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Buckling occurrence during liner pressure test represents a challenge, in 

addition to running string deformation; previous casing cement quality may 

be severely affected. Practically, the running string is placed straightly on 

the top of the liner. Consequently, the buckling pressure limit will surely be 

reached while rising pressure. In order to investigate column performances 

during testing, drill pipe elongation, bending, and buckling are all 

considered. Buckling influences on pipe quality, based on helical springs 

under compression theory will be revisited. The examination of contact 

pressure generated and their influences on previous casing cement sheath is 

the main purpose, via interface continuity conditions and stress analysis 

method. Results show that minimum yield shear stress could be achieved at 

high casing pressure tests. Conversely, contact pressure, radial and hoop 

stress, for both interfaces casing-cement and cement-formation confirm that 

DP has more influences on cement sheath compared to the casing. 

Simulations and well registrations were presented to confirm buckling 

occurrence and their impacts. 

Introduction 

The liner is a column that does not extend to the surface but hangs inside the previous casing. 

Techniques of running, cementing, and testing represent the key success of the sealing 

mechanism [1-3]. Several phenomena could take place during operation execution, such as 

Euler elongation [4], buckling, ballooning, piston effect, and temperature variations [5]. 

Different from the casing, buckling during the liner pressure test will influence running string 

only (Drill pipe, DP). This later makes buckling generation inevitable, since the running tool is 

initially buckled by slack-off weight [6]. As Compressive force initiates, a neutral point rises 

inside the column [7], and bending and buckling take place and affect drill pipe quality and/or 

cement behind the casing [8].    

Neutral point position receives huge variations due to fluid characteristics change during 

slurry pumping and displacement [7, 9]. A new method to analyze buckling in inclined wells 

referred to as "Paslay force" was presented by Chen [10] and Mitchell [11]. Other studies 

emphasize completion systems [12-14] or horizontal wells [15-20]. In vertical sections, 

buckling occurs at relatively low compressive force compared to horizontal ones [21]. Liner 

running string (DP) is located in the previous casing interval; hence, any buckling may affect 

the cement behind.    
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In order to study buckling influences on drill pipe characteristics, helical spring under 

compression [22] and Hertzian cylindrical contact theories [23], were used to investigate and 

select drill pipe usability interval. Stress evolution while column testing is exanimated, then a 

comparison between casing and liner testing is presented. The severity factor used to evaluate 

the magnitude of stress is the evolution from homogeneous mud to the new complex cementing 

system; conjointly with the gap between casing and liner buckling conditions.     

The liner will have special behavior while testing [21], surface pressure pushes inside 

hydrostatic to overcome the outside one. Buoyancy force receives huge variations, and 

additional compressive force generated leads to DP elongation [24]. More specifications 

concerning buoyancy changes are presented in [25, 26]. Knowing that the drill pipe was initially 

slacked-off on top of the liner, increasing inside pressure will produce extra compressive force 

[27].  

Liner Column Pressure Testing and Buckling Generation 

The cement job is the operation which guarantees the efficiency of the sealing system [28, 

29], via mud removal and slurry placement [30, 31], cement sheath preserves the integrity of 

the well. At the end of each cementing operation, a pressure test must run, to confirm the 

reliability of the mechanism [32].  

DP stretches longitudinally while testing, setting tool sealed-off the flow itinerary without 

supporting the entire weight. Space out between the setting tool and the top liner is practically 

valueless, hence any elongation will convert to helical buckling. As pressure raises the number 

of helix pitches increases. Each new pitch created needs more compressive force and exerts an 

additional force on the previous casing's inner wall. As compressive force rises, contact pressure 

generated and exerted by DP increases. Assured by interface continuity conditions theory, 

similar stress applied toward the internal interface (casing-cement interface) may affect the 

integrity of cement [33].  

Fig. 1 below gives an overview of buckling generation during the casing and liner pressure 

test. The liner is off-bottom and their elongation will not reach TD, compared to the 

consolidated casing column where buckling initiation is conditioned by touching TD. 

Accordingly, DP buckling will affect the previous casing and cement behind. Consequences 

vary from simple bending, tubular permanent deformation, and total shear of the string to 

breakout cement sheath behind. 

 

 

 

 

 

 

 

 

(a) Casing buckling  (b) Drill pipe buckling (Liner) 

Fig. 1. Drill pipe/Casing buckling during final pressure test 

Model of DP Buckling while Pressure Testing of Liner in Vertical Wells 

Suspended string exposed to tension force generated by column weight, fluid density, and 

flow rate variations will influence the total weight suspended via changing buoyancy force [34].  
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Casing Buckling force is given by [9], as follows: 

𝐹𝑏 = 𝐹𝑎 +  𝐴𝑖𝑃𝑖 − 𝐴𝑜𝑃𝑜 (1) 

𝐹𝑏: Buckling force, (lbf). 𝐹𝑎: DP tension force. (lbf). Additional variable force ( 𝐴𝑖𝑃𝑖 −
𝐴𝑜𝑃𝑜) related to downhole conditions. Where 𝐴𝑖: Area of DP internal diameter (in2). 𝐴𝑜: Area 

of DP outer diameter (in2). 𝑃𝑖: Equivalent inside bottom pressure (psi). 𝑃𝑜: Equivalent annulus 

bottom pressure (psi). 

Leksir in [34] presents a point of view to define buckling during cementing. Displacing 

slurry inside the casing, may lead to overcoming outside equivalent behavior 𝐴𝑜𝑃𝑜 by inside 

 𝐴𝑖𝑃𝑖 one. More precisely, the additional force generated ( 𝐴𝑖𝑃𝑖 − 𝐴𝑜𝑃𝑜) remarkably lower 

compared to conventional homogenous systems ( 𝐴𝑖 − 𝐴𝑜)𝑃ℎ . Consequently, more column 

weight was recovered and additional elongation was produced. The same risk may occur during 

the final liner pressure test, even if the outside equivalent hydrostatic pressure is slightly higher 

than the inside one, high pressure may cause elongation of DP.   

Via the utilization of tubular elongation theory [4], the same considerations will apply to 

drill pipe during liner column testing. The equation of string elongation given by Leksir [34]:    

𝐸 = (𝐹𝑎 − (𝐴𝑜𝑃𝑜 − 𝐴𝑖𝑃𝑖) ∗ (𝐿)/(735294 ∗ 𝑤) (2) 

𝑤  is the buoyed weight per unit length (lbf/in), W is defined by [9] as: W = Ws + Wi − Wo. 

Ws is the weight of steel per unit length (lbf/in), Wi is the weight of fluid inside the casing per 

unit length (lbf/in), Wo is the weight of fluid outside the casing per unit length (lbf/in). 

As elongation start, buckling takes place, and compressive force 𝑭𝒄𝒓 initiate. The buckling 

equation will be:    

𝐹𝑏𝑁 = 𝐹𝑏 − 𝐹𝑐𝑟 (3) 

where 𝐹𝑏𝑁  is new buckling force and 𝐹𝑏 is buckling force. The contact force 𝐹𝑁 acted toward 

wellbore given by [13]:  

𝐹𝑁 = (𝐹𝑐𝑟
2 𝑟)/(4𝐸𝐼) (4) 

Before testing, compressive force 𝐹𝑐𝑟 = 0 and contact force is valueless. When the liner 

column elongates, 𝐹𝑐𝑟 ≠ 0 and 𝐹𝑁 ≠ 0. As compressive force increases, straight columns 

convert to helically shaped structure; helix pitch 𝑃𝑃𝑖𝑡𝑐ℎ calculated as follows [9]: 

𝑃𝑃𝑖𝑡𝑐ℎ = √8𝜋2𝐸𝐼/𝐹𝑐𝑟 (5) 

In Eq. 5 when compressive force increases the helix pitch value decrease. This means the 

number of helix circles rises and the column tends to compact. Keep increasing pressure leads 

to generating a more compressive force.  

The maximum contact pressure at the tubular interaction axe is given by the relation below 

[23]: 

𝑃𝑚𝑎𝑥 =
2 ∗ 𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡

𝜋𝑎
=

𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ∗ 𝐸𝑒

𝜋𝑅𝑒
 (6) 

where: 
1

Ee
= 2

1−ν2

E
 ; 

1

Re
=

1

R2
−

1

R1
 ; 𝐸, 𝜈 are the young modulus and poisons ratio of the tubular; 

R1, R2 are the radius of DP and casing respectively, and a represents the contact area between 

DP and casing.    
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Maximum contact pressure exerted by DP transferred to the inner side of the cement 

throughout the casing. In this work only inside casing, casing-cement, and cement-formation 

stresses are investigated. Continuity conditions require the stress at interfaces steel, casing, and 

cement in initial and buckling situations to satisfy: 

 

Initial situation: 

𝜎𝑅:𝑖𝑛−𝐶𝑆𝐺 = −𝑃𝑖 

𝜎𝑅:𝑖𝑛−𝐶𝑒𝑚 = 𝜎𝑅:𝑜𝑢𝑡−𝐶𝑆𝐺 

𝜎𝑅:𝑜𝑢𝑡−𝐶𝑒𝑚 = 𝜎𝑅:𝑖𝑛−𝐹𝑜𝑟 

(7) 

 

Inside stress (𝜎𝑅:𝑖𝑛−𝐶𝑆𝐺) determined simply by hydrostatic pressure generated by fluids. 

Stress exerted on cement (𝜎𝑅:𝑜𝑢𝑡−𝐶𝑒𝑚 ) is equivalent to the stress applied by formation on 

cement.  

Buckling situation:  

𝜎𝑅:𝑖𝑛−𝐶𝑆𝐺 = −𝑃𝑖 − 𝑃𝑚𝑎𝑥 

𝜎𝑅:𝑖𝑛−𝐶𝑒𝑚 = 𝜎𝑅:𝑜𝑢𝑡−𝐶𝑆𝐺 

𝜎𝑅:𝑜𝑢𝑡−𝐶𝑒𝑚 = 𝜎𝑅:𝑖𝑛−𝐹𝑜𝑟 

(8) 

 

At the contact axe, maximum pressure resulting from buckling is acting conjointly with 

initial stress. Assuming that the system is in an equilibrium state primarily, formation stress 

applied on cement is equivalent to inside hydrostatic pressure. The cement sheath-cracking limit 

is calculated by comparing maximum contact pressure to cement compressive strength. If the 

value of 𝑃𝑚𝑎𝑥 exceed the strength limit of cement, cracking is expected to occur.            

Assuming that 𝑃𝑚𝑎𝑥 reached the cracking limit of cement behind the casing 𝑃𝑐𝑟𝑎𝑐𝑘. The 

maximum surface pressure that could achieve before cracking the cement matrix is presented 

in the relation below: 

𝑃𝑚𝑎𝑥 =

√
4𝑃𝑐𝑟𝑎𝑐𝑘𝜋𝐸𝐼𝑅𝑒

𝑟𝐸𝑒
− 𝐴𝑜(𝑃ℎ −  𝑃𝑜)

𝐴𝑖
 

(9) 

If the helix pitch number increases, pushed by excessive axial compressive load, to reach the 

limit where shear stress loading of DP is equal to minimum yield shear stress. The critical force 

required to raise the maximum shear to reach the minimum yield shear given in Eq. 10 below 

[35]: 

𝐹𝑐𝑟𝑖𝑡𝑖𝑐 = 𝜋𝑑2𝑡/4[(2𝐷/𝑑) + 1] (10) 
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where 𝐹𝑐𝑟𝑖𝑡𝑖𝑐 (lbs) is the critical force required to raise the maximum shear to reach the 

minimum yield shear of DP, d (in) is the DP diameter, D (in) is the previous casing inside 

diameter, and t (psi) is half of the tensile yield. 

Maximum surface pressure is reached, before axial compressive load reaches the limit where 

shear stress loading is equal to minimum DP yield shear stress, defined by the relation below: 

𝐹𝑐𝑟𝑖𝑡𝑖𝑐 = 𝜋𝑑2𝑡/4[(2𝐷/𝑑) + 1] (11) 

𝐹𝑐𝑟 =  𝐴𝑖𝑃𝑖 − 𝐴𝑜𝑃𝑜 + (𝐴𝑜 −  𝐴𝑖)𝑃ℎ (12) 

Knowing that while testing  𝑃𝑖 = 𝑃ℎ + 𝑃𝑐𝑟𝑖𝑡, the new relation of compressive load given by: 

𝐹𝑐𝑟 =  𝐴𝑖𝑃ℎ +  𝐴𝑖𝑃𝑐𝑟𝑖𝑡 − 𝐴𝑜𝑃𝑜 + (𝐴𝑜 −  𝐴𝑖)𝑃ℎ = 𝐹𝑐𝑟𝑖𝑡𝑖𝑐 (13) 

𝑃𝑚𝑎𝑥 =
𝐹𝑐𝑟𝑖𝑡𝑖𝑐 − 𝐴𝑜(𝑃ℎ − 𝑃𝑜)

𝐴𝑖
 (14) 

Practically, even if minimum yield shear stress is not achieved, the plastic stage could easily 

attain.    

Stress Analysis of Liner Helical Buckling String in Vertical Wells 

In the composite cylinder under consideration, internal pressure Pi acting on the inner side 

of the previous casing conjointly with buckling contact pressure, cement sheath will resist 

expansion. 

Considering casing–the cement interface, Pi is the internal pressure, Pc the contact pressure 

engenders by buckling; and Pc1 the contact pressure formed at cement–casing interface.   

Assuming that the contact force distributed between the drill pipe and the previous casing is 

uniform, and neglecting the thermal expansion.  

 
The hoop and axial strain given by [36]: 

𝜀𝜃 =
1

𝐸
[𝜎𝜃 − 𝝂(𝜎𝑧 + 𝜎𝑟)] (15) 

𝜀𝑧 =
1

𝐸
[𝜎𝑧 − 𝝂(𝜎𝜃 + 𝜎𝑟)] (16) 

Founded on the large gap between casing depth and axial strain, this was later treated as 

valueless𝜀𝑧 ≈ 0. The axial stress will be: 

𝜎𝑧 = 𝝂(𝜎𝜃 + 𝜎𝑟) (17) 

Since the axial strain is negligible considering the large depth, then (i.e. plane strain 

assumption). It follows from Eq. 15 that: 

𝜀𝜃 =
1

𝐸
[𝜎𝜃(1 − 𝝂𝟐) − 𝜎𝑟(𝝂 + 𝝂𝟐)] (18) 
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The general expression of the radial expansion is given by: 

𝛿𝑟 =
𝑟

𝐸
[𝜎𝜃(1 − 𝝂𝟐) − 𝜎𝑟(𝝂 + 𝝂𝟐)] (19) 

Considering the casing as a thin-walled vessel we have an outer diameter 𝑟 = 𝑅2, 𝛿𝑟 = −𝑃 

and 𝜎𝜃 =
𝑃𝑟𝑚

𝑡𝑠
, where 𝑃 = (𝑃𝑡𝑒𝑠𝑡 + 𝑃𝑐) − 𝑃𝑐1; 𝑟𝑚is the mean radius of the casing and 𝑡𝑠 is the 

thickness of the casing.  

The new presentation of the radial expansion 𝛿𝑟 given as follow: 

𝛿𝑟 = [
𝑅2((𝑃𝑖 + 𝑃𝑐) − 𝑃𝑐1)

𝐸
[
𝑟𝑚
𝑡𝑠

(1 − 𝝂𝟐) + (𝝂 + 𝝂𝟐)] 

(20) 

(𝑃𝑖 + 𝑃𝑐) − 𝑃𝑐1 = [
𝐸

𝑅2
(𝛿𝑟)

1
𝑟𝑚
𝑡𝑠

(1 − 𝝂𝟐) + (𝝂 + 𝝂𝟐)
] 

The final formula of 𝑃𝑐1 with buckling contact pressure included given by:  

𝑃𝑐1 = (𝑃𝑖 + 𝑃𝑐) − [
𝐸

𝑅2
(𝛿𝑟

′)
1

𝑟𝑚
𝑡𝑠

(1 − 𝝂𝟐) + (𝝂 + 𝝂𝟐)
] (21) 

At the initial conditions without buckling, 𝑃𝑐1will be: 

𝑃𝑐1 = 𝑃𝑖 − [
𝐸

𝑅2
(𝛿𝑟)

1
𝑟𝑚
𝑡𝑠

(1 − 𝝂𝟐) + (𝝂 + 𝝂𝟐)
] (22) 

The variation of radial stress will be: 

(𝛿𝑟
′ − 𝛿𝑟) =

𝑅2𝑃𝑐

𝐸
[
𝑟𝑚
𝑡𝑠

(1 − 𝝂𝟐) + (𝝂 + 𝝂𝟐)] (23) 

Contact pressure 𝑃𝑐1 and 𝑃𝑐2 are correlated by the relation below [36]: 

𝐴 𝑃𝑐1 + 𝐵 𝑃𝑐2 = 𝐶 (24) 

where: 

𝐴 = [
𝑏

𝐸𝑐
[(1 − 𝝂𝒄

𝟐) [
𝑏2 + 𝑐2

𝑐2 − 𝑏2
] + (𝝂𝒄 + 𝝂𝒄

𝟐)] +
𝑎

𝐸𝑠
   [

𝒓𝒎

𝒕𝒔

(1 − 𝝂𝒔
𝟐)  + (𝝂𝒔 + 𝝂𝒔

𝟐) ]   ] 

𝐵 =
𝑏

𝐸𝑐
[(1 − 𝝂𝒄

𝟐) [
2𝑐2

𝑐2 − 𝑏2
]] 

𝐶 =
𝑝𝑖𝑎

𝐸𝑠
   [

𝒓𝒎

𝒕𝒔

(1 − 𝝂𝒔
𝟐)  + (𝝂𝒔 + 𝝂𝒔

𝟐) ] 

Knowing that the contact pressure 𝑃𝑐2to the formation, equals to the confining pressure and 

there is no restriction in the movement of cement sheath by the formation.  𝑃𝑐1 given by: 
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𝑃𝑐1 =
𝐶 − 𝐵 𝑃𝑐2

𝐴
 (25) 

As contact pressures𝑃𝑐1, 𝑃𝑐2 known, stress matrix applied on casing and cement could easily 

be calculated. 

Circumferential stress  

𝜎𝜃(𝑟) = 𝑃𝑐1

𝑏2

𝑐2– 𝑏2

1 + 𝑐2

𝑟2
− 𝑃𝑐2

𝑐2

𝑐2 − 𝑏2

1 + 𝑏2

𝑟2
 (26) 

Radial stress 

𝜎𝑟(𝑟) = 𝑃𝑐1

𝑏2

𝑐2– 𝑏2
(1 −

𝑐2

𝑟2
) − 𝑃𝑐2

𝑐2

𝑐2 − 𝑏2
(1 −

𝑏2

𝑟2
) (27) 

During buckling 𝑃 = (𝑃𝑖 + 𝑃𝑐 − 𝑃𝑐1); 𝑟 = 𝑏  

 𝜎𝑟 = −𝑃   and 𝜎𝜃 =
𝑃𝑟𝑚

𝑡𝑠
       

𝜎𝑟
′ = −(𝑃𝑖 + 𝑃𝑐 − 𝑃𝑐1)   and 𝜎𝜃

′ =
(𝑃𝑖+𝑃𝑐−𝑃𝑐1)𝑟𝑚

𝑡𝑠
 

𝑃𝑐1 = −(𝑃𝑖 + 𝑃𝑐) + 𝜎𝑟
′   and 𝑃𝑐1 = 𝑃𝑖 + 𝑃𝑐 −

𝑡𝑠

𝑟𝑚
𝜎𝜃

′  

During testing 𝑃𝑐1 = (𝑃𝑖 − 𝑃𝑐1) 

𝜎𝑟 = −𝑃   and 𝜎𝜃 =
𝑃𝑟𝑚

𝑡𝑠
 

𝜎𝑟 = −(𝑃𝑖 − 𝑃𝑐1)   and 𝜎𝜃 =
(𝑃𝑖−𝑃𝑐1)𝑟𝑚

𝑡𝑠
 

𝑃𝑐1 = 𝜎𝑟 − 𝑃𝑖   and 𝑃𝑐1 = −
𝑡𝑠

𝑟𝑚
𝜎𝜃 + 𝑃𝑖 

Radial and tangential stress evolution while buckling is given below: 

𝜎𝑟
′ − 𝜎𝑟 = 𝑃𝑐   and 𝜎𝜃

′ − 𝜎𝜃 = 𝑃𝑐
𝑟𝑚

𝑡𝑠
 

Projection of Radial and tangential stress evolution at r = b is substituted into Eq. 27, this gives 

the radial expansion in the cement sheath as 

𝛿𝑟 =
𝑏

𝐸𝑐
[(1 − 𝝂𝟐) [𝑃𝑐1 (

𝑏2 + 𝑐2

𝑐2 − 𝑏2
) − 𝑃𝑐2 (

2𝑐2

𝑐2 − 𝑏2
) ] + 𝑃𝑐1(𝝂 + 𝝂𝟐)] (28) 

Following the same strategy used for casing, cement interface expansion evolution during 

buckling is given by: 

𝛿𝑟 =
𝑏

𝐸𝑐
[(1 − 𝝂𝟐) [(𝑃𝑐1 + 𝑃𝑖 + 𝑃𝑐) (

𝑏2 + 𝑐2

𝑐2 − 𝑏2
) − 𝑃𝑐2 (

2𝑐2

𝑐2 − 𝑏2
) ] + (𝑃𝑐1 + 𝑃𝑖

+ 𝑃𝑐)(𝝂 + 𝝂𝟐)] 

 

(29) 



156 
 

 

𝛿𝑟 =
𝑏

𝐸𝑐
[(1 − 𝝂𝟐) [(𝑃𝑖 + 𝑃𝑐) (

𝑏2 + 𝑐2

𝑐2 − 𝑏2
) − 𝑃𝑐2 (

2𝑐2

𝑐2 − 𝑏2
) ] + (1 − 𝝂𝟐)(𝑃𝑐1) (

𝑏2 + 𝑐2

𝑐2 − 𝑏2
)

+ (𝑃𝑖 + 𝑃𝑐)(𝝂 + 𝝂𝟐) + (𝑃𝑐1)(𝝂 + 𝝂𝟐)] 

𝛿𝑟 =
𝑏

𝐸𝑐
[(1 − 𝝂𝟐) [(𝑃𝑖 + 𝑃𝑐) (

𝑏2 + 𝑐2

𝑐2 − 𝑏2
) − 𝑃𝑐2 (

2𝑐2

𝑐2 − 𝑏2
) ]

+ (𝑃𝑐1) ((1 − 𝝂𝟐) (
𝑏2 + 𝑐2

𝑐2 − 𝑏2
) + (𝝂 + 𝝂𝟐)) + (𝑃𝑖 + 𝑃𝑐)(𝝂 + 𝝂𝟐)] 

𝛿𝑟 =
𝑏

𝐸𝑐
[(1 − 𝝂𝟐) [(𝑃𝑖 + 𝑃𝑐) (

𝑏2 + 𝑐2

𝑐2 − 𝑏2
) − 𝑃𝑐2 (

2𝑐2

𝑐2 − 𝑏2
) ] + (𝑃𝑖 + 𝑃𝑐)(𝝂 + 𝝂𝟐)

+ (𝑃𝑐1) ((1 − 𝝂𝟐) (
𝑏2 + 𝑐2

𝑐2 − 𝑏2
) + (𝝂 + 𝝂𝟐))] 

Finally, the expression of 𝑃𝑐1during buckling written as:  

𝑃𝑐1

=

𝐸𝑐

𝑏
𝛿𝑟

′ − [(1 − 𝝂𝟐) [(𝑃𝑖 + 𝑃𝑐) (
𝑏2 + 𝑐2

𝑐2 − 𝑏2) − 𝑃𝑐2 (
2𝑐2

𝑐2 − 𝑏2) ] + (𝑃𝑖 + 𝑃𝑐)(𝝂 + 𝝂𝟐)]

((1 − 𝝂𝟐) (
𝑏2 + 𝑐2

𝑐2 − 𝑏2) + (𝝂 + 𝝂𝟐))

 (30) 

And 𝑃𝑐1during testing only is written as:  

𝑃𝑐1 =

𝐸𝑐

𝑏
𝛿𝑟 − [(1 − 𝝂𝟐) [(𝑃𝑖) (

𝑏2 + 𝑐2

𝑐2 − 𝑏2) − 𝑃𝑐2 (
2𝑐2

𝑐2 − 𝑏2) ] + (𝑃𝑖)(𝝂 + 𝝂𝟐)]

((1 − 𝝂𝟐) (
𝑏2 + 𝑐2

𝑐2 − 𝑏2) + (𝝂 + 𝝂𝟐))

 

𝐸𝑐

𝑏
𝛿𝑟

′ − [(1 − 𝝂𝟐) [(𝑃𝑖 + 𝑃𝑐) (
𝑏2 + 𝑐2

𝑐2 − 𝑏2) − 𝑃𝑐2 (
2𝑐2

𝑐2 − 𝑏2) ] + (𝑃𝑖 + 𝑃𝑐)(𝝂 + 𝝂𝟐)]

((1 − 𝝂𝟐) (
𝑏2 + 𝑐2

𝑐2 − 𝑏2) + (𝝂 + 𝝂𝟐))

−

𝐸𝑐

𝑏
𝛿𝑟 − [(1 − 𝝂𝟐) [(𝑃𝑖) (

𝑏2 + 𝑐2

𝑐2 − 𝑏2) − 𝑃𝑐2 (
2𝑐2

𝑐2 − 𝑏2) ] + (𝑃𝑖)(𝝂 + 𝝂𝟐)]

((1 − 𝝂𝟐) (
𝑏2 + 𝑐2

𝑐2 − 𝑏2) + (𝝂 + 𝝂𝟐))

= 0 

(𝛿𝑟
′ − 𝛿𝑟) = (𝑃𝑐)

𝑏

𝐸𝑐
[

[(1 − 𝝂𝟐) [(
𝑏2 + 𝑐2

𝑐2 − 𝑏2) ] + (𝝂 + 𝝂𝟐)]

((𝟏 + 𝝂)(1 − 𝝂) (
𝑏2 + 𝑐2

𝑐2 − 𝑏2) + 𝝂(𝟏 + 𝝂))
] 

(31) 
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(𝛿𝑟
′ − 𝛿𝑟) = (𝑃𝑐)

𝑏

𝐸𝑐

[
 
 
 
 [(1 − 𝝂) [(

𝑏2 + 𝑐2

𝑐2 − 𝑏2) ] + 𝝂]

((1 − 𝝂) (
𝑏2 + 𝑐2

𝑐2 − 𝑏2) + 𝝂))
]
 
 
 
 

 

(𝛿𝑟
′ − 𝛿𝑟) = (𝑃𝑐)

𝑏

𝐸𝑐
 

Experimental Simulation Results  
 

Experimental registrations and simulations are used conjointly to confirm the presence of 

buckling during the liner pressure test. Simulation tools are generally used when designing 

downhole tubular, buckling impacts go beyond material elasticity deformation.  

Downhole fluid and geometric parameters are presented in the table below: 

 

Table 1. Fluid and geometric parameters 

TD 

(m) 

CSG 

(m) 

CSG 

(7"#) 
Mud (sg) 

SPACER 

(sg) 

SLURRY 

(sg) 

9"5/8 

(m) 

DP Do 

(in) 

3342 3341 32 1,45 1,7 1,9 2369 5 

The buckling check represents the first step in the tubular design procedure. Simulation 

results of the neutral point position while pressure test, with the approval of rig registrations, 

validate the assumption of buckling occurrence. Fig. 2 presents neutral point position variations 

while testing. 

 
Fig. 2. Casing and liner Neutral point evolution during testing 

The red line represents the previous casing depth.  Casing column buckling starts in the 

openhole, and the neutral point (blue line) rises progressively to reach the previous casing at 

3200psi. Differently, liner buckling (Yellow line) affects the previous casing section from the 

beginning.     

Examples of buckling during the liner column test are presented in Fig. 3 below:             
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(a)                                             (b)                                                   (c) 

Column Weight Reduction 

Fig. 3. Buckling registered while liner column test 

Reduction in column weight could be easily identified in all column tests presented in Fig. 

3. Figs. 3a and 3b represent 7” liner column pressure tests that engender weight reduction of 

17T and 11T respectively. In the 4”1/2 liner pressure test, Fig. 3c  causes a weight reduction of 

11T.  Column weight decreases is the image of buckling generation. As pressure rises column 

receives additional elongation, and accordingly compressive force increases with a remarkable 

decrease of tension. 

In certain situations, the neutral point could move up to the surface (Fig. 4a). While testing, 

rises of pressure are followed the bay reduction in weight conjointly with the hook budges up. 

In simulation results presented in Fig.4b, the neutral point reach the surface at around 2400psi. 

The difference in pressure between simulation and registration is described by the slack-off 

weight, in real applications neutral point will reach the surface earlier. Fig. 4c points outs that, 

if a reduction of column weight is registered during testing, bleed-off pressure will engender 

recovering the initial weight.     
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Casing surface level rises         Weight reduction            Recover the initial weight (Bleed off pressure) 

)a( Experimental results                 (b) Simulation results                     (c) Test column (Bleed off) 

Fig. 4. neutral point moves up to surface 

The compression force generated takes an ascending trend, according to the escalation of 

pressure.  

In Fig. 5, rises in pressure produce more additional compressive force in the casing (blue 

line) compared to the DP running string (yellow line).  Therefore, DP remains on the safe side 

from yield shear stress (red line), compared to the casing where a limit could be achieved at 

high pressure (gray line).    

 
Fig. 5. Casing and liner compressive Force evolution during testing 

Fig. 6 gives a comparison of liner and casing contact pressure. It can be seen that the blue 

and red lines follow the same evolution of pressure.  

However, (Fig. 6) liner contact pressure reaches a high level (5600 psi) at 4000 psi testing 

pressure compared to 2800 psi for casing. In Fig. 7, radial expansion provoked by contact 

pressure in the liner reaches two times what has been received for the casing. Consequently, 

stress exerted by contact pressure influences cement sheath behind the casing. Knowing that 

formation action is constant, effects will be related to compressive strength developed by slurry. 

In Fig. 8 and Fig. 9, conventional (1.9sg) slurry and lightweight (1.62sg) slurry are investigated 
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to point out the evolution of stress while rising pressure. In Fig. 8 ( 1.9sg slurry) radial 

displacement generated by a liner (0.028in) is around double the one generated by a casing 

(0.014) at the same pressure test. Inversely, in Fig. 9 ( 1.62sg slurry) radial displacement 

developed while testing liner reached 0.164in, compared to 0.018in displacement engendered 

by casing buckling.               

 

 

Fig. 6. Contact pressure variation during the test 

 

Fig. 7. Radial expansion variation during the test 
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Fig. 8 (1.9 sg) Radial displacement variation during the test 

 
Fig. 9 (1.62) Radial displacement variation during the test 

Conjointly with radial displacement and stress, tangential stress will be generated (Fig.10). 

Tangential stress reaches 2800 psi at 4000 psi liner testing pressure, compared to 1400 psi stress 

when testing casing at the same pressure range.       

 

Fig. 10. (1.9 sg) Tangential stress generated while testing liner and casing 
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(a)  after cement job            (b) Before remedial job                     (c) After remedial job 

Fig. 11. Logging has been done after the 9" 5/8 cement job, before and after the remedial job 

Fig. 11 points out the presence of helical shape either in open hole Fig. 11a, or overlaps Fig. 

11b and 11c. knowing that the remedial job has been done after the 7" liner cement job (at 

1200m), pressure testing has been carried out to confirm the integrity of the system. Even 

though the helical shape appears in the early primary cement log, 7 " liner cementing, and 

testing could aggravate the situation.  

Further studies could be oriented to point out detailed influences of buckling on previous 

casing Cement sheath, formation, and down-hole equipment conjointly with long liner buckling 

initiation. 

Conclusion  

Based on spring theory, tubular helical buckling theory, interface continuity condition 

theory, and via stress analysis method the influences of buckling while liner testing is 

elucidated.   

Rising contact force acting on previous casing during testing may affect cement behind. 

Radial displacement for both conventional (1.9sg) and lightweight slurry confirm the influence 

of cement type on the radial displacement stress. Tangential stress generated while testing liner 

and casing are investigated, and results confirm that the liner system produces more stress 

compared to the casing.  

Buckling is confirmed through rig registrations and simulations, passing by neutral point 

position and contact force exerted to approve the gravity of the situation. Finally, the helical 

shape recorded by logging may become worst and affect the integrity of cement.   
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Nomenclature 

Fb:  Buckling force, (lbf) 

𝐴𝑖:  Area of DP internal diameter (in2) 

𝑃𝑖:  Equivalent inside bottom pressure (psi) 

𝐸:  String elongation (in) 

Ws:  Weight of steel per unit length (lbf /in) 

Wo:  Weight of fluid outside casing per unit length (lbf /in) 

𝐹𝑏𝑁:  New buckling force (lbf) 

𝐹𝑏 :  Buckling force (lbf) 

𝐹𝑁 :  contact force (lbf) 

𝐸,  :  Young modulus and poisons ratio of the tubular 

Re;Ee :  Equivalent radius and Young modulus respectively 

𝜎𝑅:𝑖𝑛−𝐶𝑆𝐺:  Inside casing stress 

𝑑 :  DP diameter (in) 

𝑡 :  Half of the tensile yield (psi) 

𝜎𝑧 , 𝛿𝑟 , 𝜎𝜃 :  Axial, Radial, and Circumferential stress 

𝑟𝑚: Mean radius of the casing 

Pi  Internal pressure 

Pc1:  Contact pressure at cement–casing interface 

𝑎:  Internal casing radius 

𝑐: Outer cement sheath radius 

𝐹𝑎:  DP tension force. (lbf) 

𝐴𝑜:  Area of DP outer diameter (in2) 

Po:  Equivalent annulus bottom pressure (psi) 

𝑊 :  Buoyed weight per unit length (lbf /in) 

Wi:  Weight of fluid inside casing (lbf /in) 

𝐹𝑐𝑟 :  Compressive force (lbf) 

𝑃𝑃𝑖𝑡𝑐ℎ : Helix pitch (in) 

R1, R2 :  Radius of DP and casing respectively 

𝑃𝑚𝑎𝑥 :  Maximum surface pressure reached 

𝜎𝑅:𝑜𝑢𝑡−𝐶𝑒𝑚 :  Stress exerted on cement 

𝐷:  Previous casing inside diameter (in) 

𝜀𝜃, 𝜀𝑧 :  Hoop and axial strain 

𝜎𝑟
′, 𝜎𝜃

′ :  Buckling Radial, Circumferential stress 

𝑡𝑠  Thickness of the casing 

Pc:  Contact pressure engenders by buckling 

𝑃𝑡𝑒𝑠𝑡:  Surface pressure test 

𝑏:  Internal cement sheath radius 

𝐹𝑐𝑟𝑖𝑡𝑖𝑐:  The critical force required to raise maximum shear to reach minimum yield shear of 

DP (lbs) 
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