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Research Summary 

 
Title    Coiled Tubing Pipe Mechanics 
 
 
Contractor(s)   CTES, L.C. - GTI Contract Number 5095-210-3573 
 
 
Principal Investor(s)  CTES, L.C. 
 
 
Report Type   Final Report #GRI-02/0058 
 
Report Period  March 1995 – August 1998 
 
 
Project Objectives 

A.  Determine effects of strain-controlled cycling and internal pressure on 
the material properties of CT. 

B.  Develop an analytical model for the material properties behavior 
observed in (A). 

C.  Propose an alternative to the limit state criteria for CT based on incipient 
yield. 

D.  Implement the analytical model and new limit state criteria in software 
designed for predicting CT mechanical behavior. 

Technical Perspective 
 

Coiled Tubing (CT) experiences 6 cycles of plastic deformation due to 
bending for each trip into and out of a well.  Each cycle introduces residual 
stresses and alters the mechanical properties of the CT material.  Moreover, 
pressure inside the CT during plastic deformation causes ballooning of the 
CT diameter and a corresponding reduction in wall thickness.  These effects 
complicate the problem of determining safe operating limits for the CT.  The 
current method of calculating operating limits uses the von Mises incipient 
yield criteria which ignores residual stresses and changes in material 
properties due to cyclic strain.  An alternative method for calculating limit 
states based on a probabilistic approach that accounts for effects of cyclic 
loading is needed. 

 
Technical Approach 

Cyclic strain tests (CST) in an axial tension/compression machine were 
performed with samples of 1.5-in and 2.0-in CT.  The strains were large 
enough in each load cycle to plastically deform the sample.  Some of the 
samples were pressurized to determine the triaxial stress/strain relationship 
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and its effects on ballooning.  Each CST provided accurate measurements of 
axial force on the CT sample and axial strain.  Hoop strain and pressure were 
also measured during pressurized tests.  These data were analyzed in the 
form of the stress versus strain curves. 

Results 
Due to a shortfall of member funding, GRI could only provide enough 
funding for this project to partially meet the objectives stated above.  The 
following summarizes the results for the work completed with the limited 
funding. 
 
1. Cyclic loading changes the material properties of CT so that the elastic-

perfectly-plastic model for the material behavior does not apply after the 
first cycle. 

2. The yield strength of CT material decreases by approximately 15% with 
increasing strain cycles up to about 20 cycles. 

3. The stress/strain curves exhibit self-similarity in the plastic region 
implying a power law relationship between stress and strain at different 
strain ranges. 

4. Ballooning of the CT diameter only occurs during plastic deformation 
with internal pressure. The ballooning appears to be a linear function of 
the axial strain range. 

5. The current method of defining CT limit states based on the von Mises 
incipient yield criterion is overly conservative because it neglects effects 
of residual stresses.  An alternative criterion that accounts for effects of 
cyclic plastic deformation, residual stresses, and probability of failure is 
suggested. 

 
 
Project Implications 
 

CT is being used to service high-pressure gas wells.  These services are much 
less expensive that services performed with a rig or snubbing unit.  Better 
understanding the pipe limits has been achieved through this research.  This 
understanding, combined with other testing and research, has allowed CT to 
be used in wells with progressively higher wellhead pressures.  When this 
project was initiated in 1995, it was unusual for CT operations to be 
performed in wells with wellhead pressures over 5,00 psi.  CT operations in 
wells with pressures over 10,000 psi are now performed, with a huge savings 
to the natural gas industry.  The understanding gained from this project was 
partially responsible for this increase. 
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EXECUTIVE SUMMARY 

Coiled Tubing (CT) experiences a high degree of cyclic loading in the field due to repeated bending 
on and off the reel and gooseneck. This results in significant deterioration of material properties. 
This project examines the problem of determining the operational limit states of CT in view of this 
cyclic loading. A series of experiments to determine the influence of strain controlled cycling and 
internal pressure on the material properties of CT were performed. The testing consisted of cycling 
a set of virgin CT samples between fixed strain limits in a universal testing machine with and 
without internal hydraulic pressure. The testing showed that the yield strength of CT decreases by 
as much as 15% in the first few cycles, and that the material behavior is significantly nonlinear. The 
tests also proved that ballooning occurs only when there is internal hydraulic pressure, and that 
diametral growth is proportional to the axial strain experienced by the pipe. The results from these 
tests are conservative since all parts of the CT cross section do not experience the same plastic 
strain when the CT is bent and straightened. Nevertheless, the tubing loses its elastic-plastic 
material properties after it is bent for the very first time. 
 
The residual stresses present in the CT due to bending were calculated theoretically and it was 
shown that these stresses are significant enough to affect the incipient yield criteria as they are 
currently applied. Alternative schemes that account for cyclic loading and loading history of the CT 
string in the field are proposed for future consideration. 
  
This research project has proven the following major points about the operational limits of coiled 
tubing in view of cyclic loading: 
 

 Cyclic loading changes the material properties of CT so that the elastic-perfectly-plastic 
model for the material behavior does not apply after the first cycle. 

 The yield strength of CT material decreases by approximately 15% with increasing strain 
cycles up to about 20 cycles. 

 The stress/strain curves exhibit self-similarity in the plastic region implying a power law 
relationship between stress and strain at different strain ranges. 

 Ballooning of the CT diameter only occurs during plastic deformation with internal 
pressure. The ballooning appears to be a linear function of the axial strain range. 

 The current method of defining CT limit states based on the von Mises incipient yield 
criterion is overly conservative because it neglects effects of residual stresses.  An 
alternative criterion that accounts for effects of cyclic plastic deformation, residual stresses, 
and probability of failure is suggested. 
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INTRODUCTION 

The Coiled Tubing (CT) mechanics project was initiated in January 1996 at CTES by the Gas 
Technology Institute. The aim of the project was to define a new set of CT operating limits based 
on criteria other than "incipient yield". The new limit states would take into account the effects of 
residual stresses, property degradation due to cyclic loading and material anisotropy. This 
document describes the work done in this project through August 1996. 
 
In contrast to other Oil Country Tubular Goods (OCTG), CT performance is dominated by two 
factors:  
 

a) severe cyclic loading and 
b) degradation of material properties during cyclic loading. 

 
Therefore, a procedure that determines the operating “limit states” of CT must consider these two 
factors. 
 
Presently, the burst, collapse and axial load operating limits for CT are established by using the von 
Mises incipient yield criterion [1]. This criterion has historically been used to calculate the limits 
for OCTG. The von Mises criterion calculates the tri-axial stresses (axial, circumferential, and 
radial) caused by the forces applied on the tubing due to  
 

 axial force (tensile or compressive) 
 internal and external hydraulic pressure 
 bending (on the gooseneck or the reel and due to helical buckling). 

 
The triaxial stresses caused by these externally applied forces and pressures are combined into a 
uniaxial equivalent stress, the von Mises stress,  vme . This combined stress,  vme  , is then compared 
to the yield stress,  yp , determined from a uniaxial pull test on a sample of the CT. When  vme   

reaches  yp  , it is assumed that the CT material will begin to yield [2]. This point of "incipient 

yield" is currently used by the CT industry to determine the burst, collapse, tensile and compressive 
limits for CT. 
 
Because of the bending that occurs when CT is spooled on and off the reel and pulled over the 
gooseneck, the CT is plastically deformed before it enters a well. Also, the plastic bending and 
subsequent straightening introduce significant residual stresses in the CT. The current methods used 
to calculate limit states ignore these residual stresses. These residual stresses are a significant 
percentage of the yield stress of the material and initiate yielding earlier than predicted by the 
present method. The material used to make CT has a well-defined yield point in the axial direction 
for the first yield load applied. For subsequent loading cycles, the Bauschinger effect and work 
softening change  yp  and make it less well defined. Also,  yp in the circumferential or hoop 

direction may not be the same as  yp  in the axial direction [3]. 
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This report contains a description of typical loading events that CT is subjected to. The residual 
stresses caused by plastic bending at the reel and the gooseneck are calculated by using a simple 
model. It is shown that these residual stresses are significant and must be considered in the 
calculation of CT operating limit states. The effect of cyclic loading on CT material properties is 
considered, and the methodology for Cyclic Strain Test (CST) for CT is presented. Finally, the 
results from the CSTs are discussed. The report ends with recommendations for future work on 
redefining the CT operating limit states. 
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REVIEW OF RELEVANT LITERATURE 

The earliest work that determines the limit states of a tubular is reported in a German paper by 
Lode [4]. Lode subjected thin walled tubes of copper, nickel and steel to various combinations of 
internal hydrostatic pressure and uniaxial tension and devised a sensitive method to determine the 
effect of intermediate principal stresses on yielding. For an English translation of this work refer to 
the textbook by Slater [5]. In a set of classic experiments, Taylor and Quinney [6]. subjected 
copper, mild steel and aluminum thin walled tubes to combined tension and torsion. Lode’s work 
was repeated in part in 1945 by E. A. Davis of Westinghouse Research Laboratories [7], [8]]. Davis 
investigated the combined influence of tension and internal hydraulic pressure on the strength and 
ductility of thin walled tubes of low carbon steel. He studied the nature of tube failure for different 
ratios of axial to circumferential stress in the tube. It must be noted that these works were 
undertaken primarily to determine the limit states or the yield surfaces of ductile materials under 
multiaxial states of stress. Consequently, these studies did not include the effect of residual stresses 
and/or cyclic loading. 
 
The earliest comprehensive study of cyclic loading from the point of view of view of low cycle 
fatigue is by Coffin [9]. Coffin’s work considers the role of the Bauschinger effect and provides a 
very detailed review of work done on fatigue of ductile metals till 1954. For more details on 
Bauschinger effect consult the references cited in the section “Cold working, Bauschinger effect 
and cyclic loading.” 
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LOADING EVENTS OF COILED TUBING 

CT experiences stresses due to three kinds of loads:  
 

 Bending (on the reel or on the gooseneck, or due to buckling inside the well) and 
straightening (when it comes off the reel or the gooseneck and in the injector head),  

 direct tensile/compressive axial loading or unloading and  
 internal and external hydraulic pressure.  

 
In the absence of hydraulic pressure, the stresses induced are uniaxial along the axis of the tubing. 
Internal and/or external pressure creates a triaxial state of stress in the tubing. Figure 1 shows the 
three principal stresses in CT.  
 

 

Figure 1 Principal stresses in CT 
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Figure 2 Cross section of CT 

 
These principal stresses act along the axial, circumferential (or hoop), and radial directions. Internal 
and/or external hydraulic pressure create circumferential and radial stresses as shown in Figure 1. 
In general, the three principal stresses vary across the cross section. For example, in the absence of 
external pressure, with p pi o  the hoop stress is maximum at the inside wall of the tubing and 
decreases outward. The axial stresses (though usually assumed constant) vary across the cross 
section when tubing is bent and straightened. 
 
Consider the case when there is no internal or external pressure. When a length of CT is bent to a 
radius Rb  and released, it returns to its initial straight position if R Rb b y , , or retains a residual 

radius of curvature Rr , if R Rb b y , . Here, Rb y, , the yield radius is defined as 

Equation 1    R
d E

b y
o

yp
, 

2  

Let a given length of CT be bent to a radius R Rb b y ,  (where Rb y,  is the yield radius). Figure 3 

shows the bending stress profile for this case obtained from elementary bending theory [10]. The 
fibers on one side of the neutral plane (see Figure 2) are in tension while those on the other are in 
compression. Upon completion of bending, the strain in the fibers is  

Equation 2    b
b

y
y

R
  

where y  is the distance of the fiber from the neutral plane, (which in this case happens to be the 
plane of bending). Assuming that the material is elastic perfectly plastic, the corresponding (axial) 
stress profile for the CT cross section is given by 

y  0

ro

ri

Neutral plane

y
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Equation 3    
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Let us divide the fibers in tension and compression into three sets of fibers  

 
Figure 3 Bending stresses in CT 
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  Fibers in compression. 

 
Table 1 shows the stresses and strains in each of these sets of fibers.  
 

Table 1  Stresses and strains at the end of bending 

Fiber set Stress Strain 
 T1  0    b

b
yp

E

R
y  0 3   y  

 T2   b yp   y y 3 2  

 T3   b yp
2

23 y
o

b

d

R
   

 C1      yp b
b

E

R
y 0     y 3 0  

 C2   b yp     2 3  y y  

 C3   b yp 
  

d

R
o

b
y2

23   

 y bR

  y bR

y

  b y
 yp

 yp

ro

 ro

Tension

Compression

0
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If the tubing is straightened, the strain in every fiber returns to zero. During straightening, each of 
the six sets of fibers behaves differently. All fibers in  T1  and  C1  return to zero stress. Fibers in 

 T2 and  C2 have finite stress less than the yield stress. 

Figure 4 Loading diagram for elastic-perfectly-plastic CT 

 

Figure 5 Stress profile in bent and straightened CT 
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Fibers in  T3  and  C3  have undergone strains greater than 2 y  during bending. These fibers retain 

a residual stress equal to  yp  at the end of straightening. Figure 4 shows the stress profile at the end 

of straightening and Table 2 describes the stresses in each fiber set. Straightening interchanges the 
tension and compression regions. In addition, there is a stress free core in the center of the cross 
section. This stress free core is a characteristic feature plasticized beams that have been 
straightened [11]. 
 

Table 2 Stresses and strains at the end of straightening 

Fiber set Stress Boundaries  

 T1  0 0  y Ry b  

 T2   
E

R
y

b
yp  

 y b y bR y R  2  

 T3   yp 2 y b oR y r   

 C1  0  0   y Ry b ,  

 C2   
E

R
y

b
yp      y b y bR y R2

 C3   yp    2y b oR y r  

 
If a tensile axial load is applied to the bent and straightened CT, the stress profile shifts to the right 
and assumes the curve described by A’B’C’D’G as shown in Figure 5. The magnitude of the shift 
and the resulting axial strain can be calculated from elementary considerations involving force and 
moment balance [12], [13], [14], [15]]. Simultaneously, the various fibers in the cross section travel 
along the loading paths (5-6) shown in. Removal of axial load is elastic, i.e., all fibers in the CT 
unload along lines parallel to the elastic loading line (1-2 in Figure 4). Subsequent bending cycles 
essentially involve a repetition of the above events.  
 
The simple model described above assumes that the CT material is elastic-perfectly-plastic. 
However, the Bauschinger effect observed in results from this study significantly alters the stress-
strain behavior of the material. Moreover, the simple model assumes the CT cross section remains 
circular, a condition not found in actual practice. Repeated and severe bending of pipe causes 
ovality that does not vanish when pipe is straightened [16] This is also accompanied by a slight 
shift of the neutral axis and moment of inertia [17]. A complete mathematical description must 
consider these factors. 
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RESIDUAL STRESSES IN COILED TUBING 

This section calculates the residual stresses in CT that is bent, released, straightened, and released 
again. The analysis assumes that  
 

i. the CT material is elastic perfectly plastic,  
ii. plane sections remain plane during bending, straightening, and release,  
iii. whenever the CT is released, the path of unloading of every fiber is elastic,  
iv. the axis of the CT lies in the neutral plane, and the neutral surface does not move and  
v. the bending radius is small enough for the elastic plastic boundary to have penetrated the 

inner radius of the CT1, i.e., R rb i y  .  

 
Assumption (i) is not strictly valid. A more complete model must relax this assumption and account 
for the change in material properties. When CT is bent, there is a slight shift of the neutral axis due 
to the Poisson effect2. This effect may be neglected in the first analysis. However, the residual 
stresses calculated in this analysis indicate the order of magnitude of the expected stresses, and the 
method can be easily extended to account for the shift of the neutral surface.  

Initial Bend 

Upon completion of the initial bend, the strain and stress profiles across the cross section of the CT 
are given by Equation 1 and Equation 2 respectively. The bending moment required to bend the CT 
is given by 

Equation 4         M R
E

R
r I R r r I R r I R r I R rb b

b
o y b o i y b i yp y b o y b i









   

2

4

3
4

3
4

3 2 2    , , ( , ) ( , )  

where 

Equation 5    I t a a
t

a2
3

2 3 2

1,

/

  

















,       

         and 

                                                 
1 Relaxing this assumption does not change the argument. The extension to cases where plasticity has not penetrated the inner radius is trivial. 
However, in problems that involve CT, assumption (v) holds true. 
2 When CT is bent , the neutral plane shifts towards the side of compression. This shift can be calculated by considering force balance across the CT 

cross section. For severe bending radii [13], ( R
r

b
o

y


4

) the shift   (with respect to the CT plane of symmetry) is given by one of the roots of the 

following quadratic equation: 

  



 2 2 2 2 21 2 2

3
0









    




perm

b o o i i y bR r r r r R , 

where   is Poisson’s ratio. The shift is a very weak function of the permanent strain  perm  and only depends on the bending radius and CT 

geometry. In general this shift is small enough to be neglected. 
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Equation 6    I t a
t

a

t

a3
1 10 25 4, sin . sin sin 




 













  .     

Equation 4, Equation 5, and Equation 6 agree with the result derived by Yang [19] in Equation 13. 
 

Release After Initial Bend 

Releasing the CT is equivalent to applying a bending moment of   M Rb b . Therefore the residual 

stress profile can be calculated by superposing the stresses in the CT caused by the moments 
 M Rb b  and   M Rb b . Since unloading is elastic (see Timoshenko,1975, part I, p 95 and part II, p 

377), the stress profile due to   M Rb b  is given by  

Equation 7      
 rel b

b b

z

y
M R

I
y,  













       

where I z  is the moment of inertia of the CT. The residual stress profile is 

Equation 8          r b b rel by y y, ,  .       

The residual radius of curvature can be found by evaluating the strain in the outermost fibers that 
did not yield. These fibers are at distances of  y bR  (from the neutral axis), and the strain in them is 

always proportional to the curvature. Therefore, the residual radius of curvature is  

Equation 9    
    

R
R

R E

R M R EI

r b
y b

r b y b

b b b z

,

,

,

.






 




 

1
1

       

Equation 9 matches with Equation 13 derived by Bhalla [19].  

Release after straightening 

The stress profile in the straightened CT is described in Table 2. The corresponding straightening 
moment is 

Equation 10              M R M R
E

R
r I R r r I R r I R r I R rs b b b

b
o y b o i y b i

yp
y b o y b i 









   

2
2 2

8

3
2 24

3
4

3 2 2 


 , , , ,    

where the functions I2  and I3  are defined in Equation 5 and Equation 6 respectively and  M Rb b  is 

defined in Equation 4. Releasing the CT from the straight position is equivalent to applying a 
moment equal to   M Rs b . Since the path of unloading is elastic, the residual stress profile at 

equilibrium is the sum of the stress profile at the end of straightening and the stress profile   rel s y,  

due to the moment   M Rs b . This gives, 
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Equation 11          r s s s b zy y M R I y,   .       

The residual curvature can be found (as before) from the strain in the outermost fibers that did not 
yield during loading or unloading. This radius of curvature can be shown to be 

Equation 12    R EI M Rr s z s b,   .        

Equation 12 is consistent with Equation 13 of Bhalla (1994). 

 

 

Figure 6 Residual stresses in CT 

 
For 1.5" x 0.109" CT of 70 kpsi material that has been bent to a radius of 48", straightened and 
released, the residual radius has a value of 20.2 ft.  
 
Figure 6 shows the stress profiles in this CT when it is (1) bent to 48" radius and held there, (2) 
released, (3) straightened, (4) then released. The peak residual stresses for cases (ii) and (iv) are 
significant, in this case as much as 58% of the nominal yield stress. These residual stresses will 
influence the behavior of the CT for all subsequent loading.  
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COLD WORKING, BAUSCHINGER EFFECT AND CYCLIC LOADING 

The stress strain curve obtained from initial loading of a test specimen into plastic range is known 
as the virgin curve. If we apply a load greater than the yield load then remove the load it retains a 
permanent strain. If we apply another load to the specimen, the reloading portion of the stress strain 
diagram is, like the unloading portion, approximately a straight line with slope equal to the Young’s 
modulus. The reloading then follows the virgin curve. Similar results are obtained with further 
loading and unloading. The maximum stress attained before unloading is thus a new yield stress 
and the material is said to have been strengthened or work hardened by plastic deformation (or cold 
working).  
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E
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Figure 7 Cold working of ductile materials 

 
If we apply a load greater than the yield load to a metallic specimen, remove the load, then apply 
the same load in the opposite direction, the material yield point in the opposite direction is reduced. 
This phenomenon is known as the Bauschinger effect. The Bauschinger effect can be observed 
whenever the direction of straining is reversed. This effect may be explained as the sliding of 
individual crystals comprising the material and the residual stresses produced by this sliding. 
Timoshenko [10], Part II, pp. 413-414] provides an appealing phenomenological explanation of this 
effect by considering the load-elongation characteristics of a set of hinged bars subjected to axial 
loading. Other explanations based on continuum, microstructural and endochronic approaches have 
been proposed by various workers. A discussion of these theories is beyond the scope of the present 
document and the reader is referred to the works by Lubliner [3], pp. 111-113], Yeh et al. [20], Bate 
and Wilson [21], Schmidt and Morgan [22] and Parker and Kettlewell [23]. 
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From the discussion in the section “Review of relevant literature”, it is clear that coiled tubing is 
subject to work hardening as well as the Bauschinger effect. For example, the fibers farthest from 
the neutral axis experience bending strains that are six to seven times the yield strain (as calculated 
from the uniaxial pull test data). When the tubing is straightened these fibers do not follow elastic-
plastic unloading paths. The fibers that experienced tension during bending experience compression 
when the pipe is straightened and vice versa. When these fibers are subjected to axial loads, they 
experience tension. This cycle is repeated many times during the life of the CT. Because of the 
cyclic loading conditions that prevail in CT, the loading/unloading paths can no longer be inferred 
from the uniaxial material property test data. Experimental data must be obtained by simulating the 
conditions that CT is subjected to in the field.  
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 DEVELOPMENT OF THE CYCLIC STRAIN TEST (CST) 

The aims of the Cyclic Strain Test (CST) are: 
 

a) to simulate cyclic loading that CT is subjected to when deployed in the field,  
b) to determine the effect of this loading on the material properties of CT. 

 
A CST consists of the following steps:  
 

1. Use the pressurization apparatus shown in Figure 9 to apply the required internal hydraulic 
pressure.  

2. Select the strain range and determine the strain limits for cycling.  
3. Load the specimen to the strain determined in step (ii);  
4. Unload the specimen and apply load in the opposite direction to the predetermined strain, 
5. Repeat (iv) for the required number of cycles.  

 
During the CST, the Data Acquisition System continuously records load, strain (or elongation if 
using an extensometer), internal pressure and cycle number. 
 

As discussed in the section “Loading events of coiled tubing” of this report, different parts 
of the CT cross section experience different levels of stress and strain during bending. Typically, 
the fibers in  T1  and  C1  experience only elastic strains. The fibers in  T2  and  C2  undergo 

plastic strains that are less than twice the yield strain. The fibers in  T3  and  C3  are subject to 

plastic strains greater than twice the yield strain. Therefore the matrix of CSTs for this study was 
designed to reveal the effects of different strain ranges and internal pressure on material properties 
of coiled tubing. Table 3 shows the test matrix. The maximum strain in tension or compression was 
16,000 microstrain. Based on the cyclic strain range, the tests may be classified into the following 
groups: 

 
 Full range tests: The CT is cyclically loaded between max  and that  max  y .For this 

project, max  was approximately seven (7) times the yield strain of 70 kpsi carbon steel for 
1.5” OD pipe and five (5) times the yield strain for 2” OD pipe. These are the strain values 
experienced by the outermost fibers when these pipes are bent over a radius of 48” (the reel 
radius).  

 Half range test in tension: The CT is cyclically loaded between 0 and max . This test reflects 
the actual loading cycle on the outermost fibers in the tension side of the CT when it is bent. 
More accurately, this is representative of fibers which experience axial strains greater than 
twice the yield strain (see Figure 4 and discussion in the section “Loading events of coiled 
tubing”).  

 Half range test in compression: The CT is cyclically loaded between 0  and max . This test 
reflects the loading cycles of fibers on the compression side of the bent CT. This strain 
range, only represents fibers that experience compressive strains greater than two times the 
yield strain when the CT is bent. 
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Table 3 CST matrix for 70 Kpsi samples 

CS
T 

Date OD 
(inches) 

WT 
(inches) 

Int. press. 
(psi) 

Strain range ( 
) 

1 Jan. 2, 1996 1.5 0.109 0 16,000 to -
16,000 

2 Jan. 5, 1996 1.5 0.109 0 16,000 to 0 
3 Jan. 5, 1996 1.5 0.109 0 0 to -16,000 
4 Jun. 11, 

1996 
1.5 0.109 2000 16,000 to -

16,0003 
5 Jun. 11, 

1996 
1.5 0.109 2000 16,000 to -

16,000 
6 Jun. 12, 

1996 
1.5 0.109 2000 16,000 to 0 

7 Jun. 12, 
1996 

2.0 0.134 0 5,000 to -5,000 

8 Jun. 12, 
1996 

2.0 0.134 2000 5,000 to 0 

                                                 
3 This test was used to debug the data acquisition system and procedure. No useful data was obtained from this test. 
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TEST APPARATUS, TRANSDUCERS & DATA ACQUISITION SYSTEM 

The CSTs were conducted at the Department of Civil Engineering at Rice University, Houston, 
Texas, following the ASTM E606 guidelines. A tension-compression machine (INSTRON model 
1332 with series 8500 controller) was used to perform the tests described in Table 3. The machine 
is capable of applying 55,000 lbs in tension and compression, and can be cycled between pre-set 
strain (or stress) limits. The frequency of cycling and the load versus time waveforms are 
controllable parameters. Axial load is measured by a 250 kN (55,000 lbs) INSTRON tension-
compression load cell. The axial strain is measured by an INSTRON 1” gage extensometer. The 
load cell and/or extensometer outputs are used to control the loading cycles. In addition, a data 
acquisition system records the axial load and strain continuously in a spreadsheet file. However, 
this data acquisition system cannot read the internal hydraulic pressure and hoop strain. Therefore, 
a data acquisition system compatible with the INSTRON machine and controller was built to 
measure the quantities of interest.  

Test specimens 

The 3” test specimens were cut from 70 kpsi CT that was never bent. Figure 8 shows a typical 
specimen. In order to mount the test specimen in the INSTRON machine, a threaded end adapter 
was welded to each end.  
 
 

 
 

Figure 8 2.0" x 0.134" CT test specimen 

Figure 9 shows the complete test fixture with the end adapters. The upper and lower end adapters 
were machined from 70 ksi 8620 steel and welded on either end of the CT specimen. The ports in 
the adapters allow the sample to be pressurized. Appendix B contains the drawings of the various 
parts that comprise the complete test fixture shown in Figure 2.  
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Figure 9 The test specimen with end adapters 
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Figure 10 Test specimen pressurization system 
 

Figure 10 shows the schematic diagram of the test specimen hydraulic pressurization system. A 
pump with a two-position hydraulic control valve pumped fluid into the test specimen. Port B was 
the pressure bypass. Port A was connected to a dial pressure gage, an electronic pressure transducer 
and a surge tank. The pressure port on the lower adapter of the test specimen was plugged for these 
tests. The pump was energized after setting the two-position valve to port A. Hydraulic oil was 
used to pressurize the sample. The sample pressure was relieved by switching the two-position 
valve from port A to port B. During a CST, the large axial strains change the sample volume. This 
change in volume would significantly affect the internal pressure for a fixed volume of hydraulic 
fluid. The pressure in a 3" long test specimen of 1.5" x 0.109" CT subjected to axial strain of 
16,333 microstrain increases by 43%4. Therefore, a surge tank was designed to ensure that the 
pressure inside the test specimen did not vary by more than 1%. Appendix C shows the calculations 
involved in the design of the surge tank. 

Transducers 

In these experiments, the four primary quantities of interest are axial load, internal hydraulic 
pressure, axial strain and hoop strain. These are measured by a load cell, a pressure cell, an axial 
extensometer, and a hoop strain gage respectively. The rate of loading (or the frequency of 
cycling), and the loading waveforms were also recorded during a typical experiment. 
 
A 250 kN (55,000 lbs) INSTRON tension compression load cell measured axial load. The 
INSTRON 5000 series controller read the output of the load cell. The controller reads the output of 
the load cell and converts it to an analog voltage proportional to the load. At full scale, (i.e.,  
55,000 lbs), the output voltage is  10V. This voltage is also available to data acquisition systems. 
 

                                                 
4 Assuming that the internal fluid is water or hydraulic oil. 

Gear pump with two position hydraulic control valve
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A 0-5000 psi ASHCROFT pressure cell measured internal hydraulic pressure. The pressure cell 
produces a current signal in the range of 4 to 20 mA. This current through a 250  resistor created 
a 1 - 5 V signal measured by the data acquisition system.  
 
Axial strain was measured by an INSTRON axial extensometer. The extensometer has a gage 
length of 1" and is capable of measuring a displacement of 0.5" (or a microstrain of 500,000). The 
INSTRON 5000 series controller converts the extensometer output into an analog voltage 
proportional to the strain. At full scale, a voltage of  10V is available at a standard BNC connector 
on the back panel of the controller. This voltage was fed to our DAQ board. 
The hoop strain was measured by a circumferential strain gage. The strain in the gage was 
measured by a P-3500 strain indicator from Measurement Group, Inc. The strain indicator produces 
an analog voltage proportional to the strain in the gage.  

Data Acquisition System 

The Data Acquisition System at Rice University was used for all CSTs, but it can only record the 
axial load and axial strain. CTES built and programmed a separate Data Acquisition System (DAS) 
to record the data for tests 4 - 8. This system can continuously record axial load, axial strain, hoop 
strain and internal pressure. The DAS uses a Data Acquisition board (AT-MIO-64F-5) from by 
National Instruments, Inc. installed in a Pentium 100 MHz PC. The board has 64 channels of input / 
output with a 12-bit A/D converter. It can read 64 single-ended or 32 - differential signals. These 
signals may be bipolar ( 5 V) or unipolar (0 to 10 V). For the CSTs, the board was configured to 
read differential signals.  
 
The measurement range of the DAQ system was 10 V (-5 to 5 V), but the range for the load cell 
and axial extensometer was 20 V (-10 V to 10 V). Therefore, voltage attenuators such as in Figure 
11 were used on the axial extensometer and load cell channels. The circuit reduced the voltage by a 
factor of 3 before feeding it to the DAS. The voltage that is read by the DAS is given by 

 V
R

R R R
VG

E F G
DAQ transducer

 
  

The number of loading cycles and the strain rates were recorded manually from the control panel of 
the INSTRON machine. 

Figure 11 Attenuator circuit for DAQ board 

Vtransducer

Ch. 1 / 2

Ch. 9 / 10

VDAQ

RE = 10 k

RG = 10 k

RF = 10 k
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EXPERIMENTAL DATA FROM CST 

Figure 12 shows the uniaxial stress-strain curve for a virgin sample of CT when it is pulled for the 
first time. The figure confirms the linear behavior of CT material in the elastic range. The sample 
yields abruptly and the strain increases without corresponding increase in stress. This is a good 
example of elastic-perfectly-plastic behavior. When the specimen is unloaded, the sample retains a 
permanent strain as shown in Figure 13. The sample must be compressed to return it to its original 
length (zero strain). When the sample is loaded in compression, the stress-strain curve follows an 
elastic linear loading path (parallel to path 1-2) until the stress disappears. Further compression 
results in a highly nonlinear stress-strain curve.  
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Figure 12  Axial loading of virgin sample, CST # 1 
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Figure 13  The Bauschinger effect in CT steel, CST # 1 
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Figure 14  Cyclic loading of CT specimen, CST # 1 – First 5 Cycles 
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This illustrates the well-known Bauschinger effect. Increase in strain is necessarily accompanied by 
increase in stress, and we begin to see the effects of cold-working or strain hardening. The 
Bauschinger effect occurs again when the direction of loading reverses again (at point 6 in Figure 
13). In the absence of the Bauschinger effect, point 7 would be at the same stress as point 2.  
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Figure 15 Cyclic loading of CT specimen, CST # 1 – Selected Cycles 

The stress at the end of each cycle can therefore be used as a measure of the change of material 
properties with increasing number of cycles.  Figure 14 shows the stress-strain curve for the same 
specimen for the next five CST cycles. Note the gradual shift of the elastic portion of each curve 
towards the stress axis. Figure 15 shows the percentage change of stress (with respect to the 
nominal yield stress of the material) at point 7 as a function of the number of loading cycles.  
 

Figure 16 and Figure 17 show stress-strain data for the half range tension and compression 
tests respectively. As expected, the material behavior curves are geometrically similar to the curves 
obtained from the full-range tests. The Bauschinger effect, elastic unloading, and departure from 
linear behavior (after the first pull/compression) are evident in both tests. 
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Figure 15  Change of yield stress with cycling, CST #1 
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Figure 16  Half range tension test, CST #2 
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Figure 17  Half range compression test, CTS #3 
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Figure 18  Cycle 25 for CST #1, #2 and #3 
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Figure 19  Symmetry of the half range tests, CST # 2 and # 3 

 

The yield strength decreases very rapidly (about 15% in the first twenty cycles) in the first few 
cycles and then reaches an approximate steady state. In Figure 18, the 25th cycle is plotted for tests 
1, 2 and 3. Figure 19 confirms the geometric similarity of the curves shown in Figure 18. In this 
figure, cycle 25 of CST # 3 is superimposed on cycle 25 of CST # 2. The result suggests that the 
material property curves from cyclic loading are self-similar. Objects that are geometrically similar 
on all length scales are said to exhibit self-similarity. All self-similar quantities obey simple power 
laws and they are used in the study of fractals. (An example is Newton’s law of gravity which 
varies as the inverse square of length on all scales.) Self-similarity implies that a two dimensional 
curve, for example the stress-strain curves discussed thus far may be expressed as [24] 
 
  f x y x g y x( , )     

 
in which  f x y,  has been replaced by a function of only one variable g . For any range of the 

variables over which g  is relatively constant,  f x y,  is then approximated by a simple power law 

in x . The constants   and   could be determined for different materials and strain ranges. In other 
words the constant   and the scaling function g  are the properties of the material under cyclic 
loading. These properties (along with the modulus, yield stress, etc.) can be determine once and for 
all and provided to the field engineer. The cyclic stress-strain curve for the appropriate strain range 
can then be recovered from the scaling equation. Such stress-strain curves resemble the “hysterisis” 
curves encountered when a piece of iron is magnetized by a current that changes magnitude and 
sign in a prescribed cycle [25]. Fractal scaling laws have already been used in the analysis of 
ferromagnetism where similar “hysterisis” type material behavior is encountered [24]. 
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Figure 20  Full range test with 2000 psi internal pressure, CST # 5 

Test specimens subjected to cyclic loading with internal hydrostatic pressure, experience triaxial 
stress as described in the section “Loading events of coiled tubing”. In the elastic range, the radial, 
circumferential and axial stresses are given by Equation B 2, Equation B 3 and Equation B 4 of 
Appendix B. The first term in Equation B 3 represents the contribution of internal pressure pi  
(pressure cell reading) to the axial stress and the second term is the contribution due to the directly 
applied axial load P  (the load cell reading). At any point in the loading cycle, the axial stress must 
be computed from the load cell and pressure cell readings by using Equation B 4. Figure 20 shows 
the cyclic axial stress/axial strain profile for a test specimen with internal pressure. This figure 
resembles the curves shown in Figure 14 and Figure .  In fact, the material yield strength remains 
unchanged (as expected). The yield load is however reduced in tension because of the effect of 
internal pressure. Consider Figure 21 which shows the variation of the axial stress with the 
circumferential (hoop) strain for the same test. At zero axial load (the load cell reads zero), the 
hoop strain from Equation B 6 is approximately 300 microstrain.  
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Figure 21  Hoop strain in full range test with 2000 psi internal pressure, CST # 5 

As the sample is loaded in tension, the hoop strain decreases and eventually becomes negative. 
When the axial stress is large enough, the second term in Equation B6 dominates and the hoop 
strain is negative. When the sample yields, the hoop strain decreases without further increase in 
axial stress. The circumferential and radial stresses do not change (see Equations B2 and B3) since 
the pressure is constant. The variation in the hoop strain is only due to the change in axial stress 
(and hence axial strain). Note that at the end of the cycle (point D in Figure 20 and Figure 21) the 
axial strain is zero but the hoop strain is approximately 6000 microstrain. The permanent hoop 
strain at the end of cycle # 1 is the diametral growth.  The diameter increases with each cycle. This 
result clearly proves that plastic cycling under internal pressure causes ballooning of CT.  
 
Figure 22 and Figure 23 show data from a half range tension test. The behavior is similar to the that 
of the full range tests. 
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Figure 22  Half range tension test with 2000 psi internal pressure, CST # 6 
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Figure 23  Hoop strain half-range tension test with 2000 psi internal pressure, CST #6 
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Figure 24  Full range test for 2" OD CT- axial strain, CST # 7 
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Figure 25  Full range test for 2" OD CT- hoop strain, CST # 7 
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Figure 26  Diametral growth for CST # 5 and # 6 

Note the geometric similarity between the half and full range tests. Figure 24 and Figure 25 
illustrate the material behavior for the full range test of 2” x 0. 134” CT.  Figure 25 proves that 
internal pressure is necessary for ballooning. Figure 26 shows the diametral growth as a function of 
the number of load cycles. The hoop strains plotted along the y-axis axis are measured when the 
axial strain is zero and the axial stress is compressive. There appears to be a qualitative difference 
in the behavior of the diametral growth in the two tests. Recall that CST # 5 was a full range test 
while CST # 6 was a half-range tension test. In other words the strain range in CST # 6 is half the 
strain range in CST # 5. Correspondingly, the diametral growth for a given number of cycles for 
CST # 6 is a little greater than half the diametral growth for CST # 5. This is a very qualitative 
observation and more data is required to quantify this effect. For CT in the field, the ballooning will 
be less severe than that observed in Figure 26 because the strain comes from bending. The fibers 
close to the neutral axis of bending do not suffer any plastic deformation while those far removed 
from it experience severe plastic strains.  
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RATIONAL FOR REDEFINING CT LIMIT STATES 

 

Incipient yield criteria 

A yield criterion describes the conditions under which yielding occurs in a body. Mathematically it 
is represented by a function  f i j yp , ,  where  i j, defines the (triaxial) state of stress and  yp  is the 

uniaxial yield strength in tension or compression [2]. When  f i j yp , ,  0  the stress state is elastic. 

According to the incipient yield criterion, yielding begins when  f i j yp , ,  0  at any point in the 

body. For CT subjected to radial, hoop, and axial stresses, the von Mises yield criterion states that 

Equation 13        f rad h h a a rad yp            2 2 2 22 .    

The principal difficulty in applying such incipient yield criteria is that the limit state is determined 
by the first point satisfying the condition  f i j yp , ,  0 . Secondly, the criterion assumes a sharply 

defined yield point.  
 
Consider the case of CT that has been bent and straightened at zero internal pressure ( rad h  0 ). 
The stress profile across the cross section of the CT is shown in Figure 6. All fibers at distances 
greater than 2 y bR  from either side of the neutral axis are at tensile or compressive yield stress. 

Hence, according to Equation 13 the CT has already failed. However, the CT can support axial 
loads. In the absence of internal pressure, the CT can support tensile axial loads up to the yield load 
of the virgin CT [12], [15]. All fibers in the range r y Ro y b  2  are capable of elastic deformation 

and can support axial loads. Thus, the incipient yield criterion failed to predict the limit state of the 
CT. Despite significant residual stresses in (large) portions of the cross section, the CT retains 
strength on a "global" basis. Thus "incipient yield" is too stringent a criterion. Clearly, the situation 
gets more complicated when the CT is subjected to internal pressure as the stress state is triaxial. 
Therefore, a more accurate limit state is needed. 
 
When a body is subjected to stresses beyond the yield point, the state of stress for additional 
loading depends on  
 

i. the initial state of stress,  
ii. the path of loading (and hence the material property curve), and  
iii. the geometry of the body. 
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Figure 27  Fatigue Test Machine (FTM) 

 
Furthermore, the order in which the body experiences different loading events becomes important. 
For example, bending followed by axial loading beyond the elastic limit is not the same as axial 
loading followed by bending beyond yield. Therefore, the procedure to determine the new CT 
limits should account for: 
 

 residual stresses prior to a loading event, 
 the change in material properties, 
 "complete" failure (as opposed to local yielding) of the CT by including geometry 

dependent parameters. 
 
The procedure requires rigorous analysis of CT mechanics and subsequent experimental 
verification. 
 
Test apparatus necessary to verify the CT limit states should be able to simulate the states of triaxial 
stress in CT in the real world.  It should be capable of bending CT around different radii of 
curvature with or without internal pressure and applying axial loads on CT.  
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Figure 28  Axial Loading Fixture (ALF) 

 
Figure 27 shows a Fatigue Test Machine (FTM) to simulate CT fatigue. Figure 28 shows an Axial 
Loading Fixture (ALF) which operates in conjunction with a FTM by exerting an axial load on the 
CT when it is in a straight position. The lower beam of ALF is attached rigidly to the FTM 
perpendicular to the plane of bending of the CT. The upper beam pivots on the support column via 
a pin assembly and can rotate in a plane normal to the plane of the figure. The CT test specimen is 
attached to the upper and lower beams  as shown in Figure 28. The load cell measures the axial 
force on the test specimen. The hydraulic ram exerts axial force (tension) on the pull bar. Retracting 
the hydraulic ram pulls on the CT specimen with a force approximately five times greater than the 
tension in the pull bar. The force is amplified and transmitted as tensile load to the CT. The CT 
must be in a "straight" position when it is attached to the ALF.  A typical test procedure with this 
fixture consists of the following steps:  
 

1. Attach the lower beam of ALF to the fatigue machine.  
2. Load the test specimen into the FTM  (and pressurize it if necessary).  
3. Bend and straighten the CT for the required number of cycles. 
4. With the CT in the straight position, attach the upper beam of the ALF to the CT.  
5. Apply tension on the CT by pressurizing the hydraulic cylinder to retract the ram. 
6. Remove the axial load and detach the upper beam from the CT.  

 
Repeat steps 3 to 6. 
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Limit states applied to design 

According to traditional design philosophy, Working Stress Design or WSD, the design limits of a 
system are determined by a 'factor of safety', SF R Rn w / , where nR  is the nominal resistance and 

wR  is the safe working magnitude of a given parameter. nR  is determined from theory or 

experiment while wR  is chosen based on experience and/or observation. In other words, this 

approach compares an "estimated" most severe loading condition that can occur on a system with 
its "known" least capacity. The margin of safety is determined by SF. 
 
In contrast, a reliability-based design approach has its basis in probability.  According to Payne and 
Swanson [26] the expected load l  on a system and its resistance (or capacity) c  are both treated as 
random variables. These random variables model the variability of design loads, material 
properties, and geometry of the structure. The variability (or uncertainty) in each factor is indicated 
by the statistical spread in the data. The goal is to ensure that the capacity always exceeds the load. 
The design fails when c l .  The reliability of the design is quantified by the mathematical 
probability that c  is always greater than l . In essence, the magnitude of c l  defines the "limit 
state, g" of the system. The design is safe for positive values of g  and unsafe for negative values. 
References [26] - [29] contain further details of this method, which is known as Load and 
Resistance Factor Design (LRFD). 
 
An LRFD based approach would be a good method for defining CT limit states.  The problem of 
determining the limit states of CT is essentially the inverse of a design problem. In a design 
problem, a structure is designed to meet certain load requirements or reliability criteria. The limit 
state is a "known" quantity while the design variables are unknown. For CT, the limit states or 
probability of failure is the unknown quantity while the design variables and loads (or their 
probability distributions) are known. The ultimate limit state of CT for a given load is a function of 
its initial or residual stress profile, its loading path, material properties, and geometry.  An LRFD 
based approach would eliminate the need for exact knowledge of these parameters during the 
determination of the limit states.  Instead, the "risk of failure" for each loading condition could be 
assessed.  This approach would require a statistically large enough data base to estimate the 
distribution of parameters. 
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COILED TUBING TEST MACHINE 

CTTM Description 

A new Coiled Tubing Test Machine (CTTM) was developed to simulate the bending and force 
environment CT is exposed to.  Appendix A gives the specifications for the design of this machine.  
The CTTM is able to bend the CT sample around a fixed radius of curvature and straighten it again 
with internal pressure, in a similar manner to other existing fatigue test machines.  Different radii of 
curvature are achieved by changing the bend form.  The CTTM has the additional capability of 
being able to apply constant tension up to 200,000 lbs, (including constant tension while bending) 
and the capability of rotating the sample while in the straight position, allowing cycles of rotation 
and then bending.  Figure 30 is a picture of the CTTM. 
 

Figure 30 – Coiled Tubing Test Machine 

 
The “bend table” at the center of the machine contains a curved form below the CT sample and a 
straight form above the sample.  The bend table moves upwards to bend the CT around the curved 
form, then downwards to straighten the CT against the straight form.  As stated above, changing out 
the bend form allows for multiple radii of curvature.  The 2 pictures in figure 31 show the bending 
sequence.  The picture on the left shows the bend table in the down or straight position.  The right 
picture shows the bend table in the up or bent position. 
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Figure 31 – Bend Table in the Straight and Bent Positions 

Large hydraulic cylinders at the ends of the CT sample maintain the desired tension in the CT while 
bending, or apply the desired tension between bends.  A servo-motor rotates the CT between bends. 
The control panel is shown in Figure 32. 

 

Figure 32 – CTTM Control Panel 
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The machine can be controlled either automatically from the PC or manually from the control 
panel.  Data such as cycles, tension, internal pressure, and rotation position are recorded 
automatically.  Both the control function and the data acquisition are performed by a CTES Orion 
CT data acquisition system.  The upper window in Figure 33 is the CTTM control program.  The 
lower window is the Orion data acquisition software. 

Figure 33 – CTTM Control and Data Acquisition Software 

Testing designed to increase the understanding of internal pressure with tension and internal 
pressure with tension and rotation was conducted to improve the understanding of CT fatigue.  
Unfortunately, only a limited number of tests were performed before the funding was eliminated. 
 

CTTM Capabilities 

1) CT OD = 1.25"- 3.50"  
2) Tension  

 During bending = 10,000 lbs 
 Without bending = 200,000 lbs 

3) Sample maximum internal pressure = 10,000 psi 
4) Bending to yield = 3.5" OD x 0.25" wall CT, 100 kpsi material 
5) Bending radii 

 1.25" - 1.50" CT = 48” 
 1.75" - 2.38" CT = 72” 
 2.88" - 3.50" CT = 100” 

6) Rotation of CT sample about longitudinal axis (azimuth increment = 10º) 
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CTTM Features 

1) Short CT sample length (nominally 109”) 
2) Automatic or manual control 
3) Skid-mounted 
4) One-man operation 
5) No welding on CT sample (hydraulically-operated slips) 
6) Precision load cells to measure tension 
7) Extensometers to measure axial strain 
8) Electronic pressure transducers 
9) LVDT to measure travel of bending form 
 

Automatic Measurements During Operation 

1) Tension during bending 
2) Tension without bending 
3) CT sample internal pressure 
4) Axial strain (elongation) 
5) Hydraulic pressures 
6) CT sample azimuth angle (orientation) 
7) Bending form vertical position (LVDT and inductive proximity switch) 
8) Straight form vertical position (inductive proximity switch) 
 

Mechanics and Hydraulics 

Grips 

The grip mechanisms for each end of the CT are identical.  A single piston applies force to a set of 
grip blocks that slide along a tapered cam.  An internal mandrel machined to fit snuggly within the 
CT is inserted inside the CT.  The grip blocks press on the outside of the CT and grip the CT 
between the blocks and the internal mandrel.  Two pressure lines are connected to the piston.  via a 
4 way, 3 position sollinoid activated valve.  Two pilot activated check valves are in the circuit to 
ensure pressure is maintained in the piston chambers.  By activating the valve, pressure is either 
ducted to the gripping or releasing side of the piston, while the alternate side is ducted to tank (see 
Figure 7100-1004-16).  The CT ends are also sealed inside the grips.  The seals are capable of 
holding 10,000 psi of water with a reasonable safety factor. 

Bend Table 

A hydraulic cylinder powers the bend table.  Using an “X” type mechanism, the table is lifted or 
lowered by alternating the side of the piston to which pressure is provided while venting the other 
side to tank. 
The bend form is made up of a lower curved component with a radius equal to the desired bend 
radius and an upper strait form used to straiten the pipe.  The strait portion of the bend form can be 
lifted using a hand crank to allow for multiple sized tubing and for ease of insertion of the CT.  
Once the CT is installed in the machine, the strait form is lowered to be in close proximity to the 
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CT, trapping the CT between the strait form and the curved form.  During a test, raising the bend 
table forces the CT to conform to the curved from, creating the desired bend radius.  Lowering the 
table forces the CT to conform to the strait form, thus re-straitening the CT.  The resulting stress 
distributions and fatigue implications are discussed in the technical section of this report. 

Tension Circuit 

Tension is produced in the CT by gripping the CT ends, and pulling on it using two hydraulic 
pistons.  As seen in the diagram below (figure from Autocad), the headstock and tailstock contain 
the gripping mechanisms described above.  The tension is constantly monitored using strain gage 
type load cells, and an electronic pressure regulator is adjusted based on the load cell signal to 
produce constant tension.  The error between desired and actual tension is constantly monitored and 
the regulator is controlled to adjust to the error to maintain the desired tension, allowing constant 
tension to be maintained even during a bend cycle. 

Rotation Mechanism 

An electric servomotor is connected through a gear reduction to the headstock of the test machine, 
thus allowing rotation.  Rotation can only be achieved while the CT is strait.  The motor is 
controlled via computer or via manual control. 

Internal Pressure 

The CT can be pressured internally to a pressure of 10,000 psi.  A water pump is connected to the 
headstock.  Porting in the headstock directs the fluid into the sealed CT.  Manual relief valves are 
used to remove the internal pressure.  Plexiglass shielding protects the operator from the fluid 
released through a crack in the CT produced at the time of CT failure. 

CT Removal and Loading 

The tailstock is mounted to an “X” type mechanism coupled to a hydraulic cylinder.  It can be 
raised or lowered.  It is also mounted on rollers and bolted into the test machine.  By removing 
these bolts, the entire tailstock mechanism can be pulled back a number of feet.  With these two 
degrees of freedom, CT can be loaded and removed.  The first step in the removal process is to 
remove any internal pressure in the CT.  Once this is accomplished, the grips are released, and the 
tailstock bolts are removed.  The tailstock is then pulled back, releasing the CT.  The tailstock is 
lowered, and the CT is removed.  The loading sequence is simply the reverse of this process. 
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ANALYSIS OF CTTM FATIGUE DATA 

 
 

 

 

 

 

 

 

 

 

 

Figure 
34  

Analysi
s of Fatigue Data from CTES’ Coiled Tubing Test Machine  

& Quality Tubing’s Fatigue Test Machine 

 
Data from the CTTM and from a conventional CT fatigue test machine were compared to 
determine if the CTTM was working correctly.  Data from both machines are plotted in Figure 34, 
along with life predictions made by a commercial software package1.  
 
Reference data, generated with no axial force or rotation, were generated on the CTTM and on the 
standard fatigue testing fixture at Quality Tubing. The radius of curvature imposed by each 
machine is approximately 72 inches. The QT data show good agreement with the predictions. The 
CTTM data show good agreement with the QT data for the lower pressures, but increasingly longer 
lives at the medium and higher pressure levels, respectively. At the medium pressure level, the 
average CTTM life is about 1.3 times the average QT sample life. However, at high pressure, the 
average CTTM life is 1.88 times the average QT sample live. It is possible that a slightly longer 
stroke length is needed on the CTTM to achieve a complete wrap of the sample when testing at 
higher pressures. This will be investigated in future tests.  

 
The preliminary tests involving fatigue cycling with an external axial force of F = 8000 lbs. 
provided mixed results. The single test conducted at low pressure failed in about 72% of the 
average life of the two samples tested at low pressure without axial force. However, coiled tubing 
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fatigue lives exhibit considerable scatter at low pressure levels, and this variation is well within a 
reasonable scatter range. At the medium pressure level, an unexpected result was obtained. The 
average life from the two samples with an axial force of 8000 lbs. was about 16% longer than the 
average life of the two baseline tests. This result was surprising, since the 8000 lb. force, combined 
with the cyclic bending, is predicted to cause significant axial elongation. Measurements taken 
manually over approximately a 4 inch gauge length showed almost no elongation during the single 
low pressure test conducted with 8000 lbs., and elongation strains of 0.34% and 0.9% for the two 
medium pressure tests. Again, more test are required before firm conclusions can be drawn, but it 
can be said that the axial force appears NOT to increase fatigue damage, relative to cycling without 
an external axial force, at least for an external axial force up to 10% of the nominal body yield 
strength. 
 
The tests with rotation shown in Figure 34 show an increase in life, as expected. In the legend in 
Figure 3, the term “r” represents the rotation in degrees, applied every 3 cycles. Three tests were 
conducted with no axial force (one at low pressure and two at the medium pressure level) and the 
life increased by about 60% at low pressure and 56% at medium pressure. This result is not 
unexpected, since rotating the plane of bending distributes the severe cycling more uniformly over 
the entire cross section. This increase in life occurs despite the fact that a given portion of the 
tubing will go from 3 cycles of fully tensile strain to 3 cycles of fully compressive straining, every 
18 cycles. The distribution of straining around the cross section appears to offset any increase in 
fatigue damage caused by doubling of the maximum strain range experienced by a given section of 
the tubing over its life. This is illustrated in Figure 35, below. 
 
The final, single low-pressure data point of interest is the test conducted with r = 30 (30º per 3 
cycles) and an axial force of 8000 lbs. This test lasted 17% longer than the rotation test with no 
axial force, and a factor of 88% longer than the average low-pressure CTTM baseline life. Again 
the somewhat surprising result is exhibited: a longer life from cycling with axial force than without. 
Additional tests are needed to confirm the notion that an external axial force enhances fatigue life. 
At this point, it is possible to state that preliminary tests indicate that external axial force does not 
decrease fatigue life, at least for axial forces up to 10% of the nominal yield strength of the tubing. 
  



44 

The following figure 35 is from a CTES document - Achilles Fatigue Life Prediction Module, from 
the Cerberus Software Package, CTES, Houston, 1999.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 35 Schematic strain versus time history 

 
Figure 35 above illustrates the schematic strain versus time history for a portion of the cross section 
during a test involving 30º rotation every 3 trips. Notice how the maximum strain range doubles 
throughout life, with smaller strain fluctuations in between. 
 
This analysis is limited due to the limited data produced by the CTTM as part of this project. 
 

CONCLUSIONS 

The results of cyclic loading experiments and limited theoretical modeling indicate the following: 
 

1. Cyclic loading changes the material properties of CT. The elastic-perfectly-plastic model of 
material behavior does not apply to CT after the first bend. 

2. The yield strength of CT material decreases with increasing strain cycles up to about 20 
cycles. In general, the yield stress reduces approximately by 15% during the first 20 cycles. 

3. The material property curves exhibit self-similarity when the strain range is in the plastic 
region. This implies that the family of stress-strain curves for cyclic loading at different 
strain ranges can be represented by a simple power law.  

4. Diametral growth (ballooning of a sample) does not occur without internal pressure. Based 
on experimental evidence, the relationship between diametral growth and axial strain range 
appears to be linear. 

5. Examination of the role of residual stresses on CT shows that the von Mises criterion (or 
any incipient yield criterion) does not correctly define operational limit states of CT. 

6. Further testing using the CTTM is required to develop an improved limits criteria. 

time 

strain 

maximum strain 
range for a single 
cycle 

maximum strain 
range over entire 
life 
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RECOMMENDATIONS 

A new approach to defining CT limit states should use LRFD. This would require 
 

1. Rigorous theoretical analysis of CT mechanics, 
2. Development of a more complete yield criterion by accounting of residual stresses and 

changing material properties,  
3. Experiments to determine the relationships between loads, resistances, and failures of CT 

samples, 
4. Statistical analysis of experimental data to determine probabilities of failure. 
5. Continued testing using the CTTM developed during this project should provide the 

required statistics. 
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NOMENCLATURE 

Roman symbols 
Ao    Area of CT cross section, in2 

c    Capacity or resistance of a structure or member, random variable 

do   Outer diameter, in 
E   Young's modulus, psi 

Io    CT moment of inertia,   

4

4 4r ro i , in4 

 I y r2 ,    Function defined in Equation 5, in3 

 I y r3 ,    Function defined in Equation 6, in4 

M    Moment, ft-lbs 
OD   Outer diameter, in 
P   Axial load, lbs 
ro    Outer radius of CT, in 
ri    Inner radius of CT, in 
Rb    Bending radius, in 
Rb y,    Yield radius, in  

Rn    Nominal resistance of a given parameter 
SF    Safety factor 
WT   Wall thickness, in 
y    Distance from the neutral axis, in 
 
Greek symbols 
    Shift of the neutral plane, in (see footnote # 2) 
 ;  y    Strain; Yield strain 

    Poisson’s ratio 
 ; yp    Stress, psi; Yield stress, psi 

    Stress, psi 
 a    Axial stress, psi 
 h    Hoop stress, psi 
 rad    Radial stress, psi 
 r b,    Residual stress after bend, release, psi 

 r s,    Residual stress after bend, straighten, release, psi 

 vme    von Mises stress, psi 
 yp    yield stress, psi 

 
Subscripts 
b   Bending 
s   Straightening 
perm, UL  Unloading 
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trans   Transition 
yp   Yield point 
 
Other 

   Absolute value 

     Interval or region 
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APPENDIX A: CTTM DESIGN SPECIFICATIONS 

DESIGN SPECIFICATIONS FOR: 
COILED TUBING TEST MACHINE (CTTM) 

5/97 
 

 Simultaneously  apply tension, bending and internal pressure 
 Tension with bending event:  10,000# 
 Tension only:  200,000# 
 Internal pressure capability:  10,000 PSI 
 Bending capability:  3.5” O.D. x 0.25” W.T. CT @ 100,000 min yield.  

Bend form has sufficient movement to engage CT sample a minimum  of 10 diameters. 
 Bend forms radii:  48” for 1.25” and 1.50” CT 
              72” for 1.75” through 2.38” CT 
              100” for 2.88” through 3.50” CT 
 Tubing sizes:  1.25” O.D. through 3.50” O.D.; all wall thicknesses 
 Ability to index CT sample between any event.  Indexing accuracy is +-0.25 degrees.  Nominal 

minimum indexing increment is 10 degrees of rotation. 
 Qualitative requirements; 

1.  Short, manageable CT samples;  109” long. 
2.  Automatic or manual cycling capability 
3.  Skid mounted 
4.  One-man operation 
5.  No welding on CT sample (for end connection attachment) 
6.  Use load cells to precisely measure/record tension loads 
7.  Use pressure transducers to precisely measure/record pressures 

 Measurements to be taken; 
A.  Tension during bending 
B.  Tension without bending 
C.  Internal pressure 
D.  Elongation extensometer 
E.  Hydraulic pressures 
F.  Index position (orientation) 
G.  Bend event hydraulic cylinder position (with LVDT and inductive proximity switch) 
H.  Bend “straightener” position to prevent reverse bending during straightening of the CT 

sample (with inductive proximity switch) 
Note:  All measurements will be monitored with the CTES Orion data acquisition system. 
 



51 

APPENDIX B: SURGE TANK CALCULATIONS 

If the volume of a pressurized vessel is changes, the pressure exerted by the fluid in the vessel 
changes. The change in pressure P  for a volume change V  is given by 
 

Equation B 1   


P
V

V
E

o
b     

        
where Eb  is the bulk modulus of the pressurizing liquid. The change in the volume corresponds to 
the change in the dimensions of the vessel. In this case, the vessel is the CST test specimen. 
 
Lame’s equations (Boresi et al., 1995) describe the stresses and strains in cylindrical vessel 
subjected to internal and external pressures. The radial, circumferential and axial stresses in a 
closed cylindrical enclosure subjected to an internal pressure pi  and axial load P  are given by 

Equation B 2    
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Equation B 4    
axial

i i

o i o i

p r

r r

P

r r







2

2 2 2 2
      

where r  is the distance of a point from the axis of the cylinder, and ro  and ri  denote the outer and 
inner radii respectively. The corresponding strains are given by 

Equation B 5              rad rad hoop axialr
E

r r  
1

     

Equation B 6              hoop hoop rad axialr
E

r r  
1

     

and 

Equation B 7            axial axial rad hoopE
r r  

1
.     

Note that the radial and hoop quantities are functions of the radius and vary across the cross 
section. The change in the outer and inner radii for a given axial strain  z  can be shown to be 
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respectively. The change in length of the cylinder is 

Equation B 10   L L axial          

where L  is the original length of the cylinder. The change in volume can now be computed and 
used to calculate the corresponding change in pressure from Equation B 1. Consider a 1.5” x 0.109” 
3” long CT test specimen made of 70 ksi material. Let the internal pressure be 2000 psi. If this 
specimen is subjected to seven times the yield strain in the axial direction, the volume change 
would increase the pressure by approximately 107%. Therefore, a surge tank must be provided as 
shown in Figure B 1. 
 
Let the volume of the surge tank be Vsurge . Then the change in pressure due to a change in volume 

V  of the test specimen is 
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1.5 in x 0.109 in Surge tank, 16,000
microstrain

1.5 in x 0.109 in Surge tank , -16,000
microstrain

2.0 in x 0.134 in Surge tank , +16,000
microstrain

2.0 in x 0.134 in Surge tank , -16,000
microstrain

Test speimen:3" long, 1.5" x 0.109" CT, 30Msi / 70 ksi material 
Maximum strain = ± 7 times yield (16,000 microstrain)
Internal pressure = 5000 psi
External pressure = 0 psi
Fluid inside sample and tank is water 
Isothermal bulk modulus of water = 3.2e5 psi

 

Figure B 1  Surge tank length versus change in pressure 

 
If V Vsurge test  the change in the test specimen pressure is acceptably small.  

 
Let the surge tank be a thick walled cylindrical vessel with closed ends. Figure B 1 shows the 
percentage change in pressure due to volume change caused by axial strain (of  seven times 
nominal yield strain) as a function of the length of the surge tank, for two different sizes of OD and 
wall thickness. In both cases, the magnitude of the pressure change decreases hyperbolically with 
surge tank length. Based on the curves shown in Figure B 1, we chose a 2.375” x 0.109” CT sample 
that was 60” long. Suitable end pieces were welded at either end of the sample. 
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APPENDIX C  LOG OF CST 1-8 

CST 1: Half range test without internal pressure 
Date:     January 2, 1996, 8.25 A. M 
Place     Civil Engineering Department, Rice University 
Nominal size:    1.5" x 0.109" 
Length of specimen   3" 
Nominal yield strength  70,000 psi 
Measured yield strength  75,245 psi 
Internal pressure   0 psi 
Strain range    16,500 to -16,500  
Total number of cycles  100 
Transducers    Load cell, Axial extensometer 
Data Acquisition   Load cell and extensometer readings were 

updated by the Rice University Data Acquisition System. 
Frequency of cycling:    
Cycles 1 to2    Manual, strain versus time is a ramp of 

slope 1 thousand-strain per second 
Cycles 3-25    strain versus time is triangular waveform of 0.01 Hz 
Cycles 26 - 100   0.1 Hz 
 
Notes: 

 The test was interrupted after 25 cycles because the INSTRON machine developed a 
problem and cold not be used. The sample was unloaded when the axial strain in the sample 
was at tensile stress and zero strain. The residual strain in the sample was noted to be -2905 
microstrain (compressive). 

 The test was resumed on January 5, 1996 after the machine was fixed. The sample was first 
loaded in tension till it reached a strain of 2905 microstrain. The extensometer was then 
reset to read zero strain at this point. Cycle # 26 was counted from this point onwards.  

 The extensometer was fastened to the sample by means of rubber bands. After 50 cycles, the 
sample developed ridges in the rubber band planes. These ridges were visible to the naked 
eye. 

 After 100 cycles, the sample developed a longitudinal crack near the weld between the 
sample and the upper adapter. The test was stopped at this stage. 
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CST 2: Half range tension test without internal pressure 
Date     January 5, 1996, 11.00 A. M 
Place     Civil Engineering Department, Rice University 
Nominal size    1.5" x 0.109" 
Length of specimen   3" 
Nominal yield strength  70,000 psi 
Measured yield strength  75,245 psi 
Internal pressure   0 psi 
Strain range    16,500 to 0  
Total number of cycles  100 
Transducers    Load cell, Axial extensometer 
Data Acquisition   Load cell and extensometer readings were 

updated by the Rice University Data Acquisition System. 
Frequency of cycling:  
Cycles 1 to2    Manual, strain versus time is a ramp of 

slope 1 thousand-strain per second 
Cycles 3-25    strain versus time is triangular waveform of 0.01 Hz 
Cycles 26 - 100   0.1 Hz 
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CST 3: Half range compression test without internal pressure 
Date:     January 5, 1996, 1.40 P. M 
Place     Civil Engineering Department, Rice University 
Nominal size:    1.5" x 0.109" 
Length of specimen   3" 
Nominal yield strength  70,000 psi 
Measured yield strength  75,245 psi 
Internal pressure   0 psi 
Strain range    0 to -16,500  
Total number of cycles  100 
Transducers    Load cell, Axial extensometer 
Data Acquisition   Load cell and extensometer readings were 

updated by the Rice University Data Acquisition System. 
Frequency of cycling:  
Cycles 1 to2    Manual, strain versus time is a ramp of 

slope 1 thousand-strain  
per second 

Cycles 3-25    strain versus time is triangular waveform of 0.01 Hz 
Cycles 26 - 100   0.1 Hz 
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CST 4: Test failed 
Date:     June 11, 1996, 2:00 P. M 
Place     Civil Engineering Department, Rice University 
Nominal size:    1.5" x 0.109" 
Length of specimen   3" 
Nominal yield strength  70,000 psi 
Measured yield strength  71,500 psi 
Internal pressure   2000 psi 
Strain range    N/A 
Total number of cycles  N/A 
Transducers    Load cell, Pressure cell, Axial extensometer, Hoop strain gage 
Data Acquisition   N/A. This test was used to debug the CTES 

Acquisition System. 
Frequency of cycling:    N/A 
 
Notes: 

 After the voltage attenuator shown in Fig. 1 was incorporated across channels 1 and 2 of the 
SC-2070 board, the experiment was started.  

 However, we noticed that the axial strain as read by LABVIEW and our DAQ did not match 
the reading on the INSTRON control panel. By this time, the sample had already yielded. 
We know this because the load had exceeded 33000 lbs and Dr Merwyn's DAQ system was 
recording a straight (load versus axial strain) line.  

 We brought the load back to zero and re-calibrated the extensometer, and ensured that the 
readings on our system matched the readings on Dr Merwyn's system.  

 We then compressed the sample to zero strain. When we tried to compress it further to a 
strain of -16500 , we noticed that the stroke length on the machine was insufficient. The 
test specimen had been mounted in the loading frame such that we could not reach the goal 
of -16500 .  

 Furthermore, while calibrating the extensometer, we had to load and unload the sample.  
 These operations had loaded the sample well beyond the plastic range and we decided to 

scrap the sample and stop testing on it. 
 We noted that the hoop strain as read by the LABVIEW and the strain as read by the p-3500 

strain indicator differed by 60  throughout. (We observed this during all the tests). 
Therefore, we must correct all the hoop strains in the data files according to the following 
relation:    Actual hoop strain =  hoop strain in data file +  60 . 

 The above relation is valid when all strains are expressed in microstrain. 
 Since the INSTRON controller reads strain in thousand strain, we made our data acquisition 

system read the axial strain in the same units. Therefore, multiply all axial strain values in 
the raw data by 103 to obtain the microstrain. 

 All data files can be open as spreadsheets. The data is stored in 4 columns as follows: 
Column 1 load, lbs   Column 3 Hoop strain, microstrain 
Column 2 Pressure, psi   Column 4 Axial strain, thousand strain 

 Test # 4 thus served only to debug the procedure and the data acquisition system. 
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CST 5 Full range test at 2000 psi internal pressure: 
Date:     June 11, 1996, 4:00 P. M 
Place     Civil Engineering Department, Rice University 
Nominal size:    1.5" x 0.109" 
Length of specimen   3" 
Nominal yield strength  70,000 psi 
Measured yield strength  72,000 psi 
Internal pressure   2000 psi 
Strain range    16,500 to -16,500  
Total number of cycles  10 
Transducers    Load cell, Pressure cell, Axial extensometer, Hoop strain gage 
Data Acquisition   The readings were updated by the CTES Data 

Acquisition System as follows. Every 125 ms, each of the 4 
channels was sampled to obtain 100 samples at 10,000 
samples per second. The average of these 100 samples was 
recorded. 

Frequency of cycling:    0.01 Hz 
 
Notes: 

 By the end of 7 cycles, the sample had ballooned noticeably and resembled a pair of 
bellows. It seemed that failure was imminent. Moreover, the hoop strain gage was not 
working by this time.  I believe it may have failed after 7 cycles (must confirm this by 
checking the data file. 

 Because of the ballooning and bellows effect, we decided to stop the test. These two effects 
would render the axial strain data meaningless. The extensometer blades were no longer in 
contact with a plane surface and the gage length was not 1".  

 We did not observe any heating of the sample. 
 The pressure remained more less steady at 2000 psi. A variation of  50 to 100 psi was 

seen. 
 After the cycling* , we brought the load back to zero. We reset the extensometer to zero 

strain and performed a pull test to 5% strain. The data was recorded. The pull test however, 
smoothed out the bellows-shape that the sample had assumed after cycling. 

                                                 
* End of a cycle is at zero strain and finite tensile load (approx. the yield load ignoring Bauschinger effect). 
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CST 6: Half range tension test at 2000 psi internal pressure 
Date:     June 12, 1996, 8:30 A. M 
Place     Civil Engineering Department, Rice University 
Nominal size:    1.5" x 0.109" 
Length of specimen   3" 
Nominal yield strength  70,000 psi 
Measured yield strength  72,000 psi 
Internal pressure   2000 psi 
Strain range    16,500 to 0  
Total number of cycles  100 
Transducers    Load cell, Pressure cell, Axial extensometer, Hoop strain gage 
Data Acquisition   The readings were updated as follows. Every 62.5 ms,  

each of the 4 channels was sampled to obtain 500 samples at  
10,000 samples per second. The average of these 500 samples  
was recorded in the data file. 

Frequency of cycling 
Cycles 1 to 3    Manual, strain versus time is a ramp of 

slope 1 thousand-strain per second 
Cycles 3-12    strain versus time is triangular waveform of 0.01 Hz 
Cycles 13 - 22    0.01 Hz 
Cycles 23-31    0.1 Hz 
Cycles 32 - 100   0.1 Hz 
 
Notes: 

 The bellows effect was not significant, at least not noticeable with the naked eye. 
 The ballooning was not noticeable either. 
 The hoop gage lasted all the 100 cycles.  
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CST 7: Full range test without internal pressure 
Date:     June 12, 1996, :10.00 A. M 
Place     Civil Engineering Department, Rice University 
Nominal size:    2.0" x 0.134" 
Length of specimen   3" 
Nominal yield strength  70,000 psi 
Measured yield strength  75,000 psi 
Internal pressure   0 psi 
Strain range    6000 to -6000  
Total number of cycles  100 
Transducers    Load cell, Pressure cell, Axial extensometer, Hoop strain gage 
Data Acquisition   The readings were updated as follows. Every 62.5 ms,  

each of the 4 channels was sampled to obtain 500 samples at  
5,000 samples per second. The average of these 100 samples  
was recorded in the data file. 

Frequency of cycling: 
Cycles 1 to 5    strain versus time is a ramp of slope 1 thousand-strain per  

second 
Cycles 5 - 100    strain versus time is triangular waveform of 0.1 Hz 
 
Notes: 

 The clearance between the 2" sample and the collar (whose diameter is 2.1") was 
insufficient to accommodate the gage wires. Therefore, the strain gage lead wires were 
soldered on to the gage terminals after the sample was inserted in to collar. 

 The INSTRON loading machine has a capacity of approximately 56 kips. The expected 
yield load of this sample was 58.9 kips.  

 We wanted to cycle the sample between 14,000 . We first loaded the sample in tension 
and yielded it to 14,000 . We then unloaded the sample and compressed it to zero strain. 
We could not push the machine to compress the sample to -14,000 . The machine stalled 
at -7,700 . In short we could not achieve the desired strain limits of cycling and settled 
down finally to cycling between 6,000 . The following is the loading sequence: 

 
Cycle 1:  0 to 14,000 , 14,000 .to 0, 0 to -7,700 ,-7,700  to 0 
Cycle 2  0 to 12,600 , 12,000  to 0, 0 to -6700 , -6,700  to 0 
Cycle 3 -100  0 to 6000 , 6000  to 0, 0 to -6000 , -6000  to 0 
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CST 8: Full range tension test at 2000 psi internal pressure 

Date:     June 12, 1996, :12.00 noon 
Place     Civil Engineering Department, Rice University 
Nominal size:    2.0" x 0.134" 
Length of specimen   3" 
Nominal yield strength  70,000 psi 
Measured yield strength  75,000 psi 
Internal pressure   2000 psi 
Strain range    6000 to -6000  
Total number of cycles  75 
Transducers    Load cell, Pressure cell, Axial extensometer, Hoop strain gage 
Data Acquisition   The readings were updated as follows. Every 62.5 ms,  

each of the 4 channels was sampled to obtain 500 samples at  
5,000 samples per second. The average of these 100 samples  
was recorded in the data file. 

Frequency of cycling 
Cycle 1 to 3     strain versus time is a ramp of slope 1 thousand-strain per  

second 
Cycle 4 -75    strain versus time is triangular waveform of 0.05 Hz 
 
Notes: 

 The clearance between the 2" sample and the collar (whose diameter is 2.1") was 
insufficient to accommodate the gage wires. Therefore, the strain gage lead wires were 
soldered on to the gage terminals after the sample was inserted in to collar. 

 In the light of the events of test 7, we decided to cycle the specimen between 6000 to -6000 
.  

 The pressure kept falling and had to be bumped every few minutes. 
 Hoop gage failed at about the 56th cycle. We stopped the test after the 75th cycle.  
 The bellows-effect was absent. 
 The ballooning was visible to the naked eye. 
 There was no heating of the sample. 
 After the specimen was unscrewed from the loading frame, it could not be removed from 

the collar. The diameter of the collar was lesser than the ballooned diameter of the 
specimen. 


