo int long enough to avoid the burst area occurring in these parts. The 

working pressure for the com posite pipe was determ ined by the m axim um  stress and 

safety factor in Chapter 8.



CHAPTER 7 

MATHEMATICAL MODEL OF COMPOSITE HOSE

7.1 Approxim ate Analytic Solution

In order to compare with FEA, the regional balance analytical method in materia! 

mechanics was applied to do AAC for the composite hose. A pipe section was taken by 

two imaginary planes with spacing 12", perpendicular to the hose axis, then using the 

plane parallel to the axis to split the pipe section and get a local area, as shown in 

Figure 7-1. AAC method was used to calculate the stress and strain for each layer o f the 

composite pipe under bursting test pressure.

Figure 7-1: Stress analysis o f composite hose.
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The size o f the internal forces in two longitudinal end surfaces in Figure 7-1 is 

equal but in the opposite direction, so they cancel each other and will not be considered 

for stress analysis. os is the sum o f  all the internal forces perpendicular to the cross- 

section, and dp is the fluid pressure acting on the inner surface.

7.1.1 AAC Equations

This m ethodology (Figure 7-2) proposed aims at the long-term  extrapolation o f  

m ultilayer plastic pipes with therm oplastics, fiber reinforced layers, and m etallic layers 

(Farshed 2005). The steps to be followed in this procedure are:

Figure 7-2: Param eters o f  tw o-layer com posite hose.

Consider a tw o-layer hose m ade of two bonded layers under internal hydrostatic 

pressure, 435 psi (3M Pa). Then the internal radius o f  the internal layer is designated by a. 

The internal radius o f  the external layer is designated by b, and the external radius o f  the 

external layer is designated by c. The material o f  each layer is assum ed to be linearly 

elastic and isotropic. The elasticity material param eters o f  the internal and the external 

layer are designated by Et , Vt and Ea , T0, respectively.
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With the effect o f  the internal pressure p<, an interface radial stress Pf is produced 

by the interaction o f the two layers. Using the classical elasticity theory for multilayer 

thin-walled cylinders, the interface pressure can be obtained by the following relation 

from  Eq, 7-1.

2Pt

E q- 7- '

where:

Pf =  radial stress, MPa,

P; =  internal pressure, MPa,

E[ =  elastic m odulus o f  internal layer, MPa,

E0 =  elastic modulus o f  outer layer, MPa,

Vi =  Poisson's ratio o f  internal layer,

V0 =  Poisson's ratio o f  outer layer,

Ri =  b / a , and 

R0 = c / b .

The hoop stresses between the internal and the external layer can be obtained by 

the following relations (E q . 7-2, Eq. 7-3 and Eq. 7-4):

Pi (  b 2\  Pf R l  a 2

£ = [(1 -  v , ) a e -  V ,ar ] Eq. 7-3

°e  ~  °hi> CTr =  P/ Eq. 7-4



94

where:

ahi = ho o p  stress o f  the internal layer, MPa,

Pi =  internal pressure MPa,

=  radial stress, MPa,

Ei =  elastic m odulus o f  the internal layer, M Pa,

E0 =  elastic m odulus o f  the outer layer, MPa,

Pi =  Poisson's ratio o f  the internal layer,

V0 =  Poisson's ratio o f  the outer layer,

Ri =  b / a ,

R 0 — c /b ,  and 

e =  strain.

7.2 Hoop Stress Equation for M iddle Layer o f Hose

Since the three-layer hose is a thin-w alled cylinder and the fiber carried all the 

internal pressure, so w e would like to take advantage o f  the hoop stress equation to 

calculate the stress o f  the m iddle layer.

Then the m axim um  stress o f  the m iddle layer calculated by the hoop stress 

equation would be com pared with FEM and AAC results. It was im portant to verify the 

result o f  hoop stress was closed to the FEM and AAC results. Then we can determ ine if 

the hoop stress equation can be the design principle for the hose.

7.2.1 Introduction o f  Hoop Stress Equation

The hoop stress is the force exerted circum ferentially (perpendicular both to the 

axis and to the radius o f  the object) in both directions on every particle in the cylinder 

wall (Figure 7-3).
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Projected
Area

Figure 7-3: Schematic diagram  o f  hoop stress.

For the thin-w alled assum ption to he valid, the vessel must have a wall thickness

o f  no more than about one-tenth (often cited as one twentieth) o f  its radius >  10). This

allows for treating the wall as a surface, and subsequently using *he Y oung-Laplace 

equation Eq. 7-5 for estim ating the hoop stress created by an internal pressure on a thin- 

walled cylindrical pressure vessel (W ikipedia 2016):

where:

P =  internal pressure, MPa, 

t  =  wall thickness, mm, 

r  =  mean radius o f  the cylinder, mm, 

oh =  hoop stress, MPa.
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7.3 Tw o C alculation Process

According to burst testing results o f  12" fiber-reinforced hose, it took 435 psi (3 

MPa) as the maximum working pressure. The param eters o f  the m athem atic model were 

determ ined prior to calculation and are shown in Table 7-1. They were from material 

suppliers and are the sam e as the ones from  the FEA modeling.

Principal stress and strain for each layer were obtained by AAC. M axim um  stress 

o f  the fiber layer was obtained by the hoop stress equation.

Table 7-1: Param eter table for m athem atic m odel.

Inner radius 
a

Inner radius o f  
first layer b

Inner radius o f 
second layer c

Inner radius o f 
third layer d

Pi

152.4 mm 154.4 mm 156.4 mm 158.4 mm 3 M Pa
Material Elastic M odulus Poisson's Ratio Thickness (mm) Diam eter

ratio

Inner TPU 100 MPa 0.48 2
b

R' =  a  
=  1.013

M iddle layer 
Polyester 
fdam ent

15,000 MPa 0.35 2

c

R° =  b 
=  1 .013

Outer PE 1,070 MPa 0.41 2
d

R° i - -

=  1.013
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7.3.1 AAC M ethod

7.3.1.1 Calculation for inner TPU material

The param eters in Table 7-1 for the inner layer were substituted into the interface 

pressure Eq. 7-1. The calculation process was as follows. The radial stress o f  the inner 

layer was 3 MPa:

iP I = _____________________ 2h _____________________
f\ ( r i /  d2 _l 1 \  i / d 2 _ li \ i i  Eq. 7-1

2 x 3  MPa

jioo MPa(i.oi32 — i) ( i w C j  -  “■ « )+ T550hm  (r S i i l - l + °-35)l!

6 MPa

(l00M Pa(0.026169) [100 MPa  (o.026169 ~  ° 48)  + 15000 MPa  (o.026169 + °-35)]}

6 MPa

[2.6 MPa  [10Q Mpa  (77.4) + 15000 Mpa  (78.3)])

= 3 MPa

<rr = P/  =  — 3 MPa. Eq. 7-4

It is clear that the radius stress should be negative, as the internal pressure is 

outward. Then the hoop stress for the first layer was calculated by Eq. 7-2. The 

calculation process was as follows and the hoop stress o f  the inner layer was 3 MPa:

^  =  E<i - 7-2

3 M Pa  3M P a x  1.026

ff“ = C U i 2 6 (1 +  1'0 2 6 )  0 5 2 ^ (1 +  1)

<yhi =  3 MPa
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Finally, the hoop stress and radial stress w ere substituted into Eq. 7-3. The strain 

o f  the inner layer was 0.045.

e =  ^  [(1 -  V ) o r 0 -  ĈTr] Eq. 7-3

1 +  0.48
=  -1 0 o Mp - [Cl -  0 .48) x  (3 M P a ) -  0 .48 x  ( - 3  M Pa)]

£ =  0 .0444

7.3.1.2 Calculation for middle fabric material

At this point, the param eters o f  the m iddle layer and the outerm ost layer were 

substituted into Eq. 7-1. The value o f  was th e  calcu la ted  Pf value o f the TPU layer.

The param eters shown below for the m iddle layer were substituted into the 

interface pressure o f  Eq. 7-1.

Pn  =  - 3  MPa. Eq. 7-1

b =  154.4  mm, c =  156 .4  mm, d =  158 .4  mm,

R n  =  -  =  1 .013 , R01 =  -  =  1 .013 , En  =  15 0 0 0  M Pa,

Vtl =  0.35, Eqi  =  1 0 7 0 M Pa, V0l =  0.41.

The calculation process was as follows: The radial stress o f  the m iddle layer 

w as - 0 .2  MPa.
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P/i =
- 2 P a Eq. 7-1

- 2  x 3 MPa

(isooo  «?a(1.013» -  1) [15000 MPa  ( l!oi3^ -  1 “  °'35) + T O T T O  ( m S ^ T  +  ° '41)]1
6 MPa

(15000 MPa(0.026169) [15000 MPa (q.026169 ~~ °'35) + 1070 MPa  (o,026169 + °'41)])

-6 M Pa

(39° M Pa [l50W M P - a  <77'6) + W m m  7̂8'3)]}

=  - 0 .2  M P a

Then the hoop stress for the fiber layer was calculated by Eq. 7-2. The calculation 

process was as follows and the hoop stress o f  the inner layer was 218 MPa:

„  _  f t .  W l  f n * 2!  E , .7 - 2
h "  (ftf.-iA f>2J (fif.-iA W

a rl =  Pfi =  —0-2 M P

3M P a  —0.2MPa x  1 .026

* “  =  CU>26 (1 +  L ° 2 6 ) ------------ (7026----------(1 +

a hil =  250M Pa

Thirdly, the hoop stress and radial stress were substituted into Eq. 7-3. The strain 

o f  the m iddle layer was 0.013.

1 +  v
ES=_ _ [ ( 1 _ v) 0 f l _ t;CTr]

b  Eq. 7-3
1 +  0.35 „

[(1  -  0 .35 ) x  250 MPa -  0 .35 x  ( - 0 .2  MPa)]
15000  M Pa  

e =  0.015
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7.3.1.3 Calculation for outer PE material

The hose was considered as a single layer and the value o f  the radial stress was 

equal to Pfj in this case. Param eters from Table 7-1 were substituted into Eq. 7-6 to 

calculate the hoop stress o f  the outer layer. The stress o f  the outer layer was 15.6 MPa:

Pfi d 2 I? *7 A
° ‘  =  C 5 S T T ( 1 + ^

a r2 =  Pfi =  —0.2 M P a  

Pfi d 2

a ~  ( « 2i - 1 ) (1 +  ^

=  15.6 MPa

The hoop stress and radial stress were substituted into Eq. 7-3 and the strain o f

the inner layer was 0 .012 .

7.3.2 Hoop Stress Equation

Based on FEA sim ulation and AAC m athem atic model, the m axim um  stress

occurred in the interm ediate layer.

The stress o f  the fiber reinforced interm ediate layer may be calculated by Eq. 7-5.

For the m iddle layer, the internal pressure P was equal to 3 MPa. The radius o f  the

m iddle layer was 154.4 mm and the thickness was 2 mm. The hoop stress for the m iddle

layer was 232 MPa.

P x r  

° r = —

3 M P a  x  154 .4  m m  

2 m m

=  231 .6  M Pa
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7.4 Results C om parison and Analysis

The results o f  the theoretical analysis were compared in Table 7-2, including the 

sim ulation results o f  FEA, calculation results o f  AAC and hoop stress equation, and the 

fatigue tensile strength o f  the m iddle layer.

Table 7-2: Com parision betw een the theoretical analysis.

Burst
testing

3 MPa (Load applied for num erical calculation)

Inner TPU Fiber layer O uter PE
M axim um

stress
M axim um

strain
M axim um

stress
M aximum

strain
M aximum

stress
M axim um

strain
FEA 3 MPa 0.03 230 MPa 0.014 16 0.014
AAC 3 M Pa 0.04 250 MPa 0.015 15.6 0.012
Hoop
stress

equation

N/A N/A 232 MPa N/A N/A N/A

Material
propertie

s
o f

polyester
filament

Fatigue tensile strength, 200 MPa (29,000 psi) 
(ASTM  D 4 12-6IT)

According to the strain and stress value o f  each layer by FEA model and AAC 

equation (Table 7-2), it is clear to state each layer’s function as follows. For the outer 

layer, its main function is wear resistance. For the inner layer, its main function is leakage 

proof. For the m iddle layer, its main function is structural reinforcem ent.

The radial stress ar is equal to P on inside surface and the P value is working 

pressure, oyis equal to zero on the outside surface as the host pipe w ithstands the soil load 

and surface load. The radial stress or is quite small when com pared to hoop stress c^.

W hen we com pared the stress o f  the m iddle layer o f  the hoop stress with the value 

o f  the FEA model and AAC equations in Table 7-2, the calculated value by the hoop
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stress equation was the same as the result o f  the FEA, but 5% m ore than the value o f  

AAC.

Since the Fibers carry all the internal pressure, the hoop stress equation can be 

used as a sim ple and practical design principle and equation for the com posite pipe w ith 

the PIL method. Basic design for the hose should be depended on the hoop stress. Hoop 

stress is validated and set up as the hose design principle.



CHAPTER 8

INNOVATION: ENGINEERING DESIGN GUIDE

8.1 Technical A dvantages and Construction Scope

8.1.1 Technical Advantages

Fiber Reinforced Polyethylene Hose (hereinafter referred to as "hose") is a 

trenchless technology for the rehabilitation o f  pressure pipelines for different m edia such 

as water, gas and oil. The process is based on a flexible high-pressure hose and a 

specially developed connection technique (A SO E 2016).

Due to its m ulti-layer structure and thin thickness, the hose provides both 

flexibility and ultra high strength material. The inner layer o f  the hose can be selected for 

the specific media. The outer layer - regardless o f  m edium  - is m ade o f  w ear-resistant PE. 

Polyester filam ent is between the inner and outer layers, functioning as a static load- 

bearing layer (Prim us Line 2016).

The hose is produced in nominal diam eters from DN 75 to DN 200 (6 to 12 inch). 

It is inserted into the host pipe from  small construction pits, thus avoiding large road 

works. The hose is not attached to the host pipe and is self-supporting. An annulus 

rem ains between the hose and the host pipe. Via a specially developed high-pressure 

connector on each end, the hose is connected to the host pipe (steel, iron cast, PE, or 

o ther m aterials), and thus to the pipe network.

103
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The PIT m ethod has short rehabilitation tim es and rapid recom m issioning, and 

thus represents not only an inexpensive alternative to open rehabilitation, but also a high- 

quality m ethod for the renewal o f  the pressure pipes.

For both the gravity flow and the internal pressure design, equations have been 

divided into categories o f  “partially deteriorated” and “ fully deteriorated” conditions o f  

the existing pipe to be rehabilitated (Lanzo Lining Services, 2010). These p iping 

conditions are defined as follows:

8.1.2 Partially D eteriorated Pining Condition

A partially deteriorated internal pressure design pipe is one in which the existing 

pipe may have displaced jo ints, cracks or corrosion, but is structurally able to support all 

soil and surface loads. In this case, the existing pipe is intended to provide structural 

support over the full circum ference o f  the linear. W hen assum ing a pipe is partially 

deteriorated, the linear will be designed to w ithstand uniform  hydrostatic pressure over 

the full circum ference o f  the linear. In addition, as a conservative approach, this design 

does not assum e that the linear is attached to the existing pipe in any way.

A partially deteriorated pressure pipe is one in which the existing pipe m ay also 

have m inor corrosion, leaking joints, and/or small holes, and should be free o f  any 

longitudinal cracks. In this case, the existing pipe is assum ed to be able to w ithstand the 

specified internal design pressure over the expected lifetim e o f  the pipe. W hen assum ing 

a pressure pipe is partially deteriorated, it is assumed that the linear will conform  tightly  

against the host pipe everywhere (i.e. in bends or diam eter changes, etc.) and uses the 

strength o f  the existing pipe to support the stresses. The thickness o f  the linear can be 

com pensated to span small holes or leaking joints, but will not be o f  sufficient thickness
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to withstand design pressures. In addition, if  the partially deteriorated pressure pipe is 

assum ed to be leaking, the designer must also be aware o f  external hydrostatic pressure to 

ensure that the m inim um  linear thickness is sufficient to w ithstand these forces over the 

design life o f  the product.

8 1 3  Fully Deteriorated Piping Condition

A fully deteriorated gravity flow pipe is one in which the existing pipe has 

insufficient strength to support all soil and surface loads. A fully deteriorated pipe is 

characterized by severe corrosion, m issing pipe, crushed pipe, longitudinal cracks, and 

severely deform ed pipe. W hen assum ing a pipe is fully deteriorated, the liner is designed 

as a pipe able to withstand all hydrostatic, soil, and live loads that m ay exist in the linear- 

soil system with adequate soil support.

An alternative strategy for fully deteriorated gravity flow pipes is available to the 

designer in areas where there are isolated sections o f  m issing or severely offset pipe that 

would otherwise cause it to be classified as fully deteriorated, in these areas, it m ay be 

possible to carry out point repairs, and rehabilitate the pipe as a partially deteriorated 

classification. However, each situation m ust be considered separately.

A fully deteriorated pressure pipe is one in which the existing pipe has failed 

and/or has insufficient strength to operate at specified design pressures. A pipe m ay also 

be classified as fully deteriorated if  it is determ ined that it will not be able to withstand 

design pressures at som e point during the expected lifetime. A fully deteriorated pressure 

pipe is characterized by significant loss o f  wall thickness due to severe corrosion, large 

holes, m issing sections o f  pipe, and leaking longitudinal cracks. W hen assum ing a pipe is 

fully deteriorated, the linear is designed as a stand alone pipe able to withstand all
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internal pressure. In addition, the designer m ust also be aware that fully deteriorated 

linear pressure pipe m ust be capable o f  w ithstanding external hydrostatic pressure.

8.1.4 Rehabilitation Scope o f  P1L

According to Infrastructure asset m anagem ent (RF 2003), TRT applications have 

been divided into categories o f  four classes based on the conditions o f the existing pipe to 

be  rehabilitated.

Class 1 is the non-structure rehabilitation for “partially deteriorated” conditions o f  

the gravity flow pipelines. The thickness o f  the linear can be com pensated to span small 

holes or leaking joints, but will not be o f  sufficient thickness to withstand soil and surface 

loads.

C lass II and III are the sem i-structure rehabilitation for “partially deteriorated” 

conditions o f  pressure pipelines. The linear conform s tightly against the host pipe 

everyw here and as a stand alone hose able to w ithstand all internal pressure, but will not 

be o f  sufficient thickness to w ithstand soil and surface loads.

C lass IV is the full-structure rehabilitation for “fully deteriorated” conditions o f 

gravity flow pipe and pressure pipelines. The linear is designed as a stand alone pipe able 

to withstand all internal pressure. In addition, the designer m ust also be aware that a fully 

deteriorated linear pressure pipe must be capable o f  w ithstanding external hydrostatic 

pressure.

Based on this standard and TRT categories, PIL m ethods belong to Class II and 

III sem i-structure rehabilitation for pressure pipelines. The product can be used in urban 

water and gas pipe repair and tem porary long-distance pipeline transportation.
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8.2 Installation Details and Technical Parameters

8.2.1 PIL Installation Details

A general description o f  the installation steps will be described for PIL techniques. 

The descriptions and figures deta'ied are not intended to encompass all aspects of any 

given installation. Variable job site, underground piping, and climatic conditions may 

necessitate a variety o f  modifications to these descriptions that are intended to produce 

the same installed product.

The basic categories involved with PIL installation involve the following steps:

8 .2.1.1 Pipe and job site preparation

Operational stops the pipe service to be renewed. Shut down the host pipe, 

establish the construction pit, cut and the drain pipe (Figure 8-1) (Tonisco 2016).

Figure 8-1: Service stop.

8 .2 . 1.2 Inspection

Initially, before any lining tubes are prepared, the existing pipe must be CCTV 

inspected for debris, roots, damage, offset joints, or any other anomaly that docs not 

allow for proper PIL installation. Inspection also involves measurement o f the pipe 

diameter, pipe length, manhole depths and records o f pipe location and other job site
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conditions (i.e. overhead pow er lines, or railway, backyard easem ent, excessive sew erage 

flows, etc.) that can be properly planned for to help the project proceed efficiently. PIL 

will not elim inate existing pipe defects, but rather it will contour the configuration o f  the 

host pipe being lined. It must be determ ined that later inspection with CCTV  or w ater jet 

cleaning m ay occur and that bum ps or fins in the liner will not disallow  the equipm ent 

from passing through the rehabilitated pipeline (F igure 8-2) (SM S 2016).

Figure 8-2: Pipe inspection.

8 .2.1.3 Insertion o f  an auxiliary rope

An auxiliary rope will be inserted into the host pipe for testing and later pulling 

back (Figure 8-3) (Iplex 2009).
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Figure 8-3: Insertion o f  an auxiliary rope .

8 .2.1.4 Pipe preparation

Preparation for lining may involve internal m echanical cleaning and grinding to 

rem ove roots, protruding laterals, or other obstructions in the pipe. Collapsed pipe or 

severely offset joints (i.e. 40%  o f  the diam eter) typically require point excavations at 

those locations. Loose dirt, debris, or tuberculation m ay require high pressure w ater or 

m echanical cleaning with a final pre-lining inspection show ing the full circum ference o f  

the pipe. Using scraper pigs and pull through pigs to do m echanical coarse cleaning o f  the 

pipe interior (Figure 8-4) (A pachepipe 2013).

Figure 8-4: Pipe cleaning.
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8.2.1.5 Hose preparation

Position the coiled hose at the start the pit and the pulling winch at the destination 

pit (Figure 8-5) (A soe 2016).

8 .2.1.6 Hose installation

The following installation descriptions arc intended to be a generalized overview  

o f  comm on PIL hose installations. Since there arc so many variables associated with each 

project and the job site conditions o f  the projects, an overview is provided here to 

fam iliarize the reader with the general know ledge o f  this technology.

Firstly, install the pulling head, hose guides and feeder cable (Figure 8-6) (Prim us 

Line 2016).

Figure 8-5: Position and pulling winch.
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Figure 8-6 : Installation o f  pulling head, hose guides and feeder cable.

Then insert the hose (folded or unfolded) (Figure 8-7) (Renos 2016). This process 

uses the hose that has been folded into a “U ” shape then pulled into the existing pipe. 

Using air or water pressure, the liner is reshaped to meet the existing pipe. Fold and form 

has been attem pted in diam eters ranging from  6” to 12” .

Figure 8-7: Hose insertion (folded or unfolded).



8.2.1.7 Assembly o f  transition connector

The hose is connected to the existing pipe using special connectors. The high- 

pressure connector consists o f  a contoured internal core and external sleeve. The external 

sleeve has a m alleable steel jacket on the inside. A resin, which is injected through a 

valve on the external sleeve, forces the external steel sleeve and the hose into the 

contours o f  the connector’s core. So it is a durable, pu ll-proof connection.

A fter pressure-resistant sealing o f  the connector on the rehabilitated pipe section, a leak 

test will be perform ed (Prim us Line 2016).

Depending on the requirem ents, the specially designed connector can be fitted 

either with a flange or welded ends. In this way, it is also possible to jo in  bends, tees or 

other fittings and fixtures (m ade o f  different m aterials).

Figure 8-8: Specially designed connector.

8 .2.1.8 Pressure tests and  integration

A pressure test will be perform ed in the liners with connectors in w orking 

pressure to see if  any leakage or crack occurred before the integration (Figure 8-9).
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Figure 8-9: Pressure tests.

After testing, integrate the renewed pipe in the pipeline netw ork and 

com m issioning with flange as shown in Figure 8-10 (N ortechtrinity 2016).

Figure 8-10: Integration and com m issioning.

8 .2.1.9 Final inspection and pit closure

As with any project, final CCTV (F igure 8-11) inspection provides the 

docum entation for the project engineer that the PIL was properly installed. Ideally, PIL is 

free crack throughout the length o f  the installation (M ocke 2016).
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\

Figure 8-11: Final inspection and pit closure.

8.2.2 Technical Param eters for Lowest LCC

Consulting the technical departm ent o f  the m anufacturer, com bined with physical 

and m echanical properties and Burst testing performed by TTC, as well as FFA and 

num erical sim ulation results, the m edium  layer material o f  Fiber Reinforced Polyethylene 

Hose is one o f  several key elem ents o f  the PIL process. The proposed technical 

param eters for fiber reinforcem ent hose are given in Table 8-1 and Table 8-2.

Table 8-1: Technical details o f  com posite hoses with different diam eters.

Description Fiber Reinforced Polyethylene Hose*
The inner 
diam eter

Each layer 
thickness 

t mm

Potable water** 
psi

Density
lbs/ft

Gas**
psi

Density
lbs/ft

8 inch 2 840 1.87 460 2.00
10 inch 2 580 2.42 350 2.66
12 inch 2 400 2.90 290 3.12

* Technical feasibility o f  different diam eters after consulting the technical 
departm ent o f  Asoe.

** The indicated m axim um  w orking pressure is valid for a straight course o f  the 
pipe without bends. M axim um  w orking pressure according to declaration o f the 
technical departm ent o f  Asoe.
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Table 8-2: Technical details sum m ary for fiber reinforced polyethylene hose.

Nominal size
150 - 500 DN 

6 - 20 in
M axim um  operating pressure

(Potable water) 840 psi
M axim um  operating pressure 

(Gas)
460 psi

T he m axim um  Burst pressure 1260 psi
Single-layer wall thickness 2 mm

Density 3 - 4.7 kg/m
Varied with radius 1.87 - 3 . 12  lbs/ft
A brasion resistance 10.5 m m 3

(D IN 53516) 0.00064 in3

The m axim um  insertion length
2.5 m 
8.2 ft

Hose length per drum  max 6 m
Depends on diam eter 19 ft

Bendability Max 45°
Bending radius 5

Continuous working tem perature
Max 50°C 
Max 122°F

Life 50 years

8.3 Introduction o f  Industry Standard

This standard applies as the basis for the production and testing. It should also 

com ply with the provisions o f  the relevant national product laws and regulations.

This standard followed Engineering Design M anual ASTM  specifications F1216 

and F I743 and C hina’s National Standard GB / T 1.1-2009 "Standardization Guide Part 1: 

Structure and drafting for the Standard."

Please note that some contents o f  this document may involve patents. The issuing 

authority and filing institutions o f  this docum ent do not assum e the responsibility to 

identify these patents.
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This standard is jo intly  proposed by TTC and Jiangsu Asoe M aterials Co., Ltd. 

The drafters o f  this standard are Dr. Tom  Iseley, Xuanchen Yan, Xihui Zhao, Hua Zou 

and Zhou Lei. A P P E N D IX  B is the Industry Standard for Fiber Reinforced Hose 

Application in Trenchless Rehabilitation Technology.



CHAPTER 9 

CONCLUSION AND FUTURE STUDY

9.1 Conclusion

This dissertation is focused on semi-structural rehabilitation for medium and high 

pressure urban gas pipeline with the Pipe-in liner method by a fiber-reinforced composite 

hose. It provided the advice and technical support for gas pipelines rehabilitation in 

Yunnan.

This dissertation increased the awareness o f  global emerging TRT for gas pipeline. 

It provided a strategy for transferring TRT into China. The Design Principle and Equation 

and Engineering M anuals were established and can be applied in the real case.

These are following accomplishments:

9.1.1 Literature Review

The aim o f this study was to learn about, compare, and analyze the application o f 

TRT for gas pipelines in different countries in the 21st century. An introduction o f  TRT 

for Gas Pipelines were provided, including Cured-in-place pipe (CIPP), Sliplining (SL), 

Sprayed in Place Pipe (S1PP), Close-Fit Pipe, Coating and Linings(CL), Pipe bursting 

and replaceme: using HDD, etc. Also, an overview o f international and China's TRT for 

gas pipeline was provided, including various TRT applications utilized in different 

countries and years o f  application. TTC at Louisiana Tech University was a subcontractor
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to China University o f  G eosciences (CUG) in W uhan, China on a research project to 

evaluate various TRT for gas pipelines in China and select a suitable candidate to transfer 

into China s market. The TRT applied in China will play an exem plary role in C hina’s 

global leadership in m anaging underground infrastructure assets (Yan, Iseley et al. 2015).

9.1.2 International Research and Selection

W e developed the evaluation process for their technology, including contacting 

the com pany to learn about the previous tests and history data, specifications and field 

perform ance evaluation. Also, we contacted the owners, designers, contractors, installers, 

and operators to collect related information about their technology.

Before lab testing, TTC com pleted a set o f  written criteria to evaluate candidate 

technologies. A flow chart o f  the selection was established. Selection criteria were the 

qualification for the rehabilitation technology perform ance in China. Finally, we selected 

a fiber reinforcem ent com posite hose as the specific TRT for China.

9.1.3 Short-Term  and Long-Term  Testing

The m echanical properties testing were perform ed on the fiber reinforced hose 

from Asoe, Shanghai, China. These tests are for the project research on the A pplication 

o f  Trenchless Technology in M edium and High Pressure Gas Pipeline Rehabilitation, 

which is funded by China University o f  G eosciences (W uhan) (CUG).

Based on ASTM  standards, TTC perform ed the m echanical and material property 

tests on this new com posite pressure hose. These tests included a thickness test, hardness 

test, bending test, tensile strength test, and long-term  creep behavior test for the 12” (305 

m m ) fiber reinforcem ent hose from Asoe. Then these experim ental data and results were 

recorded, collated and analyzed. The thickness, shore hardness, tensile stress and
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Y oung’s m odulus separately along 45 degrees, the longitudinal and circum ferential 

directions, the longitudinal bending stress and Y oung’s m odulus, and other im portant 

param eters o f  the hose were obtained.

O ne thousand hours o f  long-term  bending and tensile testing were completed. The 

strain over tim e and the creep m odulus w ere obtained after 1,000 hours o f  testing. 

Long-term bending and tensile Y oung’s M odulus were obtained. Long-tenn bending 

Y oung’s M odulus was com pared with short-term  testing to predict the lifetime o f  the 

hose.

9.1.4 Burst, Flexibility and Strength Testing

Short-tim e hydraulic pressure tests, including the strength testing, flexibility 

testing and butst testing, were perform ed in the liners with connectors with 12” diam eter. 

It was based on the field perform ance test conducted by the CU G (W uhan), China.

The sealing and overall perform ance o f  the hose and the jo in ts under the testing 

pressure were verified. The bursting pressure was obtained and applied as the internal 

pressure in the theoretical analysis. These tests provided better insight o f  the pipe 

material perform ance when subjected to hydraulic pressure.

9.1.5 Num erical Simulation

In order to take quantitative calculations on sim ilar com posite pipes and to better 

understand the overall stress and deform ation during com posite hose bursting, param etric 

m odels and formula were created.

The purpose o f  theoretical analysis is to find a sim ple and practical design 

principle and equation for the com posite pipe with the PIL method.
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In order to get this design principle, the FEA model and m ultilayer equations were 

built and compared w ith each other. All param eters, including elasticity properties, 

Poisson's ratio and the thickness o f  each layer, as well as w orking pressure, were from 

TTC and the m anufacturer’s testing results and material suppliers. Stress and 

displacem ent data and figures o f  the com posite hose by FEA after bursting were shown in 

Chapter 6.

The regional balance analytical m ethod in material m echanics to do approxim ate 

analytical calculation (AAC) for the com posite pipe was carried out. They proved and 

validated that the max stress occurred at the m iddle layer.

For the outer layer, its m ain function is w ear resistance. For the inner layer, its main 

function is to be leakage proof. For the m iddle layer, its main function is structural 

reinforcement.

Since the three-layer hose is a thin-walled cylinder and the fiber carried all the 

internal pressure, we took advantage o f  the hoop stress equation to calculate the stress o f  

the middle layer. The accuracy o f  the hoop stress equation with the thin-walled 

assum ption to calculate the max stress o f  the m ultilayer hose was com pared and validated 

by the FEA model and m ultilayer equations AAC in Chapter 7. Their results were closed. 

It was verified that the stress o f  the m iddle layer calculated by the hoop stress equation 

can on behalf o f  the max stress o f  the three-layer hose.

So the hoop stress equation was selected as the principle design for the hose.
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9.1.6 Engineering Design Guide

TTC has developed a living lab program to assist with moving technical solutions 

into the user community. The living lab and Asoe co-authored the following engineering 

design guide for PIL promotion.

Technical advantages o f  the hose were systems proposed. According to 

Infrastructure asset m anagement (RF 2003), the PIL method was first identified as Class 

II and III sem i-structure rehabilitation for pressure pipelines.

A general description o f  the installation steps were described for P it, techniques. 

The basic categories o f  PIL installation involved the following steps:

•  Pipe and job  site preparation

•  Inspection by CCTV

• Insertion o f  an auxiliary rope

•  Pipe preparation and cleaning

•  Hose preparation

•  Hose installation

•  Assem bly o f  the transition connector fixed to the host pipe

•  Pressure tests and Integration o f  the renewed pipe in the pipeline network

and comm issioning

•  Final inspection and pit closure

Specific technical parameters for the hose were given and validated based on the 

theoretical analysis. Industry Standards for Fiber Reinforced Hose Application in 

Trenchless Rehabilitation Technology were drafted by TTC and the manufacturer. There 

are following deliverables.
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•  Tw o papers have been published in International Conference on Pipelines 

and Trenchless Technology (1CPTT) and CH K STT International 

Conference and Exhibition -  Trenchless Asia for Smart City 2016.

•  This is a tem plate project that could support the official agreem ent 

between Louisiana Tech U niversity and W uhan Industrial Technology 

Research Institute o f  G eo-resources and Environm ent Co.,Ltd (IGE).

•  This is a success case and ongoing exam ple for T T C ’s Living Lab idea.

Also, there are the follow ing innovations.

•  The hoop stress was firstly proposed and used as the design principle and

equation for the com posite pipe.

•  Engineering M anuals were established.

•  The technical advantages were system s proposed firstly.

•  The PIL m ethod was first identified as C lass II and III sem i-structure 

rehabilitation for pressure pipelines.

•  The PIL installation details were determ ined and illustrated shown.

•  PIL technical param eters for the lowest Life Cycle Cost were optim ized.

•  Industry Standards and Testing Requirem ents for Fiber Reinforced

Polyethylene Hose for Trenchless Rehabilitation in English and Chinese 

versions were drafted by TTC and the m anufacturer.

9,2 Future Study

W e are developing a deeper cooperation betw een CUG and IGE by pilot projects.

A dem onstration project o f  gas pipeline rehabilitation with 1 m ile (1.6 kilom eter) long
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and 12” (300 mm) diam eter is ongoing. W e are applying the Design Principle and 

Equation and Engineering M anuals o f  the PIL m ethod in this real case.

Com bined with the project data from the job site, we will verify and optim ize the 

Design Principle and Equation and Engineering M anuals with the m anufacturer. The 

m anufacturing, production and experim ental process will be improved. The better and 

suitable com posite hose for pressure pipeline rehabilitation will be designed and 

produced. The living lab program  o f  T I C  will be utilized to assist with m oving this new 

com posite pipe into the gas and water pipeline rehabilitation market.
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In order to guarantee the accuracy o f the 1,000 hours’ long-term tensile and 

bending strength test, data was recorded and pictures were taken manually and regularly. 

Some manual recorded data o f  long-term tensile testing are listed in T able  A -l.

Also, according to ASTM standards, the strain values at critical points o f  long

term tensile testing were recorded and listed in T able  A-2. These value o f critical points 

were used to justify the creep stage o f the sample.

T ab le  A -l: Tensile strain by manual record.

Sam ple
No.

10/30 /2015 11/5/2015 11 /12 /2015 11/19/2015 12/3/2015 12/11 /2015
4:30  PM 4:30  PM 4 :30  PM 4:30  PM 4:30  PM 4:30 PM

Sam ple 1 0 .0 7 3 0 0 .0 7 3 0 0 .0735 0 .0735 0 .0740 0 .0 7 4 0
Sam ple  2 0 .0 8 1 0 0 .0 8 1 0 0 .0 8 1 0 0 .0 8 1 0 0 .0825 0 .0825
Sam ple  3 0 .0325 0 .0385 0 .0385 0 .0405 0 .0 4 1 0 0 .0410
Sam ple  4 0 .0 0 8 0 0 .0095 0 .0095 0 .0095 0 .0105 0 .0100
Sam ple 5 0 .0705 0 .0715 0 .0 7 2 0 0 .0 7 2 0 0 .0725 0 .0725
Sam ple  6 0 .0 8 6 5  1 0 .0 8 6 0 0 .0 8 8 5 0 .0885 0 .0 8 9 0 0 .0 8 9 0
Sam ple  7 0 .0 1 3 0 0 .0135 0 .0 1 3 5 0 .0135 0 .0145 0 .0 1 5 0
Sam ple  8 0 .0155 0 .0 1 6 0 0 .0165 0 .0165 0 .0165 0 .0160
Sam ple 9 0 .0085 0 .0090 0 .0 0 9 0 0 .0095 0.0095 0.0095
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Tabic A-2: Tensile strain values at key points.

Tim e Data T1 T2 T3 T4 T5 T6 T7 T8 T9
First second 2 0 1 5 /0 9 1 5  

14:10:46
0 051 0 0635 0 0 2 1 5 0.001 0 0 074 0 0115 0 005 0 0 0 3 5

First
m inute

2015 09  1  5 
14:1 1:06

0.062 0.0635 0.0215 0.0013 0 0 075 0 0115 0 0055 0 0035

Second
m inute

2015/00/15  
14:1 1:46

0.0625 0 0 6 3 5 0  022 0  003 0 0 0755 0 0 1 1 5 0.0055 0 0035

Sixth
m inute

2015/09/15
14:17:42

0.0635 0 064 0.022 0 003 0 012 0 0765 0 0115 0.0055 0.0045

Tw elfth
m inute

2015/09 '15  
14:23:42

0.064 0 064 0.022 0 0035 0 012 0.077 0 0115 0.0055 0 006

T hirtieth
m inute

2015/09.15
14:40:50

0.064 0 0 6 5 0.0225 0.0035 0 012 0 0775 0 0115 0.0075 0 006

First
hour

2015/09/15
15:10:42

0.065 0.0655 0  023 0 004 0 0 1 2 0 078 0.0115 0 0075 0 006

Second hour 2015/09/15
16:10:43

0 065 0 0655 0 0235 0 0045 0.0625 0 0785 0 012 0 008 0 006

Fifth
hour

2015/09/15
19:10:56

0.066 0.0685 0.024 0 0 0 5 0.063 0 079 0 0 1 2 0 0 0 8 0 006

Tw entieth
hour

2 0 1 5 /0 9 1 6
10:02:57

0 0675 0.0685 0.026 0.0055 0,0635 0.0795 0.012 0.0095 0.0065

Fiftieth H our 2015/09/17
15:03:56

0 0675 0 0 7 2 5 0.026 0.006 0.0635 0.0815 0.012 0.0095 0.0065

Hundredth
hour

2 015 '09 /18  
15:47:10

0.069 0 0 7 9 5 0.028 0.007 0.065 0 082 0.0125 0.011 0.0065

Five hundredth  
hour

2015/10/03
13:04:22

0.0715 0 081 0.0315 0.0075 0 0685 0 0835 0 0 1 3 0.014 0.008

Seventh 
hundredth hour

20 1 5 1 0 /2 1
18:55:19

0,0725 0 081 0.0325 0.008 0 0 7 0 5 0 087 0 014 0.015 0 0085

Thousandth  hour 2015/10/27
10:09:58

0.0725 0.081 0.0325 0.008 0.0705 0.089 0.014 0.015 0.0085

Also, the m anually recorded bending data o f  1,000 hours is listed in Table A-3. 

Bending strain values at critical points according to ASTM  standards are recorded and 

listed in T able A-4.
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Table A-3: Long-term bending strain by m anual record.

N o.
10/30 /2015 11 /5 /2015 1 1 /12 /2015 1 1 /19 /2015 12 /3 /2015 12/11 /2015

4:30  PM 4 :3 0  PM 4 :30  PM 4 :3 0  PM 4 :3 0  PM 4 :30  PM
CB1 0 .0 1 0 0 0 .0 1 0 0 0 .0 1 0 5 0 .0 1 0 0 0 .0 1 1 0 0 .0 1 1 0
C B 2 0 .0 0 9 0 0 .0 0 9 0 0 .0 1 6 0 0 .0 0 9 5 0 .0 0 9 5 0 .0 0 9 5
C B 3 0 .0 0 7 5 0 .0 0 7 5 0 .0 1 0 5 0 .0 0 8 0 0 .0 0 8 5 0 .0 0 8 5
C B 4 0 .0 1 5 5 0 .0 1 1 5 0 .0 1 6 0 0 .0 1 6 0 0 .0 1 6 5 0 .0 1 6 5
C B 5 0 .0 1 4 5 0 .0 1 4 0 0 .0 1 5 0 0 .0 1 4 5 0 .0 1 5 5 0 .0 1 5 0
C B 6 0 .0 1 2 0 0 .0 1 1 5 0 .0 0 9 5 0 .0 1 2 0 0 .0 1 2 5 0 .0 1 2 5
C B 7 0 .0 1 5 0 0 0 1 5 0 0 .0 1 5 5 0 .0 1 5 0 0 .0 1 6 0 0 .0 1 5 5
C B 8 0 .0 2 0 0 0 .0 2 0 0 0 .0 1 2 0 0 .0 2 0 5 0 .0 2 1 5 0 .0 2 1 5
C B 9 0 .0 1 1 5 0 .0 1 1 5 0 .0 0 8 0 0 .0 1 2 0 0 .0 1 3 0 0 .0 1 2 5

Table A-4: Bending strain at key point.

Key point Date T1 17 T3 T4 T5 T6 T7 T8 T9
First second 8/16/15 

8:29 AM
0.0005 0.0005 0.0005 0 0005 0  001 0.001 0 0 0 0 5 0 001 0.0005

First m inute 8/16/15 
8:30 AM 0.0005 0.001 0.0005 0 0005 0.0015 0 0 0 1 5 0.001 0.001 0.0005

Sixth m inute 8/16/15 
8:35 AM 0.0015 0.003 0.0015 0.002 0 0 0 3 0 0025 0.003 0 0 0 2 0.0015

Twelfth
m inute

8/16/15 
8:41 AM 0,0015 0.003 0.0015 0.002 0.004 0.003 0.0035 0.0025 0.0015

Thirtieth
minute

8/16/15 
8:59 AM 0.0015 0.003 0.0015 0 002 0.004 0.003 0.003 0 0025 0 0015

First H our 8/16/15 
9:29 AM 0 002 0.0035 0.002 0.003 0.0045 0.0035 0 0035 0 0 0 3 5 0 002

Second H our 8/16/15 
10:29 AM

0.003 0.004 0.002 0 004 0 0055 0.004 0.0055 0.0045 0.0035

Fifth H our 8/16/15 
12:52 PM 0.0035 0.005 0.003 0 0055 0.007 0 005 0.006 0.0065 0.0045

Twentieth
Hour

8/17/15 
9:23 AM

0.004 0.005 0.0035 0 0065 0.0075 0.0055 0.007 0.0075 0.005

Fiftieth H our 8/20/15 
12:47 PM 0.0055 0.007 0.0045 0.009 0.01 0.0075 0.01 0.012 0.0075

H undredth
Hour

8/24/15 
1:32 PM 0.0065 0.007 0.005 0.01 0.0105 0.008 0 011 0.013 0.0085

Five
hundredth

hour

9/5/15 
10:51 PM

0.0075 0.0075 0.0055 0 0 1 15 0 0115 0.009 0 0115 0 0145 0.0085

Seventh
hundredth

hour

9/15/15 
2:06 PM 0 0075 0.0085 0 006 0.012 0.0115 0.0095 0 0115 0 0165 0 009

T housandth
hour

9/29/15 
11:55 AM

0.0085 0.008 0 0 0 7 0.0135 0.013 0.0105 0 0 1 3 0 0175 0 01
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This proposed industry standard is based on the w orking pressure, material 

properties o f  each layer and hose diam eter and thickness. The design principle is the hoop 

stress equation for the m iddle layer material.

B .l Scope

This standard specifies the product structure, requirem ents, test m ethods and rules, 

packaging, transportation and storage o f  the TRT fiber reinforced polyethylene hose.

B.2 Referenced Docum ents

For referenced C hina’s National Standards (GB), visit C hina’s National Standards 

website (http://cx.spsp.gov.cn/index.aspx?Token~$Token$& First-F irst). All the GB can 

be checked in ISO website.

GB/T 2918: Plastics-Standard atm ospheres for conditioning and testing,

G B/T 1040.1: Plastics-D eterm ination o f  tensile properties Part 1: General,

G B/T 9573: Rubber and plastic hoses and hose assem blies-M ethods o f 

m easurem ent o f  dim ensions,

GB/T 5563: Rubber and plastics hoses and assem blies-H ydrostatic testing,

GB/T 14905: Rubber and plastics hoses-D eterm ination o f  adhesion between 

components,

G B/T 5478: Plastics-Test m ethod for wear by rolling,

GB/T 17219: Standard for safety evaluation o f  equipm ent and protective m aterials 

in the drinking water system.

http://cx.spsp.gov.cn/index.aspx?Token~$Token$&First-First
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B.3 Term s, Definitions and Sym bols

B.3.1 Terms and Definitions

The following term s and definitions apply to this document.

1) Trenchless rehabilitation

Trenchless rehabilitation includes such construction m ethods as sliplining, 

therm oform ed pipe, pipe Burst, shotcrete, gunite, cured-in-place pipe (CIPP), grout-in- 

place pipe, m echanical spot repair, and other m ethods for the repair, rehabilitation, or 

replacem ent o f  existing buried pipes and structures without excavation, or at least with 

minimal excavation

(https://en.w ikipedia.0rg/w iki/Trenchless_technology#Trenchless_rehabilitation).

2) The host and old pipe

Pipelines need to be replaced or repaired.

3) The new pipe and hose

It refers to fiber polyethylene reinforced hose applied for TRT in this standard. 

B .3 .2 Symbol

dmin is the m inim um  inner diam eter o f  the old pipe, in m illim eters.

d-em.min *s the m inim um  average outer diam eter o f  the new pipe, in m illimeters.

d e m ,m a x is m axim um  average outer diam eter o f  the new pipe, in millimeters.

B.4 Product Structure and M odel

B.4.1 Product Structure

The hose is a three-layer structure and composed by the hot extrusion m olding 

processing technology. The inner liner is TPU (therm oplastic polyurethane). The 

interm ediate layer is the reinforcing fabric and the material is polyester filament. The

https://en.wikipedia.0rg/wiki/Trenchless_technology%23Trenchless_rehabilitation
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overcoat layer is PE (polyethylene). The hose can be flat and coiled and the structure 

diagram  is shown in Figure B -l.

The overcoat laver

Fabnc reinforcement layer

Inner bner

Figure B -l:  Hose structure.

B.4.2 Model

Product model consists o f  the design w orking pressure, m axim um  average 

diam eter, and length (Figure B-2).

__________  Length in meters (m).

The average maximum outer diameter in millimeters (mm).

Model expressed by the value of 10 times the design working pressure 
in megapascals (MPa).

Figure B-2: The product model expression.

Example 1. The design working pressure is 0.3 MPa, the average m axim um  outer 

diam eter is 100 mm and the length is 100 m. The model specification should 

be 3-100-100.
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Exam ple 2: The design w orking pressure is 1.0 M Pa, the average m axim um  outer 

diam eter is 150 mm and the length is 200 m. The model specification should 

be 10-150-200.

B.5 Requirem ents

B.5.1 The main m aterial requirem ents

1) Reinforcem ent layer

Enhancem ent layer o f  the hose is a high-strength fiber woven braid and com plied 

with the relevant technical documents. H igh-strength fiber woven braid should be 

uniform, with a clean surface, no hole or puncture, no scratches, and no delam ination.

2) Adhesives

The adhesives used for the hose should conform  to the appropriate product 

standards, tensile strength, and elongation at break. Perform ance indicators should be 

consistent w ith the provisions in Table B -l and along with product quality certificates. 

Check and verify the supplier's product certification reports prior to use.

Table B -l:  Perform ance indicators for the adhesives.

No. Item
Perform ance

Inner O uter
1 Tensile strength/M Pa > 11.0 11.0
2 Elongation at break/ % > 400 400
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B.5.2 Appearance

1) The hose’s inner and outer surfaces should be clean, sm ooth and not allowed to 

have pinhole, bubble, obvious scratches, irregularities, im purities, cracks, exposed 

reinforcem ent layer, uneven color, and other defects. Pipe ends should be cut flat and 

perpendicular to the hose’s axis.

2) The hose’s color is generally blue, but other colors m ay be discussed betw een 

supply and demand.

B.5.3 Length

The hose’s length should be agreed by both parties which does not allow negative

bias.

B.5.4 The M axim um  and Tolerance o f  O uter D iam eter

Average m axim um  outer diam eter o f  the hose under normal circum stances should 

be in accordance with Table B-2. The outer diam eter also can be determined in 

accordance with user requirem ents.

Table B-2: Average m axim um  outer diam eter o f  hose (unit:m m ).

The minimum nominal diameter o f  the old 
pipe

dmin

The difference between the 
maximum outer average 

diameter o f  new pipe and the 
minimum inside diameter o f  old 

pipe
Ad — dmin — demmax

Tolerance for new  
pipe outer diameter

80  <  dmin <  100 4.0
0 -2 .0

1 0 0  <  dmin <  25 0 6.0

2 5 0  < d m in < 4 0 0 8.0
0 -3 .0

4 0 0  <  dMn <  6 0 0 10.0
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B.5.5 Thickness and Allowable Tolerance

The w all’s thickness and tolerances shall comply with the provisions in Table B-3.

Table B-3: Thickness and allow tolerance (unit:mm).

The m axim um  average outside diam eter

d-em.max
Wall thickness Tolerance

80 <  demmax <  100 3.0

+0.8
100 < demmax <  250 4.0
250 <  demmax < 400 5.0
400 <  demmax <  600 6.0

B.5.6 Design and Burst Pressure

There should be no leakage, bubbling, cracks, sharp deform ation or other signs o f  

destruction in the hose’s wall w ithin one hour o f  the testing pressure (Table B-4). 

M inimum burst pressure shall not be less than the value specified in Table B-4.

Table B-4: The testing pressure (unit: MPa).

The m axim um  average 
outside diam eter

dc m.max

Design working 
pressure

Testing
pressure

M inimum Burst 
pressure

80 <  d emmax <  100 0.28 1.5 3.0
100 <  dpmmax <  250 0.28 1.0 2.0
250 <  dpmmax <  400 0.28 0.8 1.5
400 <  dem max <  600 0.28 0.8 1.0

B.5.7 Axial Elongation

The rate o f  the axial length change o f  the hose should not exceed 2% in the design 

working pressure.

B.5.8 D iam eter Expansion

The hose s diam eter expansion rate should not exceed 10% in the design working 

pressure.
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B.5.9 Twisting

1) The hose twisting should be less than 5° /  m  when the nominal outside 

diam eter is less than or equal to 0 1 5 0  m m  in the maximum working pressure.

2) The hose twisting should be less than 10° /  m  when the nominal outside 

diam eter is greater than 0 1 5 0  m m  in the maximum working pressure.

B .5 .I0  Adhesion Strength

The adhesion strength between the inner layer (cover layer) and the reinforcement 

layer should be not less than 40 N /  25m m .

B.5.11 W ear Strength

Rolling by the No. H22 wheel without additional weights, the rotation should not 

be less than 6,000 rpm when the reinforcement layer is exposed.

B.5.12 Connector

According to the method listed in Hose and Connector Performance Test, carry 

out the hydrostatic test for the connector between the hose and fittings. In the 

corresponding testing pressure in Section B.5.6, hose connections and joints should not 

shift, leak, burst, or slip.

B.5.13 L o w  Tem perature Performance

At —55 °C +  2 °C, there should be no cracks, nicks, sharp deformation, or other 

signs o f damage. Then, carry out pressure testing at the normal temperature. There should 

be no leakage or bubbling.
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B.5.14 Aging Properties in Hot Air

1) After the aging test in hot air, there should be no cracks, nicks, sharp 

deform ation, or other signs o f  dam age. Then, carry out pressure testing at the normal 

tem perature. There should be no leakage or bubbling.

2) The adhesion strength between the inner layer (cover layer) and the 

reinforcem ent layer should not be less than 75% o f  the value m easured before aging test. 

B.5.15 Sanitary Properties

Hoses used in the drinking water transportation should be consistent with the GB / 

T  17219 and NSF 61 Standards.

B.6 Material Inspection Methods

B.6.1 Sam ple Pretreatm ent

According to GB / T 2918 Standards, the testing tem perature was set up as 23 °C 

± 2  °C and the conditioning tim e is 24 hours. The specific inspection m ethod should be 

in accordance with GB / T  2918 standards.

B .6.2 Reinforcem ent layer

It is by the visual inspection method.

B .6.3 Adhesives

1) Tensile strength test m ethod should be carried out according to GB / T 1040.1.

2) Elongation at the break was tested in accordance with GB / T 1040.1.

B .6.4 Visual Inspection

The inside o f  the hose can be visually inspected by a light source.
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B.6.5 Length Measurement

Expand and pave the hose to be m easured with the tape. W hen the hose is greater 

than the tape range, it can be segm entally measured. The m inim um  accuracy o f  tape 

should be 1 m m . The hose can also be placed on a fixed table and m easured by the 

certified scale on the table.

B .6.6 The average outer diam eter m easurem ent

1) Intercept a section sam ple with the length not less than one m eter from the 

same species, the sam e size, and the sam e material.

2) One end o f  the testing sample is connected with the water resource and the 

other end is closed by a sealing device with the exhaust valve. Hold the sample flat, m ake 

the sam ple filled with water and drain the air. Then close the exhaust valve. Pressurize to 

0.1 MPa (14.5 psi) and m ake the water pressure change betw een 0.08 MPa ~ 0.12 M Pa

(11.6 psi -1 7 .4  psi).

3) Take three reference m arkers (A, B and C) in the outer surface o f the sam ple. 

T he m iddle mark B should be as close as possible to the m idpoint o f  the hose. The 

m inim um  distance betw een both ends (A and C) and the point B should be 250 mm 

(Figure B-3).
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F igure  B-3: Three reference m arkers in the outer surface (unit: mm).

4) W hen holding pressure, m easure the circum ferential length o f  points A, B and 

C by a tape with the accuracy o f  +  1 mm.

5) The outer diam eters A, B and C were calculated using Eq. B -l and the 

arithm etic m ean to determ ine w hether the results meet the requirem ent in Section B .6.6.

P e r im e te r  =  o u te r  d ia m e te r  x  Tt. Eq. B -l

B .6.7 W all Thickness M easurem ent

M easure the w all’s thickness in accordance with Test M ethod GB / T 9573.

B .6.8 Strength Testing

Pressurize the hose in accordance with the test m ethod in GB / T 5563 in 

Section B.5.6 and m aintain the testing pressure for one hour. W e should check if  

leakages, bubbling, cracks, shaqr deform ation, and other signs o f  dam age happened 

during this period.

Note: The hose cannot be bent during the test.

B .6.9 Burst Testing

The burst testing should be in accordance with GB / T 5563 and ASTM D1599.
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B .6 .10 Axial Elongation, D iam eter Expansion 
Rate and Reversing

Carry out the testing at the design pressure according to GB / T 5563.

B .6 .11 Adhesion Strength Test

The adhesion strength test should be in accordance with Test M ethod 

GB /T  14905.

B .6 .12 W ear Resistance Test

The wear resistance test should be according to GB / T 5478.

B .6 .13 Hose and Connector Perform ance Test

1) The two ends o f  the sam ple with a length o f  1 m eter were fitted with the 

connectors. They were separately in contact with the water and sealed connection with 

the exhaust valve.

2) Hold the specim en straight and drain the sample hose. Close the exhaust valve 

after the air drained. Increase the appropriate test pressure uniformly. Hold pressure for 5 

minutes. Then, determ ine whether the testing results meet the requirem ents in

Section B.5.12 and drainage and relief.

B .6 .14 Low Tem perature Testing

1) Place the tightly rolled testing sam ple (not less than 2 m) into the cold box 

at 55 ‘C  +  2 °C for 72 hours. Flatten the hose within 3 min and check w hether there are 

cracks or breaks occurring at the outer cover by visual inspection at room tem perature.

2) Take a section sample with one m eter long after low tem perature testing and 

place at room tem perature for one hour. Then pressurize the sample hose at the testing 

pressure and keep the pressure for one hour in accordance with GB / T 5663. Inspect for
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any leaks, bubbling, cracks, a sharp deform ation, or other signs o f  dam age in the sam ple 

during this period.

B .6 .15 Aging Test in Hot Air

1) The sam ple for aging test and the com parison sample should be taken from the 

adjacent portion o f  the hose.

2) Place the tightly rolled testing sam ple (no less than 2 m) in the hot air tank. The 

distance between the tank wall and sam ple should not be less than 70 mm (2.75”). Hold 

the sample hose at the testing tem perature (6 0  ±  1) V  for 168 hours. O bserve and 

confirm  if  blocking or deform ation phenom ena happened between inner layer or the outer 

layer after removing.

3) Take a section sam ple with one m eter long after hot air testing and place at 

room  tem perature for one hour. Then, pressurize the sam ple hose at testing pressure and 

keep the pressure for one hour in accordance with GB / T 5663. Inspect for any leaks, 

bubbling, cracks, a sharp deform ation, or o ther signs o f  dam age occurring during this 

period.

4) Adjust the aged sam ples at standard laboratory tem perature for at least 24 

hours. M easure the interlayer adhesion strength according to the m ethod in Section 

B .6 .11 and compare with a sam ple w ithout aging testing. D eterm ine w hether or not the 

testing results comply with the provisions in Section B.5.4.

B .6 .16 Sanitary Perform ance Test

According to GB / T 17219, carry out the testing by using the hose with a 

minimum  diameter.
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B.7 Inspection Rules

B.7.1 Inspection Classification

Inspection includes factory inspection and type inspection.

B .7.2 Factory Inspection

1) Each batch o f  products shall be qualified along with product certification 

subject to the enterprise quality inspection departm ent before entering the market.

2) Factory inspection follows the items from Section B.5.2 to Section B.5.10 in 

this standard.

3) Take the sam e type product as a test batch with the sam e raw m aterials, 

form ulations and processes for continuous production. Random  sample, three test 

sam ples for the testing from Section B.5.2 to Section B.5.5 and one test sample for the 

testing from Section B.5.6 to Section B.5.10. The sample section extract from the sam ple 

hose.

4) The product batches are qualified only when all the testing results are 

satisfactory.

5) If  the testing results fail to meet, double the sam ple and retest unqualified items. 

If  it still fails, then it is determined that the product is defective.

B .7.3 Type Inspection

1) Type inspection should be carried out with one o f  the following conditions:

•  Setting new product trial and putting stereotypes into operation,

•  M ajor changes happening after officially production, such as structure, 

m aterials, process changes that may affect product performance,
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•  At least once a year for norm al production (at intervals o f  no m ore than 12 

m onths),

•  Product discontinuation in six months or more and the production 

recovery,

•  A slight difference betw een the factory inspection results and the last type 

inspection,

• The request from national quality supervision departm ents for type 

inspection.

2) Type inspection follows all the testing requirem ents in Section B.3.5.

3) Type inspection sam ple should be a random  sam ple from qualified sam ples 

from factory inspection. Three hoses are selected random ly each time. Testing pieces are 

extracted from  the sam ple hose.

4) If  the testing results fail to m eet the requirem ent, double the sam ple and retests 

the unqualified items. If  it still fails, it is determ ined that the product is defective.

B.8 Marks, Packaging, Transportation and Storage

B.8.1 Marks

1) Each end o f  the hose should include the following marks:

•  The product name,

•  Model specifications,

•  M ain technical param eters like the nominal pressure,

•  The production date / batch number,

•  Product standards Num ber,

•  The com pany name, and,
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•  Sanitary perm it approval number.

2) T he product shall be accom panied by the follow ing docum ents:

•  Product certification,

• The product m anual, and

•  Sanitary inspection reports.

B.8.2 Packaging

Package should be according to user requirem ents.

B.8.3 Transportation

1) Select the appropriate transport equipm ent. Tie to real pad level and com ply 

with the relevant provisions o f  the transport departm ent.

2) Handle with care, no throw, no roll, and no drag. Use non-m ctallic rope (belt) 

for lifting.

3) N on-m etallic rope (belt) bundle is used and the hoses are fixed during 

transportation. Prevent the weight and m echanical dam age during transportation, Handle 

gently. Avoid sunlight, rain and snow show er and prevent breakage. The product should 

not be m ixed with toxic and hazardous substances during transportation.

4) Transportation and stacking places should be clean and sanitary. No sharp 

projections to dam age the hose material and there should be protective measures.

B.8.4 Storage

1) T he product should be stored in dry, clean and ventilated warehouse. Expose to 

the weather with protective measures. Do not store with oil, acid, alkali, and other 

corrosive chemicals. Equip with fire safety and fire-fighting m easures in the storage area.
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2) W henever possible, the storage tem perature should be around 0 V  -  35 t?, 

preferably at about 15 V. The tem perature should not fall below 55 °Cand exceed 70 °C 

during storage.

3) Stack horizontally on a flat surface or support with anti-collapse and 

deform ation m easures.

4) Different sizes and types should be stored in a different place and com ply with 

the FIFO principle.

5) The storage life is 5 years. If m ore than the storage period, it should be 

re-inspected.
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