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Abstract 

 

Measurement of Internal and External Geometric Imperfections of 

Lined Pipes 

 

Benjamin Duncan Harrison, MSE 

The University of Texas at Austin, 2015 

 

Supervisor:  Stelios Kyriakides 

 

Carbon steel pipe is often lined with a thin layer of non-corrosive material to 

protect it against corrosion from sour hydrocarbons. The product is commonly assembled 

by mechanical expansion of a liner shell bringing it into contact with the inner surface of 

a seamless steel pipe. During installation and operation, lined pipelines can experience 

bending or compressive deformations large enough to cause the liner to buckle and 

collapse inside an intact outer pipe. It has been demonstrated that such buckling 

instabilities are very sensitive to small initial geometric imperfections in the liner. Liner 

imperfections in 8- and 12- inch lined pipes have been measured using custom scanning 

devices and have been characterized by trigonometric Fourier series. These measurement 

schemes revealed that the imperfection geometry is dominated by imperfections in the 

circumferential direction, whereas axial imperfections are of relatively small amplitude 

and short wavelength. Imperfection amplitudes were determined to be on the order of 

0.2% of the OD for both pipes studied. Liner geometry of the 8-inch pipe can be 
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approximated as a θ4cos shape, and the 12-inch pipe can be approximated as a θ2cos

shape. In general, the imperfection geometry of the interior surface follows that of the 

exterior surface, presumably due to the nature of the manufacturing process. The main 

source of the imperfections is from the piercing, rolling, and external finishing of the 

carrier pipe. Following the expansion process by which the liner is installed, interior 

surface imperfection of the carrier pipe is “transferred” to the liner. Overall, the interior 

surface is found to more imperfect than the exterior. Finite element models of a 12-inch 

lined pipe that incorporate liner imperfections defined by the results from this study 

demonstrate their detrimental effect on liner wrinkling and collapse. 
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Chapter 1 Introduction 

  

  “Lined pipe” is a tubular product where a seamless carbon steel tube is lined 

internally with a thin layer of a corrosion resistant material to protect it from corrosive 

hydrocarbons it may be carrying. Seamless steel tubes are typically manufactured from 

round billets that are first pierced, then formed over an internal stationary plug and then 

finished in and sized in other mills. The effort here is to produce a part with good 

circularity and relatively uniform wall thickness. The lining involves insertion of a 

slightly undersized, thin-walled (2-4 mm) tubular liner into the carbon steel pipe and then 

mechanically expanding the two tubes sufficiently so that on unloading they end up in 

interference contact. Exact steps followed differ to some degree between manufacturers–

–e.g., (Butting Brochure: Butting Bimetal-Pipes (BuBi®-pipes); Rommerskirchen et al., 

2003; De Koning et al., 2003; Montague, 2004). Although lined pipe can generally 

sustain the operational loads of internal or external pressure, tension, and bending, in 

cases where it undergoes significant plastic bending or compression, the liner can detach 

from the outer pipe and develop large wrinkles and buckles that compromise the flow and 

the integrity of the structure. Such failures are more prone when lined pipe is installed by 

the reeling method where bending strains as high as 2-3% can be experienced during the 

reeling and unreeling steps. Such undesirable wrinkling has been demonstrated to be 

highly dependent upon initial imperfections of the liner. The main objective of this study 

is the measurement and characterization of internal imperfections in representative full 

scaled lined pipe products.  

 

1.1  Motivation 

 Several full-scale bending experimental programs have been undertaken during 

the last several years aimed at establishing the limits to which lined pipe can be bent or 

reeled (e.g., Hilberink et al., 2011; Montague et al., 2010; Wilmot and Montague, 2011; 

Tkaczyk et al., 2011; Toguyeni and Banse, 2012; Sriskandarajah et al., 2013; 

Sriskandarajah and Rao, 2014) and others. Detailed numerical bending simulation such as 

those of Vasilikis and Karamanos (2012) and Yuan and Kyriakides (2013, 2014) provide 
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the following insight into the problem. Bending a lined pipe to relatively high curvature 

levels plasticizes and ovalizes the cross sections of both tubes. The thin liner ovalizes 

more and partially separates from the outer pipe. On the compressed side the separated 

liner sector develops axial wrinkles similar to those seen in bending of a single pipe (e.g., 

Ju and Kyriakides, 1991, 1992a, 1992b; Corona et al., 2006; Kyriakides and Corona, 

2007). As is common to plastic buckling of shells, wrinkling is followed by a second 

instability that leads to catastrophic collapse of the liner in a diamond-type buckling 

mode (e.g., Ju and Kyriakides, 1992; Corona et al., 2006; Kyriakides and Corona, 2007). 

Both the onset of wrinkling and the curvature at which the liner collapses are sensitive to 

small initial geometric imperfections in the liner.  

Small imperfections are left on the inner surface of the seamless pipe from the 

manufacturing process. The mechanical expansion through which the liner is installed 

transfers the shape of the internal surface of the steel tube to the liner. To date, non-trivial 

solutions have been activated by introducing small initial imperfections to the liner with 

axisymmetric and circumferentially varying components. The imperfections first excite 

periodic wrinkling and subsequently shell-type buckling modes. This thesis presents 

methods for scanning the internal surface of lined pipe, thus establishing the actual shape 

of manufactured lined pipe. The harmonic components of deviations from “perfect” 

cylinder are established using Fourier expansions. These representations of the 

imperfection geometry were subsequently used in numerical models to estimate the onset 

of liner collapse (Harrison et al., 2015).   

 

1.2  Manufacture of Seamless Carbon Steel Pipe (Kyriakides and Corona, 2007)  

 Most seamless tubulars start as round billets produced by continuous casting. The 

billets are pierced at elevated temperature through the Mannesmann process as shown in 

Fig. 1.1. The round is engaged by two large double-conical work rollers connected with 

long shafts to large electrical motors. The rollers rotate the round and simultaneously 

force it forward. The forward motion forces the round onto a conical insert that is held in 

place by a long water-cooled rod as shown in the figure. The round gets simultaneously 

pierced and elongated. Although the process is computer operated with precision, 
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introduction of some eccentricity and some surface undulations to the hollow during 

piercing is unavoidable. In addition, the rotary motion of the rollers can introduce some 

spiraling to the pipe OD. The wavelength of the spiral depends on the feed speed and the 

dimensions of the round. Although the amplitude of these imperfections will be reduced 

in subsequent steps, some eccentricity and surface undulation will remain in the finished 

pipe.  

In the plug mill the hollow part engages two rollers which work over a plug inserted 

into it and held in place by a long rod, as shown in Fig. 1.1. The rolling reduces the 

diameter and wall thickness and simultaneously moves the part forward. The tube moves 

next to the reeling mill where both the OD and ID are smoothened. Large diameter 

cylindrical rollers at a small inclination to the axis of the tube work over a shaped insert, 

causing some dimensional change. The rotation of the rollers turns the part and forces it 

forward. After reheating to about 1200 
o
C the part goes to the sizing mill that consists of 

several sets of three rollers, each arranged 60
o
 out-of-phase with its neighbors; or four 

roller sets arranged to be 45
o
 out-of-phase with their neighbors. The roller sets are set to 

increasingly smaller diameters, gradually reducing the OD of the tube to the required 

final dimension. Here the tube does not rotate, the rotary action of the rollers moves it 

forward. Since the tube has no internal support, the alternating angular arrangement of 

the roller sets can introduce star-shaped imperfections to the wall thickness with six and 

eight corners respectively for the three and four roller sets. These imperfections are 

superimposed on the eccentricity and other shape deviations introduced at the piecing 

mill. After cooling the tube makes a final pass through the straightening mill. The mill 

consists of relatively flat rollers arranged at an angle to the axis of the tubes as shown in 

Fig. 1.1. They are set to close tolerance and simultaneously rotate, push forward, and 

straighten the pipe.  

 

1.3 Lining of Steel Pipe  

 The carbon steel pipe is lined with a thin layer of non-corrosive material in an 

independent process. Here we outline Butting’s manufacturing procedure (Butting 

Brochure: Butting Bimetal-Pipes (BuBi®-pipes)) A 2 to 4 mm corrosion resistant 
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longitudinally welded tube is placed inside the carrier pipe leaving a small gap ( go , see 

Fig. 1.2a). The two concentric tubes are enclosed inside a die (image �), and the liner is 

then expanded hydraulically until it contacts the steel pipe (image �). The pressure is 

further increased, expanding both tubes until contact with the stiff die is made (image �). 

Subsequently, the pressure is released. Since the carbon steel pipe has a higher yield 

stress, it  tends to spring back more than the stainless steel liner, which results in 

interference contact between the two as shown in image �. Figure 1.2b shows the 

pressure-radial displacement (P-w) response calculated for the pipe parameters listed in 

Table 1 ( Po ≡  yield pressure of steel pipe; results from Lin and Kyriakides, 2013). The 

numbered points correspond to the images in Fig. 1.2a. The extent of the plastic 

deformation of the liner is such that it acquires the shape of the inner surface of the 

carrier pipe.  

 

1.4  Scope of Current Study 

As mentioned above, small initial geometric imperfections of the liner play a 

decisive role in the wrinkling and collapse of the liner under bending or compression of 

the composite pipe. The goal of the current study is to develop scanning schemes accurate 

enough to measure liner geometric imperfections in representative lined pipe products. 

Although some efforts for internal scanning of lined pipes have appeared in the literature, 

no measurements of imperfections with the required accuracy have been openly reported. 

For example, Focke (2007) reported amplitudes of imperfections at specific locations 

where wrinkles developed after plastic bending of the composite pipe. Subsea 7 engineers 

reported results from an axial scan of a carbon steel carrier pipe and a corresponding scan 

of the lined composite pipe at approximately the same location following the expansion 

process (Toguyeni and Banse, 2012). Internal measurements of wrinkle geometry after 

bending have also been presented by engineers from Technip (Denniel et al., 2012).  

An imperfection scanning scheme developed by Arbocz and Babcock (1969) for 

thin-walled axisymmetric shells has been widely used in the aerospace industry and for 

other applications of shell structures. Chapter 2 presents two extensions of this scheme 

that enable internal measurements of lined pipe imperfections. The first scheme utilizes a 
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trolley mounted scanner that moves inside the pipe, providing circumferential profiles of 

the internal surface at chosen axial intervals. The second scheme makes use of non-

contacting instruments that travel along a fixed axis, thus enabling more accurate 

correlation between axial and circumferential variations of the geometry. Chapter 3 

presents the data processing algorithms and techniques used in these two schemes, and 

Chapter 4 presents imperfection measurements from two lined pipe products. 

Conclusions drawn from the measurements are summarized in Chapter 5. 
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Chapter 2 Experimental Set-Up and Procedures 

  

Previous work has shown that the structural integrity of pipes lined with a thin 

noncorrosive metal layer can be compromised when the composite structure is deformed 

plastically. The liner tends to wrinkle and collapse unilaterally, making the composite 

structure unserviceable. Furthermore, the strain at which the liner collapses has been 

shown to be strongly influenced by small initial geometric imperfections left on the 

inside surface of the carrier pipe by the manufacturing process. The objective of this 

thesis was to develop a scheme for measuring these imperfections. Imperfection 

measuring schemes have been widely used in aerospace and other industries for thin-

walled shells like rocket stages, oil, wine, and water tanks, grain silos, etc. Imperfection 

measurements on pipes are less common (see Yeh and Kyriakides, 1988) while 

measurements of internal surfaces are even more scarce. 

 This chapter describes two methods that were developed for scanning the interior 

surface of lined pipes. The first scheme involves a trolley scanner designed and custom 

built to travel inside an 8-inch lined pipe. The trolley is equipped to perform 

circumferential scans at regular axial intervals, in the process generating the profile of the 

interior surface of the lined pipe. In the second scheme, the pipe is mounted in a lathe and 

non-contact instruments are used to scan both the inner and outer surfaces of the pipe. 

This scheme allows correlation between axial and circumferential variations.  The two 

measuring schemes are now discussed in detail. 

 

2.1  Trolley Scanner  

 The trolley scanner is designed to produce a high resolution mapping of liner 

imperfections of 8.625 inch lined pipe. The scanner (shown in Figs. 2.1-2.4) consists of 

three instruments mounted on a solid aluminum chassis with a stepper motor to control 

the direction of the radial measurement. The instruments include a laser displacement 

sensor for acquiring the radial measurement, an inclinometer for the angle measurement, 

and an encoder for the axial measurement, which shall be referred to as the x-axis. The 
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overall length of the trolley is 10.6 in, and the width is 5.6 in. Each component of the 

trolley scanner is detailed below, and part drawings are provided in Appendix A.  

 

a.   Instruments 

 Radial distance is measured with a Keyence IL-100 laser displacement sensor 

(LDS) paired with an IL-1000 amplifier (reference frame defined in Section 3.1). It is 

designed for a target distance of 100 mm ±25 mm (see Table A.7). The amplifier has 

many settings that may be selected to optimize the performance for a given application. 

The operating range was adjusted to  ±5 mm for the scans conducted, and the voltage 

output was scaled accordingly. For these scans, a sampling cycle of 1 ms was used. The 

repeatability stated by the manufacturer is given as 4 µm. However, it was discovered 

that interference was being produced when the motor was active (hold position). By 

grounding the motor to the chassis, a majority of the interference was eliminated. 

Afterwards, the repeatability was found to be roughly 6 µm when the motor was active. 

The amplifier provides the voltage signal to a PCI 6220 DAQ card installed in the 

desktop computer via a BNC-900 box.  

 Measurement of the angle at which the laser sensor is oriented is obtained with a 

Microstrain FAS-A inclinometer (see Table A.6). Operating in the single axis mode, this 

device is able to compare the measurements of two orthogonal accelerometers to 

determine their orientation with respect to the gravitational field. Zero degrees is defined 

as the sensor facing to the right side of the trolley, and the angle, �, is positive in the 

counter-clockwise direction. Microstrain provided a calibration of this particular 

inclinometer that suggested an accuracy of 0.4°. This accuracy was improved by taking a 

full series of measurements with the inclinometer where the true orientation was known 

(see Fig. A.11). This data provided a means for adjusting the output of the inclinometer to 

be closer to the true value. With this adjustment factored in, the accuracy is considered to 

be less than 0.1°. The data is sent to the computer via an RS-232 interface.  

 The x-axis position is monitored using a Phoenix America P9500 magnetic 

encoder paired with a magnetic target wheel, or “rotor”. The rotor is bolted into the axle 

of a fifth wheel, which is in contact with the top surface of the pipe (see Fig. 2.2). 
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Positive contact is guaranteed by a spring-loaded caster which rides along two shafts 

vertically fixed in the base of the trolley. The springs ensure that the lower wheels remain 

in full contact with the surface of the liner. The contact force also ensures that the 

magnetic rotor turns as the trolley’s axial position is adjusted. Alongside the magnetic 

rotor is a quadrature encoder mounted on a caster. The quadrature signal is decoded by a 

16 MHz microprocessor, which outputs the current x-axis location to a USB port of the 

data acquisition computer. This system’s resolution is 0.51 mm.  

  The inclinometer and laser displacement sensor are mounted on a steel plate. This 

plate has been welded to a coupler that is designed to fit the shaft of a NEMA 17 stepper 

motor. The inclinometer is raised from the surface of this steel plate with two spacers, 

and the LDS fits snuggly in the space between. There is an insulation sheet between the 

LDS and the steel plate. This configuration provides protection for the lens of the LDS 

and allows the two sensors to travel in unison.  

 

b.   Motion Control 

 As previously stated, the orientation of the sensor plate is controlled by a NEMA 

17 stepper motor. This stepper motor is interfaced with the data acquisition computer by 

National Instruments hardware. This hardware includes a PCI-7332 “motion control 

card” that is installed in the computer’s PCI express slot. This motion control card is 

linked to a Universal Motion Interface, UMI 7774. The UMI sends commands to the 

P70530 stepper drive which controls the motor. This stepper drive is capable of 

microstepping. Each revolution contains 25,000 microsteps.  

 The x-axis position of the laser trolley is adjusted manually. The trolley is 

tethered to a  custom made reel fitted onto the end of the pipe. This allows the trolley to 

only travel one direction, but it is simple and efficient. 

 

c.   Data Acquisition  

 The signals being acquired shall be recapped briefly. The laser displacement 

sensor outputs an analog voltage delivered to a BNC box being monitored by a National 

Instruments PCI 6220 DAQ card. The inclinometer communicates through an RS-232 
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port, and the x-axis position is provided via a quadrature decoder through a USB port. A 

schematic of the data acquisition and control system is shown in Fig. 2.5 

 Acquisition of data and control of the stepper motor is carried out using a 

LabVIEW virtual instrument (VI) specifically designed for this purpose. Before 

beginning a scan, the sensors are allowed to warm up. When the trolley is in position, the 

operator clicks the trigger on the front panel of the VI to command a circumferential scan 

to be taken. Data is acquired as the motor smoothly rotates the sensor plate through a full 

rotation. Some overlap is designed into this rotation to ensure completeness of the data 

set. The stepping velocity is mantained at 400 microsteps per second. Therefore, a single 

scan of a particular x-axis position takes slightly over one minute. Following this, the 

motor is automatically returned to its original position, and the data is saved to a text file.  

 The front panel includes visualization for the data being acquired and helps the 

operator see what has been scanned. After the sensor plate has returned to the start 

position, the trolley may be adjusted to the next x-axis location using the reel. The 

operator clicks a button on the front panel to command the trolley to scan the 

circumference, and the process starts over again.  

 

2.2  Non-Contacting Scanning System - Overview 

 A more complete imperfection scanning system that enables correlation between 

axial and circumferential deviations requires that the scanner not be in contact with the 

measured surface. To this end, two independent schemes were developed for scanning the 

internal and external surfaces of lined pipes. The non-contacting scanning system utilizes 

a lathe to conduct the scanning where the pipe section is installed in the lathe’s chuck and 

the sensors are mounted on an extension rod fixed on the lathe’s tool post. The extension 

rod has a diameter of 1.5 in, and is solid to minimize vibrations. This scheme enables 

scanning pipes of different diameters. The non-contacting scanning system shall also be 

refered to as the lathe scanner. A picture of the interior scanning set-up is shown in Fig. 

2.6, and an “in-pipe” cutaway drawing is shown in Fig. 2.7.  

The fundamental difference between the trolley scanner and this one is that the 

data acquired with the trolley can only be referenced against a best fit circle for each axial 
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location. The reason for this is that the trolley’s wheels follow the imperfections inside 

the pipe, and as a result it is not guaranteed that the sensor plate is travelling along a 

completely straight line. When the sensors are mounted on the lathe’s tool post it can be 

assumed that the sensors travel along a fixed axis, and the acquired data set may be 

referenced against a best fit cylinder. The data reduction procedure for the best fit circle 

and best fit cylinder will be discussed further in the next chapter, but first the scanning 

procedure will be explained.  

 

a.  Interior Scanning  

First, the pipe section is installed in the lathe chuck and adjusted such that the part 

is centered. A spot on the free end of the pipe is marked on the top most position with a 

permanent marker. This corresponds to the 90 degree position on the pipe and is lined up 

with the beam spot from the laser displacement sensor when the inclinometer reads 90 

degrees. The tool post is adjusted to ensure the entire section of pipe is within 

measurement range. If it is not in range, the IL-1000 limit settings may be changed, or the 

pipe can be adjusted to be more concentric with the axis along which the sensors travel.  

Lathe based interior scanning is quite similar to trolley based scanning with the 

exception of the x-axis measurement which is provided by the lathe’s encoder. The x-axis 

position is set by selecting the position of the lathe carriage on which the instruments are 

mounted. Once in place, the motor is activated and a circumferential scan is performed. 

The data is acquired and processed with the same LabVIEW VI mentioned earlier. Each 

component of the lathe scanner is detailed in Appendix B. Figure 2.8 shows a schematic 

for the data acquisition of the lathe based interior scanning set-up. 

 

b.  Exterior Scanning 

In order to scan the exterior of the pipes, the laser displacement sensor is fixed to 

the end of the extension rod at a distance of roughly 100 mm from the exterior surface as 

shown in Fig. 2.9. The inclinometer is mounted onto the end of the pipe with a specially 

designed clamp. 
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The pipe is again mounted onto the chuck of the lathe and adjusted to be 

concentric. As before, the beam spot is located at the 90 degree position marked on the 

pipe when interior scanning was carried out. The inclinometer is then installed with its 

clamp such that it reads 90 degrees thereby allowing correlation between the interior and 

exterior data sets.  

A separate LabVIEW VI is used during this procedure because the stepper motor 

is not involved. The VI is commanded to acquire data when triggered on the front panel. 

The operator manually rotates the chuck and pipe at a slow and smooth rate. Once a full 

rotation is complete the VI is commanded to stop acquiring data, and the axial position is 

adjusted. This continues until the section of interest has been completely scanned.  

 

2.3 Pipes Specimens Investigated 

The two pipes being investigated are an 8.625” and a 12.75” lined pipe. In both 

cases, the carrier pipe is seamless, and the liner has a longitudinal weld. The nominal 

thickness of the 8-inch carrier pipe is 0.342 in (8.7 mm), and the liner is 0.098 in (2.5 

mm). The nominal thickness of the 12-inch carrier pipe is 0.563 in (14.3 mm) ), and the 

liner is 0.098 in (2.7 mm). One complete set of measurements has been taken for each 

pipe using a pair of calipers and micrometers, and these measurements are given in 

Appendix C along with a diagram to show the angular position of the measurements.  

The 8-inch pipe was received as a 100 in length. One end of this pipe was cut off, 

providing a 26 in segment to be measured with the lathe scanner (of which 18 inches was 

scanned with the ends being avoided). The remaining segment was scanned by the 

trolley. The 12-inch pipe was received as a 30 in piece and was left intact. Scanning the 

12-inch pipe with the trolley was not possible, so it was simply investigated with lathe 

scanner. A length of 20 inches was scanned with the ends being avoided.  

Data gathered by the scanning systems must be processed in order to establish a 

reference surface from which the geometric imperfections are measured. The data 

processing schemes adopted are discussed in Chapter 3.  
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Chapter 3 Data Reduction 

 

 Data collected from the two scanning schemes described in Chaper 2 require 

processing before the surface imperfections can be defined. This chapter describes the 

data processing schemes used to establish the imperfection profiles. The circumferential 

scans recorded using the trolley scanner are used to establish a best-fit circle from which 

the imperfections are measured. The measurements obtained via the non-contacting 

scanner are processed with a more elaborate scheme that establishes a best-fit cylinder 

that forms the basis for imperfection measurements. Both of these schemes are carried 

out through a minimization of the imperfections with respect to the best-fit geometry 

parameters and are now discussed in detail.   

 

3.1 Best-Fit Circle 

 Data acquired from the trolley scanner is taken in polar coordinates. Even though 

the trolley was designed such that the laser displacement sensor would rotate 

concentrically about the centerline of the pipe, it must be assumed that the center of 

measurement is not necessarily aligned with the local pipe center. The best-fit circle 

routine corrects for this misalignment and provides the optimal reference for defining 

imperfections. 

 The best-fit circle data reduction is based on the 2-D version of the scheme of 

Arbocz and Babcock (1969) outlined in Kyriakides and Corona (2007). A scan produces 

coordinates },1), ,{( Mir ii =ϕ  centered at O (see Fig. 3.1). The data is used to establish a 

best-fit circle radius R and center O’ with coordinates ),( αρ . The O centered data is 

transformed to the new center O’ with coordinates },1), ,{( MiR ii =θ . The unknowns

},,{ αρR  are evaluated by minimizing  

    ∑
=

−=Π

M

i

iRR

1

2)( ,     (3.1a) 

with respect to the  parameters, ρ, α, and R, using the following equation: 
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The geometry of the imperfect circle may then be expressed in terms of a harmonic series 

as follows: 
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An example of the results of this process for a circumferential scan from the 8-

inch pipe is shown in Fig. 3.2. Here, the best-fit circle has a radius of R = 3.869 in. The 

data set included 2,376 measurements, which was reduced through averaging over one 

degree intervals to 360 points (M = 360). The deviation from the circle, w, is normalized 

by the thickness of the liner, tL = 2.8 mm. Included in the figure are the discreet data and 

the fit using 75 terms in Eq. (3.2b). The fit is seen to follow the discrete data very well. 

An exception is the narrow zone of the weld of the liner, which spans nearly 4
o
 and 

consequently is not well represented by the reduced data set.  

A similar set of results taken from one of the internal circumferential scans of the 

12-inch pipe using the non-contacting interior scanner is shown in Fig. 3.3. In this case, 

the best-fit circle has a radius of R = 5.771 in. The data set included 2,376 measurements, 

which was again reduced through averaging over one degree intervals to 360 points (M = 

360). Included in the figure are the discreet data and the fit using 75 terms in Eq. (3.2b). 

Once again the quality of the fit is very good with the exception of the area of the weld. 
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3.2  Best-Fit Cylinder 

Data acquired by the lathe scanner is recorded in cylindrical coordinates. Even 

though the pipe was installed in the lathe to be concentric with the chuck and aligned 

with the path of the sensors, it must be assumed this is not the case. Indeed, there is a 

sinusoidal component seen in the unprocessed data caused by a small eccentricity, which 

must be removed. This is achieved by fitting the data with a best-fit cylinder as in Arbocz 

and Babcock (1969). Once this is established, the data is transformed to the principal 

coordinate system of the cylinder. The details of the process are given below. 

The geometry of the best-fit cylinder parameters is first established in terms of the 

original coordinate frame (lathe based axes, x ). The best-fit cylinder has radius R and 

origin coordinates ),( 11 zy , and a Cartesian coordinate system x'  centered at the origin. 

These parameters are established using a least squares routine that minimizes the square 

sum of the distance between the data points and the closest point on the best-fit cylinder 

surface. This distance is found with a vector that is orthogonal to x'  as shown in Fig. 3.4. 

For a given set of parameters, the distance to a particular data point, id , is given by the 

following equations: 

Rd iii −= θρ sin      (3.3) 

where 

( )'ˆˆcos 1
xρ ⋅= −

iiθ   

and iρ  is the location of the data point in the offset coordinate system. Once the 

minimization has been carried out and the best-fit cylinder parameters are known, the 

coordinate system may be transformed. The Euler-axis of rotation, â , and angle of 

rotation, φ , are defined as: 

â =
x̂ × x̂ '

x̂ × x̂ '
 

              (3.4) 

 

( )'ˆˆcos 1
xx ⋅= −φ
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The coordinate transformation matrix is given by: 

  C = cosφI + (1− cosφ)aa
T − sinφa

x
   (3.5) 

where a  is a unit vector. After the origin is translated to ),( 11 zy , the transformation is 

carried out with: 

xx' C=  

Note that the transformation matrix, C, is defined to operate on cartestian data sets. After 

the tranformation has been carried out, the data is in the “best-fit cylinder” coordinate 

system. The data is returned to cylindrical coordinates, and the imperfection may now be 

defined as the distance between a data point and the best-fit cylinder surface.  

The geometry of the imperfect cylinder can be expressed in terms of the bi-

harmonic trigonometric series that follow (Arbocz and Babcock, 1969): 

Full-Wave          (3.6a) 

 

w(x,θ ) =

m=0

N

Σ
n=0

N

Σ Amn cos(mθ )cos(
2nπ x

L
)+

m=1

N

Σ
n=0

N

Σ Bmn sin(mθ )cos(
2nπ x

L
)

+

m=0

N

Σ
n=1

N

ΣCmn cos(mθ )sin(
2nπ x

L
)+

m=1

N

Σ
n=1

N

Σ Dmn sin(mθ )sin(
2nπ x

L
)

 

Half-Wave Cosine         (3.6b) 

 
w(x,θ ) =

m=0

N

Σ
n=0

N

Σ Amn cos(mθ )cos(
nπ x

L
)+

m=1

N

Σ
n=0

N

Σ Bmn sin(mθ )cos(
nπ x

L
) 

Half-Wave Sine         (3.6c) 

  
w(x,θ ) =

m=0

N

Σ
n=1

N

ΣCmn cos(mθ )sin(
nπ x

L
)+

m=1

N

Σ
n=1

N

Σ Dmn sin(mθ )sin(
nπ x

L
) 

 

3.3  Dominant Wavelength Analysis 

In their study of buckling and collapse of lined pipe under pure bending, Yuan 

and Kyriakides (2014a) showed that collapse is very sensitive to the dominant buckling 

modes; that is, the first mode that corresponds to periodic wrinkling and a second mode 

that corresponds to diamond patterns with n circumferential waves. It is thus useful to 



16 

 

determine the wavelengths (both axial and circumferential) of the measured 

imperfections in order to compare them with those of the dominant buckling modes.  

The dominant wavelengths may be determined through various methods. Visual 

inspection of the data set can provide qualitative insight about the imperfections.  

Statistical analysis of the data can be used to identify key features. An algorithm was 

developed to identify local minima and maxima in the imperfections. Figure 3.3 shows 

how a circumferential scan may be analyzed. A single peak-to-peak has been marked on 

the plot to show how the amplitude and half-wavelength may be characterized in the data. 

A given data set can be searched with the algorithm to find the half-wavelengths and 

corresponding amplitudes in the imperfect surface according to our definition. 

Axial “paths” may be generated from processed data along lines of constant 

angular position in order to define the axial imperfection (see Fig. 3.5). The imperfections 

in the axial direction may be analyzed in the same way described for circumferential 

imperfections. Histograms of amplitudes and corresponding half-wavelengths were 

obtained for the data sets in the axial and circumferential directions. The results of this 

analysis are given in the next section.  

Another method for characterizing the data is to use a limited number of Fourier 

coefficients in Eq. (3.2b). A series with N = 16, shown in Fig 3.6, demonstrates how such 

a series may be used in order to filter out variations that are small in comparison to larger 

features. The series fit follows the data points closely, but it does not coincide precisely at 

all local maxima and minima. A single axial path from the 8-inch pipe is plotted in Fig 

3.7 with an N = 30 fit. Furthermore, dominating imperfection modes are associated with 

relatively large coefficients from Eq. (3.2c), and these coefficients are usually contained 

in the first 20 terms. Limiting the number of terms in the fit is also helpful when 

numerically modelling the effect of imperfections.  
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Chapter 4 Numerical Results and Discussion 

 

This study involved investigating the interior and exterior surfaces of the 8-inch 

and 12-inch lined pipes described in Section 2.3. The trolley scanner mapping of the 

interior surface of the 8-inch pipe is discussed first. Then, the results for the interior 

surface as measured with the lathe scanner are presented and compared to the results 

obtained with the trolley scanner. The remaining data sets obtained with the lathe scanner 

are then discussed.  

 

4.1  8-Inch Lined Pipe Results – Trolley 

Results from a set of circumferential internal scans from an 8-inch lined pipe are 

shown in Fig. 4.1 (D = 8.625 in–219 mm; RRw −= )(θ ; N = 75 from Eq. 3.2b). Each 

circumferential scan contains approximately 2400 data points which have been averaged 

over one degree intervals to yield one measurement per degree. Measurements were 

performed over a length of about two diameters at an axial frequency of 0.25 in (6.4 

mm). The plot shows a 3-D rendering of the set of 58 axial scans taken. The trolley 

scanner does not enable correlation between the axial and circumferential imperfection 

measurements because its wheels are in contact with the surface being measured. 

Keeping this in mind, it appears that axial variations are small and of relatively high 

frequency, whereas the circumferential imperfections are characterized by several peaks 

and valleys that retain their axial orientation over the two-diameter length of the scans. 

The sharp depression at an angular position of about 120
o
 corresponds to the internal 

profile of the seam weld of the liner.  

A longer, 60 inch segment of pipe, was scanned at an axial frequency of 

approximately 0.5 in (13 mm). The results from this data set are shown in Fig. 4.2 where 

we see a very consistent imperfection profile along the length.  The variation in the best 

fit circle radius over the length of this segment is given in Fig 4.3, which appears 

sinusoidal with long wavelength and short wavelength components. Local maxima occur 

regularly with a spacing of roughly 4 inches. Visualization of the imperfection geometry 

is aided by a contour plot representation in Fig. 4.4 where the imperfection is defined 
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against a single best-fit circle radius for the whole data set. This allows us to see the 

expansion and contraction of the part along the segment scanned. Notice the banded 

appearance in Fig. 4.4, which is the result of this phenomenon. More on the 

characteristics of the imperfections will follow in light of the cylindrical scans presented 

in the next section.  

 

4.2 8-Inch Lined Pipe Results – Lathe Scanner 

As mentioned in Section 2.3, the segment of 8-inch pipe investigated with the 

lathe scanner originates from same piece previously discussed. Circumferential scans 

were taken every 0.125 in (3.2 mm) for both internal and external scanning. Each 

circumferential scan consists of approximately 2400 data points which have been 

averaged to yield one measurement per degree.  

 

a.  Interior Surface 

Data acquired for the 8-inch pipe by the lathe scanner pictured in Fig. 2.6 was 

processed by the best-fit cylinder algorithm described in Chapter 3. The liner 

imperfection results are shown in Fig. 4.5 for a segment 18 inches in length. This data set 

is represented by the half-wave sine series of Eq. (3.6c) in Fig. 4.6. Circumferential 

variations dominate the imperfection geometry while axial variations consist of short-

wave, small amplitude ones. The largest amplitude was found to be 0.16tL . 

Half-wavelength analysis was carried out by the methods previously discussed. A 

histogram of the circumferential half-wavelengths found in this particular data set is 

given in Fig. 4.7. Here, peak-to-peak occurrences with amplitudes less than a threshold 

value of  0.002 in  (50 µm) are not included. The dominant half-wavelength appears to be 

roughly 0.3 inches.  It must be noted that the distribution seen in these histograms largely 

depends on the techniques used in the analysis. Using larger threshold values results in 

the bell-shaped distribution shifting to the right, and the total number of occurrences 

drops. It was felt that two-thousandths of an inch was an appropriate threshold for this 

case to filter less significant features.  
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Analysis of the half-wavelength in the axial direction was performed on Fourier 

series representations of each of the 360 axial paths generated from the data set (N = 30). 

An example of a single axial path with this Fourier series fit is included in Fig 3.7. The 

axial half-wavelength histogram is given in Fig. 4.8. From this plot we see the bell is 

located in the neighborhood of λ = 0.3 in., and there is a long tail extending to λ = 3.0 

in. The order of N in the Fourier series being used affects the results in the distribution, so 

this procedure is primarily intended to characterize the data for later comparison. Using 

smaller N causes the distribution to move towards longer half-wavelengths as can be 

inferred. The axial paths were surprisingly dissimilar to each other, and no patterns could 

be established over the 18 inch length scanned.  

 

b.  Comparison of Trolley and Lathe Based Scanning 

Data obtained with the lathe scanner and reduced with the best-fit cylinder 

algorithm exhibits some difference from the data obtained with the trolley scanner and 

processed with the best-fit circle. In the former, there appears to be waviness in the axial 

direction as seen in Fig. 4.5, whereas, this feature is not present in Fig. 4.1 or 4.2. This is 

because the best-fit circles calculated for the trolley data have origins that do not 

necessarily produce a straight line along the cylinder axis. Therefore, the best-fit circle 

does not capture the full extent of the axial imperfections due to having analyzed each 

circumferential scan separately rather than as a single data set. Variation in the mean 

radius along the length of the scanned segment is another contribution to the imperfection 

that is neglected by the best-fit circle algorithm.  

Although it is optimal to measure lined pipe imperfections against a 3-D reference 

frame, the ability to achieve this is limited to short pipe segments. Since the 

circumferential imperfection is more significant than the axial, the trolley scanner paired 

with the best fit-circle algorithm provides a good representation of the interior surface 

geometry with respect to the local region. 
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c.  Exterior Surface 

Exterior surface scanning of the 8-inch pipe was performed with the set-up shown 

in Fig. 2.9. The exterior imperfections are presented in Fig. 4.9, where the x-axis and θ -

axis correspond to those in Fig. 4.5. There is significant similarity in the general 

characteristics of the interior and exterior surfaces. The scan follows a pattern that 

resembles θ3cos  - in other words, not too different from the imperfection of the interior 

surface. As x approaches 18 inches, the θ3cos  feature washes out. The data also exhibits 

short wavelength fluctuations, which are due to surface pitting on the 8-inch pipe (seen in 

Fig. 2.6). The largest imperfection in the exterior surface was found to be Lt17.0 in 

amplitude, and the mean ovality of the interior surface as measured with the lathe scanner 

is ∆o = 0.15%  with values ranging from 0.043% to 0.26%.  

 

d.  Cross-Section 

It is useful to examine a reproduction of the inner and outer surfaces of this pipe 

at one axial position. Thus Figs. 4.10-12 shows cross sectional views of the two surfaces 

in which the radial deviation from the best-fit cylinder ( w) is amplified 30× (x = 12 in). 

The pipe has excellent circularity with the ovality being only at 0.15%=o∆ . The outer 

surface imperfections appear to be associated with compression in a four-roller mill 

(perhaps at the sizing station).  

In the main, the inner surface follows the shape of the outer one. However, 

superimposed on the shape dictated by the forming of the outer surface, are additional 

variations that most probably were introduced at the piercing stage of pipe forming. This 

includes some thickness variation that is somewhat more complex than the traditional 

eccentricity observed in seamless pipe. It is also noteworthy that the intrusion at about 7-

o’clock position corresponds to the weld of the liner. As mentioned earlier, the 

mechanical expansion through which the liner is installed transfers the shape of the 

internal surface of the carrier pipe to the liner. The measured liner imperfections are 

assumed to be representative of the inner surface of the carrier pipe. Thickness 
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measurements for one end of the 8-inch pipe are given in Table C.1. The eccentricity of 

the pipe at this location is %.20.2=oΞ  

 

4.3 12-Inch Lined Pipe Results – Lathe Scanner 

Interior and exterior surface data sets for the 12-inch pipe were acquired with the 

lathe scanner and processed in the same way described for the 8-inch pipe. Features 

observed in the 12-inch pipe differ significantly from those seen in the 8-inch pipe. 

Despite this, certain conclusions are supported by what is seen in both pipes being 

investigated. The results are now discussed in detail.  

 

a.  Interior Surface 

Liner imperfections measured in the 12-inch pipe are shown in Fig. 4.13 for a 20-

inch segment. The same data set shown in Fig. 4.13 is represented by the half-wave sine 

series of Eq. (3.6c) in Fig. 4.14. As in the previous case, the imperfections are dominated 

by circumferential variations with short-wave, small amplitude axial variations 

superimposed. However, the circumferential variation this time is dominated by an n = 2 

shape. The deep “valley” that exists between oo 11050 ≤≤ θ is the most prominent feature 

in the plot. The amplitude of this imperfection is rather significant, being approximately

Lt22.0 . There is also a significant bulge outwards that occurs in the region of the weld 

which is located at 
o330=θ . The largest imperfection amplitude was found to be 0.25tL

and was located in the valley mentioned. When normalized by the diameter rather than 

the liner thickness, we see this amplitude to be proportional to that of the 8-inch pipe. 

The shape of the circumferential imperfection is mostly preserved along the 

length of the segment studied. This was also true for the 8-inch pipe, though to a lesser 

extent. Another feature seen in Fig 4.13 is the change in weld height. At approximately 

10=x in, the weld height is very small compared to the rest of the segment. This change 

in weld height can be verified by moving one’s finger along the weld. The appearance of 

the weld in the imperfection plot is somewhat distorted due to being located on a very 

steep slope corresponding to the outward bulge. The data set from Fig. 4.13 is also 
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represented in Fig. 4.15 as a contour plot. We can see that the large inward depression 

and bulge are present along the entire 20 inches of pipe section scanned. 

A histogram of the circumferential half-wavelengths found in this particular data 

set is given in Fig. 4.16. Here, peak-to-peak occurrences with amplitudes less than two-

thousandths of an inch (the threshold) are not included. The bell appears to be centered at 

roughly 6.0=λ in, and the interval with the greatest number of occurrences is for

40.035.0 <≤ λ in. Comparing this histogram with that in Fig. 4.7, there is a greater 

number of occurrences for large half-wavelengths. This may be attributed to the “valley” 

mentioned earlier, a feature that is distinctly different from anything seen in the 8-inch 

pipe.  

Axial half-wavelength calculations were performed on Fourier series 

representations of all 360 axial paths generated from the data set (N = 30), and the results 

are given in Fig. 4.17. From this plot we see the greatest number of half-wavelengths 

clustered in the neighborhood of 35.0=λ in. There is no “tail” extending to 0.3=λ in as 

for the 8-inch pipe; only a small number of half-wavelengths greater than 1 inch were 

found. This implies the axial imperfection is less significant for this case than for the 8-

inch pipe. It was found that on average, the axial paths from the 8-inch pipe contained a 

50% larger range for axial imperfections than the 12-inch pipe.  

 

b. Exterior Surface 

Exterior imperfections for the 12-inch pipe are presented in Fig. 4.18 where the x-

axis and θ -axis correspond with Fig. 4.13. The exterior surface exhibits an n = 2 shape 

just as the interior surface does. Even though the interior and exterior are not as 

congruent as seen for the 8-inch pipe, it is still noticeable how the most dominant trend in 

both is a mode two shape.  

There is a region of the 12-inch pipe between 
oo 150100 ≤≤ θ that exhibits very 

noisy imperfection data. The outer surface of the 12-inch pipe had been ground in this 

region, causing significant scratching and removal of material. This feature of the data is 

not due to the manufacturing process and may be disregarded. Outside of this region, the 



23 

 

largest imperfection was found to be Lt18.0 . The mean ovality of the exterior surface as 

measured with the lathe scanner is 0.11%=o∆ . The minimum ovality seen in this 

segment was 0.089%, and the largest was 0.16%. Again we see that the exterior surface is 

less imperfect than the interior surface, presumably because the pipe is mechanically 

finished from the outside. 

The data set from Fig. 4.18 is represented in Fig. 4.19 as a contour plot. An 

ovalized shape corresponding to a mode 2 imperfection geometry (somewhat similar to 

the interior) is observed on the exterior surface. The outer diameter of the 12-inch pipe 

appears to shrink along its length in a linear fashion, whereas the inner diameter remains 

fairly constant. A complete set of measurements are given for one end in Table C.3. 

Measurements of the other end (the smaller OD end), are not given because the interior 

surface of the pipe was machined at this location.  

 

c. Cross-Section 

Cross sectional views of the two surfaces are shown in Figs. 4.20-22 where the 

radial deviation from the best-fit cylinder ( w) is amplified 30×. The pipe again has 

excellent circularity with the ovality being only %12.0=∆o . In this case, the profile of 

the inner surface exhibits significant deviations from the profile of the outer one which 

appear in the cross sectional view as thickness variation with a θ2cos  distribution. They 

thus are in agreement with the measured liner imperfections in Fig. 4.12. According to 

the micrometer measurements taken at the end of the pipe, the minimum thickness occurs 

at o5.337=θ with a value of 0.6591 in. The maximum thickness occurs at 
o5.112=θ  

with a value of 0.6868 in. These measurements agree with the trends seen in Fig. 4.22 

and also support the previous observation that circumferential features are largely 

preserved along the segment scanned. The eccentricity of the 12-inch pipe is calculated to 

be %.06.2=Ξo  
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d. Verification 

The deviation of the 12-inch pipe’s diameter for 
oo 1800 ≤≤θ is found by 

summing the radial imperfections that are directly across from each other (i.e.

)180,(),(),( °++= θθθ∆ xwxwxD ). A comparison between inner diameter 

measurements obtained at one end of the 12-inch pipe with the interior scanner and 

calipers is shown in Fig. 4.23. The comparison for the outer diameter measurements 

obtained at the same end of the pipe is shown in Fig. 4.24 (measurements are given in 

Table C.3). The agreement between the two measurement methods is good enough to 

suggest that the laser scanner and data reduction procedures are accurately measuring the 

surface imperfections of the pipes. Notice that the distribution supports the conclusion 

that this 12-inch pipe has an ovalized shape. Moreover, the inner diameter variation is 

quite similar to that of the outer diameter but is larger in magnitude. The ovality of the 

inner diameter at this location is 0.23%=o∆ , and the ovality of the outer diameter is 

0.12%=o∆ . We have seen for both pipes that the exterior surface is less imperfect than 

the interior surface although the difference was less significant for the 8-inch pipe.  
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Chapter 5 Conclusion 

 
 Bending carbon steel pipe lined with a thin layer of corrosion resistant material 

into the plastic range is known to result in wrinkling and collapse of the liner. Previous 

studies of the problem showed that the liner collapse is very sensitive to small initial 

geometric imperfections in the liner (Yuan and Kyriakides, 2013, 2014; Vasilikis and 

Karamanos, 2012). The aim of the present study was to measure and characterize 

geometric imperfections in actual lined pipe products. To this end, two schemes for 

measuring the geometric imperfections of lined pipe have been developed. The first 

involves a trolley scanner that rides inside the lined pipe, performing circumferential 

scans of its surface at regular axial positions. In the second scheme, the pipe is mounted 

on a lathe and the inner and outer surfaces are scanned by non-contact instruments, thus 

enabling correlation between the axial and circumferential components of the 

imperfections. The trolley scanner was used to measure the imperfections of an 8-inch 

pipe while the second scheme was used to scan the inner and outer surfaces of the 8-inch 

and a 12-inch pipe.  

 The following observations can be made from the liner imperfection 

measurements of both the 8-inch and 12-inch pipes analyzed in this study: 

• The measured liner imperfections were found to be dominated by circumferential 

variations with axial variations limited to short-wavelength, smaller amplitude 

ones. 

• The dominant circumferential imperfection of the 8-inch pipe resembles a θ4cos  

shape, whereas that of the 12-inch pipe resembles a θ2cos shape. It is thought 

that these imperfections were introduced at the piercing and sizing stages of the 

manufacture of the seamless carbon steel carrier pipe. 

• The circumferential imperfection profile remains fairly constant along the length. 

• There does not appear to be a pattern in the axial imperfections in either pipe. 

• The 8-inch pipe interior axial variation is significantly larger than the 12-inch 

pipe.  
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• Imperfection amplitudes were determined to be on the order of 0.2% of the OD 

for both pipes studied. 

 The following observations can be made for the 8-inch pipe and the 12-inch pipe 

exterior surfaces: 

• Interior imperfections are of larger amplitude than the exterior imperfections. 

• The 8-inch exterior circumferential imperfection shape resembles θ3cos , 

whereas the 12-inch exterior imperfection shape resembles θ2cos .  

• The 8-inch pipe has a maximum ovality of 0.26%, and the 12-inch pipe has a 

maximum ovality of 0.16%  

• In both pipes the inner surface shape with some exception follows the general 

shape of the exterior surface. 

The effect of the measured liner imperfections on the stability of the liner under 

pure bending of the composite structure was investigated for the 12-inch pipe in 

Harrison et al. (2015). The imperfection geometry was modeled using the Fourier 

series fit containing N = 16 terms with an amplitude of Lt22.01 =ω . An axial 

imperfection was superimposed on this with an amplitude of Lt02.00 =ω  in the 

form of an axisymmetric imperfection with a half-wavelength of 31.0=λ in. The 

calculated response followed along the same trend as those yielded by idealized 

imperfection distributions in Yuan and Kyriakides (2013). The bending strain at 

collapse of the liner was found to be 0.80%, which is low enough to render this pipe 

to be unreelable on most modern reeling vessels. In view of the crucial role 

imperfections play in liner collapse, it may be prudent to investigate causes of inner 

surface imperfections during the manufacture of seamless carrier pipe with the aim of 

reducing them. 
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FIGURES 

 

 
Fig. 1.1 Schematic representation of major steps for the manufacture of seamless pipe in a plug mill (from Kyriakides and 

Corona, 2007). 
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Fig. 1.2a Schematic representation of the expansion of the liner and carrier tubes 

(from Lin and Kyriakides, 2013). 
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Fig. 1.2b Pressure-radial displacement of liner during hydraulic expansion  

(from Lin and Kyriakides, 2013). 
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Figure 2.1 Trolley scanner with main components labeled. 

 

Figure 2.2 Trolley scanner inside an 8-inch pipe (front view).



31 

 

 

Figure 2.3 Trolley scanner concept design in SolidWorks.
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Figure 2.4 Views of the trolley scanner inside an 8-inch pipe as designed in SolidWorks. 
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Figure 2.5 Schematic of communication between the desktop computer, motion control hardware, and the trolley scanner. 
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Figure 2.6 Non-contacting system for interior scanning with an 8-inch pipe. 
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Figure 2.7 Views of the non-contacting scanner inside an 8-inch pipe as designed in SolidWorks.
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Figure 2.8 Schematic of communication between the desktop computer, motion control hardware 

and the non-contacting scanner. 
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Figure 2.9 Non-contacting system for exterior scanning; shown is a 12-inch pipe. 
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Figure 3.1 Diagram of best-fit circle reference geometry. 
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Figure 3.2 Sample Fourier series fit for the axial location of x = 6 in with N = 75 (8-inch pipe). 
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Figure 3.3 Sample Fourier series fit for the axial location of x = 18 in with N = 75 (12-inch pipe). 
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Figure 3.4 Diagram of best-fit cylinder reference axes found by rotating the original 

coordinate system through angle φ  about vector â . 
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Figure 3.5 Scanned imperfections of the 8-inch pipe interior surface showing axial “paths” of constant angle from which 

imperfections may be analyzed; tL = 2.8 mm. 
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Figure 3.6 Scanned profile of the 12-inch pipe fitted with an N = 16 term Fourier series fit using Eq. 3.2b. A second series is 

shown where the only terms included were for n = 2; tL = 2.8 mm. 
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Figure 3.7 Axial path from the 8-inch pipe with a Fourier series fit (Eq. 3.2b); tL = 2.8 mm.
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Figure 4.1 Normalized imperfections measured with the trolley scanner on the interior surface of the 8-inch lined pipe 

(N = 75); tL = 2.8 mm. 
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Figure 4.2 Normalized imperfections measured with the trolley scanner on the interior surface of the 8-inch lined pipe 

 (N = 75); Lt = 2.8 mm. 
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Fig 4.3 Variation in the best fit circle radius along the length of the 8-inch pipe as scanned by the trolley scanner. 
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Figure 4.4 Contour visualization of imperfections measured on the interior surface of the 8-inch lined pipe. The view has been 

rotated to show both surfaces. 
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Figure 4.5 Normalized imperfections measured with the lathe scanner on the interior surface of the 8-inch lined pipe; 

Lt = 2.8 mm. 
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Figure 4.6 Half-wave sine series representing the imperfections measured with the lathe scanner on the interior surface of the 

8-inch lined pipe (M, N = 75); Lt = 2.8 mm. 
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Figure 4.7 Circumferential half-wavelength histogram for the 8-inch pipe. Peak-to-peak occurrences with amplitudes less than 

two-thousandths of an inch are not included.  
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Figure 4.8 Axial half-wavelength histogram for the 8-inch pipe where the axial paths are represented by a Fourier series  

(N = 30). 
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Figure 4.9 Normalized imperfections measured on the exterior surface of the 8-inch lined pipe; Lt = 2.8 mm. 
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Figure 4.10 Cross section of the 8-inch lined pipe interior with imperfection exaggerated by 30x. The axial location is x = 12 

in. 
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Figure 4.11 Cross section of the 8-inch lined pipe exterior with imperfection exaggerated by 30x. The axial location is x = 12 

in. 
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Figure 4.12 Cross section of the 8-inch lined pipe with imperfection exaggerated by 30x. The axial location is x = 12 in. 
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Figure 4.13 Normalized imperfections measured on the interior surface of the 12-inch lined pipe; Lt = 2.8 mm. 
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Figure 4.14 Half-wave sine series representing the imperfections measured on the interior surface of the 12-inch lined pipe  

(M, N = 75); Lt = 2.8 mm. 
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Figure 4.15 Contour visualization of imperfections measured on the interior surface of the 12-inch lined pipe.
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Figure 4.16 Circumferential half-wavelength histogram for the 12-inch pipe. Peak-to-peak occurrences with amplitudes less 

than two-thousandths of an inch are not included. 
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Figure 4.17 Axial half-wavelength histogram for the 12-inch pipe where the axial paths are represented by a Fourier series 

 (N = 30). 
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Figure 4.18 Normalized imperfections measured on the exterior surface of the 12-inch lined pipe; Lt = 2.8 mm. 
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Figure 4.19 Contour visualization of imperfections measured on the exterior surface of the 12-inch lined pipe.
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Figure 4.20 Cross section of the 12-inch lined pipe interior with imperfection exaggerated by 30x. The axial location is x = 18 

in. 
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Figure 4.21 Cross section of the 12-inch lined pipe exterior with imperfection exaggerated by 30x. The axial location is x = 18 

in. 
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Figure 4.22 Cross section of the 12-inch lined pipe with imperfection exaggerated by 30x. The axial location is x = 18 in. 
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Figure 4.23 Deviation of measured inner diameter from mean diameter for laser displacement sensor and caliper measurements 

(12-inch pipe). 
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Figure 4.24 Deviation of measured outer diameter from mean diameter for laser displacement sensor and caliper measurements 

(12-inch pipe).  
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Appendix A: Trolley Scanner Schematics 
 The following figures show the specifications used in the design and manufacture 

of the Trolley Scanner for scanning the 8” lined pipe. 
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Figure A. 1 Trolley scanner assembly (numbers correspond to the items that follow). 
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Item 1 – Trolley Chassis 

 
Material: Aluminum 

 

Figure A. 2 Trolley chassis design. 
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Item 2 – Wheel Bracket (x4) 

 

 
Material: Aluminum 

 

Figure A. 3 Wheel bracket design. 
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Item 3 – Colson Performa Wheels (x5) 

 

Rubber Wheels 

Material 

Performa 

Rubber 

Wheel Diameter 1 5/8 in 

Tread Width 7/8 in 

Capacity 60 lb 

Wheel  Bearing Delrin 

Wheel Bearing 

Bore  5/16 in 

 

Table A. 1 Colson Performa wheel specifications.
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Item 4 – Motor Mount 

 
Material: Aluminum 

 

Figure A. 4 Motor mount design. 
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Item 5 – Coupler 

 

 
Material: Stainless Steel 

 

Figure A. 5 Coupler Design. 
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Item 6 – Sensor Plate 

 
Material: Stainless Steel  

 

Figure A. 6 Sensor plate design. 
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Item 7 – Frame Mount 

 

 
Material: Aluminum 

 

Figure A. 7 Frame mount design. 
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Item 8 – Precision Compression Springs (x2) 

 

Springs 

Rod Diameter Free Length 
Installed 

Length 

Spring 

Constant 

0.375 in 1.5 in 0.79 in 11.00 lb/in 

 

Table A. 2 Spring specifications. 
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Item 9 – Caster 

 
Material: Aluminum 

 

Figure A. 8 Caster design. 
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Item 10 – Encoder Mount 

 
Material: Aluminum 

 

Figure A. 9 Encoder mount design.
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Item 11 – Phoenix America P16A Magnetic Target Wheel 

 

Target Wheel 

Inner diameter 0.25 in 

Outer diameter 1.00 in 

Width 0.21 in 

Number of Poles 16 

 

Table A. 3 Target wheel specifications. 

 

Item 12 – Phoenix America P9500 Magnetic Encoder 

 

Magnetic Encoder 

Pulses per revolution 128 

Air Gap 0.02 in 

Output 2 Channel Quadrature 

Supply Voltage 5.0 V 

 

Table A. 4 Magnetic encoder specifications. 

 

Item 13 – Nema 17 Stepper Motor 

 

NEMA 17 Stepper Motor 

Step Angle 1.8° 

Steps per revolution 200 

Angular accuracy ± 3% 

Phases 2 

 

Table A. 5 Stepper Motor performance specifications. 
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Item 14 – Microstrain FAS-A Inclinometer 

 

FAS-A 

Accelerometer nonlinearity 0.20% 

A/D resolution 12 bits 

Orientation Accuracy < 0.1° (after calibration) 

Orientation Resolution < 0.1° 

Repeatability < 0.1° 

Communication RS-232 

Supply Voltage 5.2 - 12  V 

 

Table A. 6 FAS-A Inclinometer performance specifications. 

 

 

Item 15 – Keyence IL-100 Laser Displacement Sensor Head  

 

IL-100 

Reference Distance 100 mm 

Measurement Range 75 to 130 mm 

Spot diameter  Approx. 400 x 1350 µm 

Sampling cycle 1 ms 

Repeatability 6 µm 

Output -5 - 5 V 

Supply Voltage 12.0 V 

 

Table A. 7 IL-100 sensor head performance specifications. 

 

 

Item 16 – Spacers
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Figure A.10 Calibration of the Microstrain FAS-A inclinometer showing the piecewise adjustment for the output angle. 
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Appendix B: Lathe Scanner Schematics 

 
 The following figures show the specifications used in the design and manufacture 

of the Lathe Scanner for scanning the 8” and 12” lined pipes. 
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Figure B. 1 Lathe scanner assembly (numbers correspond to the items that follow). 
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Item 1 – Motor Mount 2 

 
Material: Aluminum 

 

Figure B. 2 Motor Mount 2 design. 

 

 



87 

 

Item 2 – Top Plate 

 
Material: Aluminum 

 

Figure B. 3 Top plate design. 
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Item 3 – Cradle 

 
Material: Aluminum 

 

Figure B. 4 Cradle design. 
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Item 4 – Tool Post Adapter Bar 

 
Material: Steel 

 

Figure B. 5 Tool post adapter bar design. 
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Appendix C: Pipe Segment Dimensions 

 

 The following tables include the diameter and thickness measurements for the 8-

inch and 12-inch lined pipes obtained with a pair of calipers and micrometers. Four 

measurements were taken for each parameter at each location and averaged. The 

measurement locations are shown in Fig. C.1. 

 

 

 

 

 
Figure C.1 Diameter and thickness measurements were taken at a °5.22 spacing at the 

end of each pipe segment. 
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8-inch Lined Pipe Dimensions 

  OD (in) ID (in) t (in) 

1 8.6418 7.7358 0.4625 

2 8.6428 7.7405 0.4581 

3 8.6525 7.7468 0.4550 

4 8.6468 7.7408 0.4536 

5 8.6543 7.7503 0.4546 

6 8.6488 7.7470 0.4455 

7 8.6415 7.7403 0.4426 

8 8.6318 7.7283 0.4431 

9 - - 0.4428 

10 - - 0.4443 

11 - - 0.4491 

12 - - 0.4461 

13 - - 0.4447 

14 - - 0.4534 

15 - - 0.4553 

16 - - 0.4566 

avg. 8.6450 7.7412 0.4505 

 

Table C.1 Measurements of the 8-inch pipe with locations given by the numbered 

diagram in Fig. C.1. 

 

 

 

∆� (%) ∆� (%) Ξ (%) 

0.1302 0.1421 2.1958 

 

Table C.2 Ovality and eccentricity calculations based on the measurements from Table 

C.1. 
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12-Inch Lined Pipe Dimensions 

  OD (in) ID (in) t (in) 

1 12.7788 11.4108 0.6607 

2 12.7769 11.4063 0.6685 

3 12.7723 11.4016 0.6714 

4 12.7579 11.3846 0.6857 

5 12.7480 11.3758 0.6868 

6 12.7523 11.3776 0.6724 

7 12.7598 11.3850 0.6837 

8 12.7711 11.4035 0.6852 

9 - - 0.6827 

10 - - 0.6784 

11 - - 0.6808 

12 - - 0.6770 

13 - - 0.6743 

14 - - 0.6800 

15 - - 0.6762 

16 - - 0.6591 

avg. 12.7646 11.3931 0.6764 

 

C.3 Measurements of the 12-inch pipe with locations given by the numbered diagram in 

Fig. C.1. 

 

 

 

∆� (%) ∆� (%) Ξ (%) 

0.1205 0.1652 2.0563 

 

Table C.4 Ovality and eccentricity calculations based on the measurements from Table 

C.3. 
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