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DETERMINING STRESSES IN A PIPE 
UNDER NON-UNIFORM EXTERIOR LOADS 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] Not applicable, 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH 

[0002] Not applicable. 

FIELD OF THE DISCLOSURE 

[0003] The present disclosure generally relates to systems and methods for determining 

stresses in pipe under non-uniform exterior loads. More particularly, the present disclosure 

relates to determining stresses in pipe under non-uniform exterior loads to test the pipe design for 

structural integrity. 

BACKGROUND 

[0004] A natural resource such as oil or gas residing in a subterranean formation can be 

recovered by drilling a well into the formation. The subterranean formation is usually isolated 

from other formations using a technique known as cementing. In particular, a wellbore is 

typically drilled down to the subterranean formation while circulating a drilling fluid through the 

wellbore. After the drilling is terminated, a string of pipe (e.g. casing string) is run in the 

wellbore. Primary cementing is then usually performed whereby a cement slurry is pumped 

down through the casing string and into the annulus between the casing string and the wall of the 

wellbore or another casing string to allow the cement slurry to set into an impermeable cement 

column and thereby fill a portion of the annulus. Sealing the annulus typically occurs near the 

end of cementing operations after well completion fluids, such as spacer fluids and cements, are 
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trapped in place to isolate these fluids within the annulus from areas outside the annulus. The 

annulus is conventionally sealed by closing a valve, energizing a seal, and the like. 

[0005] In addition to the uniform exterior loads placed on the casing, non-uniform 

exterior loads are also placed on the casing as a result of pressure loading from salt and 

overburden loading in horizontal wells, for example. Overburden and lateral formation pressures 

cause salt to flow, closing the wellbore outside the casing. Because the lateral formation 

pressures may not be equal, or because the wellbore is not perfectly circular, the loading from the 

salt will not, in general, be uniform. In a horizontal well, overburden loads may cause the 

wellbore to deform vertically, contacting the casing and producing a pressure load. 

[0006] Conventional well known finite element analysis techniques have been used to 

test the casing design for structural integrity when the casing is under non-uniform exterior 

loads, however, such techniques are complex, time consuming, and may not be appropriate for a 

general casing design program. Other, less popular, techniques use the equations of equilibrium 

for a shell to test the casing design for structural integrity when the casing is under non-uniform 

f) < R exterior loads. The loading is discontinuous and equal to a positive load over an angle i, 

where has been determined from experimental data to be K ? 20 or about 9°, The solution is 

obtained using the principle of virtual work and the conservative assumption that the radius of 

the shell is equal to outer radius rather than the average radius. Bending, hoop, and shear stresses 

may be obtained from the solution, since bending moment, circumferential force, and shear force 

are determined from the equilibrium equations. Because radial loads are not considered in this 

technique, the solution is merely an approximation. Moreover, because this technique assumes a 
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thin wall radius, it is generally unacceptable for testing the structural integrity of most casing 

designs, 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] The present disclosure is described below with references to the accompanying 

drawings in which like elements are referenced with like reference numerals, and in which: 

[0008] FIG. 1 is a flow diagram illustrating one embodiment of a method for 

implementing the present disclosure, 

[0009] FIG. 2 is a schematic display illustrating non-uniform exterior loads on a section 

of casing caused by salt loading. 

[0010] FIG. 3 is a schematic display illustrating the non-uniform exterior loads on the 

section of casing in FIG. 2, which are decomposed into two additional schematic displays 

representing a uniform pressure distribution and a non-uniform pressure distribution. 

[0011] FIG. 4 is a block diagram illustrating one embodiment of a computer system for 

implementing the present disclosure. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0012] The present disclosure overcomes one or more deficiencies in the prior art by 

providing systems and methods for determining stresses in pipe under non-uniform exterior loads 

to test the pipe design for structural integrity. 

[0013] In one embodiment, the present disclosure includes a method for determining 

stresses in a pipe under non-uniform exterior loads, which comprises: a) determining coefficients 

in multiple stress equations for the pipe by solving boundary condition equations using a 

maximum lateral pressure on the pipe, a minimum lateral pressure on the pipe, an inside radius 
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of the pipe and an outside radius of the pipe; b) solving two of the multiple stress equations that 

each represent a radial stress for the pipe, two of the multiple stress equations that each represent 

a hoop stress for the pipe, which are added together to represent a total radial stress and a total 

hoop stress, and one of the multiple stress equations that represents a total shear stress for the 

pipe using one or more of the coefficients, a predetermined pipe radius and a predetermined pipe 

angle; and c) calculating a stress intensity for the pipe using a computer processor, the total 

radial stress, the total hoop stress, the total shear stress and a predetermined total axial stress for 

the pipe. 

[0014] In another embodiment, the present disclosure includes a non-transitory program 

carrier device tangibly carrying computer executable instructions for determining stresses in a 

pipe under non-uniform exterior loads, the instructions being executable to implement: a) 

determining coefficients in multiple stress equations for the pipe by solving boundary condition 

equations using a maximum lateral pressure on the pipe, a minimum lateral pressure on the pipe, 

an inside radius of the pipe and an outside radius of the pipe; b) solving two of the multiple stress 

equations that each represent a radial stress for the pipe, two of the multiple stress equations that 

each represent a hoop stress for the pipe, which are added together to represent a total radial 

stress and a total hoop stress, and one of the multiple stress equations that represents a total shear 

stress for the pipe using one or more of the coefficients, a predetermined pipe radius and a 

predetermined pipe angle; and c) calculating a stress intensity for the pipe using the total radial 

stress, the total hoop stress, the total shear stress and a predetermined total axial stress for the 

pipe. 

[0015] In yet another embodiment, the present disclosure includes a non-transitory 
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program carrier device tangibly carrying computer executable instructions for determining 

stresses in a pipe under non-uniform exterior loads, the instructions being executable to 

implement: a) determining coefficients in multiple stress equations for the pipe by solving 

boundary condition equations using a maximum lateral pressure on the pipe, a minimum lateral 

pressure on the pipe, an inside radius of the pipe and an outside radius of the pipe; b) solving the 

multiple stress equations that represent a radial stress for the pipe, two of the multiple stress 

equations that represent a loop stress for the pipe; which are added together to represent a total 

radial stress and a total hoop stress, and one of the multiple stress equations that represents a total 

shear stress for the pipe using one or more of the coefficients, a predetermined pipe radius and a 

predetermined pipe angle; c) calculating a stress intensity for the pipe using the total radial stress, 

the total hoop stress, the total shear stress, and a predetermined total axial stress for the pipe; and 

d) repeating steps b) - c) with another predetermined pipe radius and another predetermined pipe 

angle until a maximum stress intensity for the pipe is calculated, 

[0016] The subject matter of the present disclosure is described with specificity, 

however, the description itself is not intended to limit the scope of the disclosure. The subject 

matter thus, might also be embodied in other ways, to include different steps or combinations of 

steps similar to the ones described herein, in conjunction with other present or future 

technologies. Moreover, although the term "step" may be used herein to describe different 

elements of methods employed, the term should not be interpreted as implying any particular 

order among or between various steps herein disclosed unless otherwise expressly limited by the 

description to a particular order. While the present disclosure may be applied in the oil and gas 

industry, it is not limited thereto and may also be applied in other industries to achieve similar 
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results. 

Method Description 

[0017] Referring now to FIG, 1, a flow diagram of one embodiment of a method 100 

for implementing the present disclosure is illustrated. The method 100 approximates non­

uniform exterior loads on a pipe (e.g. casing) and performs a stress analysis of the pipe to test the 

pipe design for structural integrity. Although FIGS. 1-4 are described herein with reference to 

casing as an example of pipe under non-uniform exterior loads caused by salt loading, any other 

type of pipe under non-uniform exterior loads may be used and analyzed in the same manner. 

[0018] Stresses in casing due to uniform internal and external fluid pressure distributions 

are usually determined by solving well known Lame's stress equations 1(a) and 1(b): 

where crri is the radial stress as a function of r, OQI is the hoop stress as a function of r, p; is the 

inside pressure, p0 is the outside pressure, r is the radius, r, is the inside radius, and r0 is the outside 

radius. 

[0019] A new solution exists for determining stresses in casing due to a non-uniform 

exterior pressure distribution that has a maximum value at 6> = 0,/rand a minimum value at 

0 = K / 2, 3TT / 2, which is represented by solving stress equations 2(a), 2(b), and 2(c): 

1(b) 

1(a) 
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2cos(2$)(4c, +3c0^2 -c3r10) 
r6 

2 cos (29^3c0r2 +10C[ +6c2rs +15c3r10) 
r6 

2sin(26l)(3c(/2 +5c, -3c2r8 -5c3r10) 2(c) 

2(a) 

2(b) 

where is the radial stress as a function of r and 0, CTO2 is the hoop stress as a function of r and 8, 

rr0 is the shear stress as a function of r and 6, and C0-C3 are unknown coefficients. By 

appropriate choice of the coefficients, a combination of stress equations 1(a), 1(b) and stress 

equations 2(a), 2(b), 2(c) provides a complete description of the stresses in the casing due to 

internal and external fluid pressure distributions and a non-uniform exterior pressure distribution 

caused by, for example, salt loading. 

[0020] In FIG. 2, for example, a schematic display 200 illustrates non-uniform exterior 

loads on a section of casing 202 caused by salt loading 204, These loads include a maximum 

lateral pressure PH and a minimum lateral pressure Ph in the directions indicated. In FIG. 3, the 

schematic display 300 illustrates the non-uniform exterior loads on the section of casing in FIG. 

2, which are decomposed into two additional schematic displays representing a uniform pressure 

distribution 302 and a non-uniform pressure distribution 304 that correspond to stress equations 

1(a), 1(b) and stress equations 2(a), 2(b), and 2(c), respectively. 

[0021] The boundary conditions for the section of casing 202 in FIG. 2 are represented 

by equations 3 (a)-3(e): 
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trr=-J>H,r = ro,0 = O 3^ 
<Tr~-Ph>r= r^e = nn 3(b) 
°r=~pi,r=ri 3(c) 

T,e =0,r = rt m 

r,«=0 ,r = r. 3(e) 

The boundary conditions represented by equations 3(a)-3(e) can be solved by first solving for p0 

and pi using a known maximum lateral pressure PH, a known minimum lateral pressure Ph and 

equations 4(a), 4(b): 

Pn ™ Yi + ) 4(a) 
P,=P, 4(b) 

Given p0 and p;, the boundary conditions represented by equations 3(a)-3(e) now decompose into 

boundary conditions for stress equations 2(a), 2(b), 2(c), which are represented by equations 

5(a)-5(d): 

=-'/I{PH-Pi),8 = f>,r = r, 5(a) 

=0'r = r> 5(b) 
xrR = 0 ,r = r, 

r6 ' 5(c) 
^,-fl - 0,r = r„ 
'6 0 5(d) 

[0022] Referring again to FIG. 1, the method 100 relies on the foregoing equations to 

approximate non-uniform exterior loads on the casing and perform a stress analysis of the pipe to 

test the pipe design for structural integrity. 

[0023] In step 102, formation pressures on the casing are automatically input or they may 

be manually input using the client interface and/or the video interface described further in 

reference to FIG. 4, The formation pressures may include, for example, a maximum lateral 

pressure PH and a minimum lateral pressure P|,. 
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[0024] In step 104, predetermined casing parameters are automatically input or they may 

be manually input using the client interface and/or the video interface described further in 

reference to FIG. 4. The casing parameters may include, for example, an inside diameter, an 

outside diameter, an axial stress <J, and a yield strength cry for the casing. The inside diameter 

and outside diameter are easily converted to an inside radius rj and an outside radius r0 using well 

known mathematical principles. The casing yield strength represents a known stress value at 

which the casing will demonstrate failure. 

[0025] In step 106, coefficients (i.e. p0, Pi, and C0-C3) in stress equations 1(a), 1(b) and 

stress equations 2(a), 2(b), 2(c) for the casing are determined by solving equations 4(a), 4(b) and 

equations 5(a)-5(d) using the formation pressures from step 102, one or more casing parameters 

from step 104 and techniques well known in the art, 

[0026] In step 110, a maximum Von Mises stress intensity is calculated for the casing 

using equation (6): 

to calculate the Von Mises stress intensity for specified values of r and 0 (i.e. a point in the 

casing) within a predetermined range for r and 0 (e.g. ri < r < ro, 0 < 0 < TC). The total radial 

stress and the total hoop stress in equation (6) are calculated using the coefficients determined in 

step 106 and the specified values of r and 0 to solve for the radial stress and the hoop stress in 

stress equations 1(a), 1(b) and in stress equations 2(a), 2(b), which are added together. The total 

axial stress <xz in equation (6) is taken from step 104 and the total shear stress is taken from the 

result of equation 2(c) using the specified values of r and 0 and one or more of the coefficients. 

(6) 
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In this manner, the Von Mises stress intensity, which represents a stress value for the casing, can 

be calculated for any point in the casing to determine the maximum Von Mises stress intensity 

and whether the casing is near or beyond the point of failure. There are many well known 

methods that may be used to determine the values of r and 0 that will produce a maximum Von 

Mises stress intensity, 

[0027] In step 112, the method 100 determines if the maximum Von Mises stress 

intensity calculated in step 110 is greater than or equal to the casing yield strength from step 104. 

If the maximum Von Mises stress intensity is greater than or equal to the casing yield strength, 

then the method 100 proceeds to step 113. If the maximum Von Mises stress intensity is not 

greater than or equal to the casing yield strength, then the method 100 ends because the structural 

integrity of the casing is within acceptable limits. 

[0028] In step 113, the method 100 determines if there are any new casing parameters 

to try for determining if the maximum Von Mises stress intensity is greater than or equal to the 

casing yield strength in step 112 based on an independent evaluation of the available casing 

parameters. If there are new casing parameters, then the method 100 proceeds to step 114. If 

there are no new casing parameters, then the method 100 ends because there are no more new 

casing parameters that will produce a Von Mises stress intensity that is less than the casing yield 

strength, 

[0029] In step 114, new casing parameters are automatically selected for the inside 

diameter, the outside diameter and the yield strength of the casing or they may be manually 

selected using the client interface and/or the video interface described further in reference to 

FIG. 4. The new casing parameters are selected based on parameters that may yield a Von Mises 
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stress intensity that is less than the casing yield strength. 

System Description 

[0030] The present disclosure may be implemented through a computer-executable 

program of instructions, such as program modules, generally referred to as software applications 

or application programs executed by a computer. The software may include, for example, 

routines, programs, objects, components and data structures that perform particular tasks or 

implement particular abstract data types. The software forms an interface to allow a computer to 

react according to a source of input. WellCat™, which is a commercial software application 

marketed by Landmark Graphics Corporation, may be used as an interface application to 

implement the present disclosure. The software may also cooperate with other code segments to 

initiate a variety of tasks in response to data received in conjunction with the source of the 

received data. The software may be stored and/or carried on any variety of memory such as CD-

ROM, magnetic disk, bubble memory and semiconductor memory (e.g. various types of RAM or 

ROM). Furthermore, the software and its results may be transmitted over a variety of carrier 

media such as optical fiber, metallic wire and/or through any of a variety of networks, such as 

the Internet. 

[0031] Moreover, those skilled in the art will appreciate that the disclosure may be 

practiced with a variety of computer-system configurations, including hand-held devices, 

multiprocessor systems, microprocessor-based or programmable-consumer electronics, 

minicomputers, mainframe computers, and the like. Any number of computer-systems and 

computer networks are acceptable for use with the present disclosure. The disclosure may be 

practiced in distributed-computing environments where tasks are performed by remote-
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processing devices that are linked through a communications network. In a distributed-

computing environment, program modules may be located in both local and remote computer-

storage media including memory storage devices. The present disclosure may therefore, be 

implemented in connection with various hardware, software or a combination thereof, in a 

computer system or other processing system. 

[0032] Referring now to FIG. 4, a block diagram illustrates one embodiment of a 

system for implementing the present disclosure on a computer. The system includes a 

computing unit, sometimes referred to as a computing system, which contains memory, 

application programs, a client interface, a video interface, and a processing unit. The computing 

unit is only one example of a suitable computing environment and is not intended to suggest any 

limitation as to. the scope of use or functionality of the disclosure. 

[0033] The memory primarily stores the application programs, which may also be 

described as program modules containing computer-executable instructions, executed by the 

computing unit for implementing the present disclosure described herein and illustrated in FIG. 

1. The memory therefore, includes a stress determination module, which enables step 106 

described in reference to FIG. 1. The stress determination module may integrate functionality 

from the remaining application programs illustrated in FIG. 4. In particular, WellCat™ may be 

used as an interface application to perform the remaining steps in FIG. 1. Although WellCat™ 

may be used as interface application, other interface applications may be used, instead, or the 

stress determination module may be used as a stand-alone application. 

[0034] Although the computing unit is shown as having a generalized memory, the 

computing unit typically includes a variety of computer readable media. By way of example, 
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and not limitation, computer readable media may comprise computer storage media and 

communication media. The computing system memory may include computer storage media in 

the form of volatile and/or nonvolatile memory such as a read only memory (ROM) and random 

access memory (RAM), A basic input/output system (BIOS), containing the basic routines that 

help to transfer information between elements within the computing unit, such as during start-up, 

is typically stored in ROM. The RAM typically contains data and/or program modules that are 

immediately accessible to, and/or presently being operated on, the processing unit. By way of 

example, and not limitation, the computing unit includes an operating system, application 

programs, other program modules, and program data. 

[0035] The components shown in the memory may also be included in other 

removable/nonremovable, volatile/nonvolatile computer storage media or they may be 

implemented in the computing unit through an application program interface ("API") or cloud 

computing, which may reside on a separate computing unit connected through a computer 

system or network. For example only, a hard disk drive may read from or write to 

nonremovable, nonvolatile magnetic media, a magnetic disk drive may read from or write to a 

removable, nonvolatile magnetic disk, and an optical disk drive may read from or write to a 

removable, nonvolatile optical disk such as a CD ROM or other optical media. Other 

removable/nonremovable, volatile/nonvolatile computer storage media that can be used in the 

exemplary operating environment may include, but are not limited to, magnetic tape cassettes, 

flash memory cards, digital versatile disks, digital video tape, solid state RAM, solid state ROM, 

and the like. The drives and their associated computer storage media discussed above provide 

storage of computer readable instructions, data structures, program modules and other data for 
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the computing unit. 

[0036] A client may enter commands and information into the computing unit through 

the client interface, which may be input devices such as a keyboard and pointing device, 

commonly referred to as a mouse, trackball or touch pad. Input devices may include a 

microphone, joystick, satellite dish, scanner, or the like. These and other input devices are often 

connected to the processing unit through the client interface that is coupled to a system bus, but 

may be connected by other interface and bus structures, such as a parallel port or a universal 

serial bus (USB), 

[0037] A monitor or other type of display device may be connected to the system bus 

via an interface, such as a video interface. A graphical user interface ("GUI") may also be used 

with the video interface to receive instructions from the client interface and transmit instructions 

to the processing unit. In addition to the monitor, computers may also include other peripheral 

output devices such as speakers and printer, which may be connected through an output 

peripheral interface, 

[0038] Although many other internal components of the computing unit are not shown, 

those of ordinary skill in the art will appreciate that such components and their interconnection 

are well known. 

[0039] While the present disclosure has been described in connection with presently 

preferred embodiments, it will be understood by those skilled in the art that it is not intended to 

limit the disclosure to those embodiments. It is therefore, contemplated that various alternative 

embodiments and modifications may be made to the disclosed embodiments without departing 

from the spirit and scope of the disclosure defined by the appended claims and equivalents 
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thereof. 
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CLAIMS 

1. A method for determining stresses in a pipe under non-uniform exterior loads, which 

comprises: 

a) determining coefficients in multiple stress equations for the pipe by 

solving boundary condition equations using a maximum lateral pressure on the 

pipe, a minimum lateral pressure on the pipe, an inside radius of the pipe and an 

outside radius of the pipe; 

b) solving two of the multiple stress equations that each represent a radial 

stress for the pipe, two of the multiple stress equations that each represent a hoop 

stress for the pipe, which are added together to represent a total radial stress and a 

total hoop stress, and one of the multiple stress equations that represents a total 

shear stress for the pipe using one or more of the coefficients, a predetermined 

pipe radius and a predetermined pipe angle; and 

c) calculating a stress intensity for the pipe using a computer processor, the 

total radial stress, the total hoop stress, the total shear stress and a predetermined 

total axial stress for the pipe. 

2. The method of claim 1, wherein the predetermined pipe radius and the predetermined 

pipe angle are each within a respective predetermined range. 

3. The method of claim 2, wherein the predetermined range for the predetermined pipe 

radius is greater than the inside radius of the pipe and is less than the outside radius of the 

pipe. 

4. The method of claim 3, wherein the predetermined range for the predetermined pipe 
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angle is greater than zero and is less than n, 

5. The method of claim 4, further comprising repeating steps b) - c) with another 

predetermined pipe radius and another predetermined pipe angle until a maximum stress 

intensity for the pipe is calculated. 

6, The method of claim 1, wherein the two of the multiple stress equations that represent the 

radial stress are: 

„ rft(P.-Pi) . (Prf-P.r?) 
(r,2~r,y 

2cos(2f?)(4C[ 4- 3c0r2 ~c/10) o-rt= 

the two of the multiple stress equations that represent the hoop stress are: 

„ , (prf-prf) 
6\ I 2 2 \ 2 2 2 {r;-r?)r ra-rt 

2 cos (20)(3c0r2 +10c, +6c2rs + 15c3r'° ) 
<r02 - ~6 

and the one of the multiple stress equations that represents the total shear stress is: 

2sin(2#)(3<v2 +$c\ c2rs-5c/10) 
T = . 

r 

rt is the inside radius, r0 is the outside radius, r is the predetermined pipe radius, 9 is 

predetermined pipe angle, and po,pj}c0- c3 are the coefficients. 
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7. The method of claim 6, further comprising calculating pa and ps using: 

Pi=Pi 

wherein po is an outside pressure on the pipe, ps is an inside pressure on the pipe, PH is 

the maximum lateral pressure on the pipe and Ph is the minimum lateral pressure on the 

pipe. 

8. The method of claim 1, wherein the stress intensity is calculated using: 

Vvm = -"o f +(a0 + Oz 

ar is the total radial stress, a0 is the total hoop stress, uz is the total axial stress and Tr0 

is the total shear stress. 

9, The method of claim 5, further comprising: 

comparing the maximum stress intensity and a yield strength for the pipe; 

and 

selecting another inside radius of the pipe, another outside radius of the 

pipe an another yield strength for the pipe. 

10, A non-transitory program carrier device tangibly carrying computer executable 

instructions for determining stresses in a pipe under non-uniform exterior loads, the 

instructions being executable to implement: 

a) determining coefficients in multiple stress equations for the pipe by 

solving boundary condition equations using a maximum lateral pressure on 
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the pipe, a minimum lateral pressure on the pipe, an inside radius of the pipe and 

an outside radius of the pipe; 

b) solving two of the multiple stress equations that each represent a radial 

stress for the pipe, two of the multiple stress equations that each represent a hoop 

stress for the pipe, which are added together to represent a total radial stress and a 

total hoop stress, and one of the multiple stress equations that represents a total 

shear stress for the pipe using one or more of the coefficients, a predetermined 

pipe radius and a predetermined pipe angle; and 

c) calculating a stress intensity for the pipe using the total radial stress, the 

total hoop stress, the total shear stress and a predetermined total axial stress for 

the pipe. 

11. The program carrier device of claim 10, wherein the predetermined pipe radius and the 

predetermined pipe angle are each within a respective predetermined range. 

12. The program carrier device of claim 11, wherein the predetermined range for the 

predetermined pipe radius is greater than the inside radius of the pipe and is less than the 

outside radius of the pipe. 

13. The program carrier device of claim 12, wherein the predetermined range for the 

predetermined pipe angle is greater than zero and is less than it. 

14. The program carrier device of claim 13, further comprising repeating steps b) - c) with 

another predetermined pipe radius and another predetermined pipe angle until a 

maximum stress intensity for the pipe is calculated. 

15. The program carrier device of claim 10, wherein the two of the multiple stress equations 
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that represent the radial stress are: 

. -rtfiP.-P,) . (Prf-P°r*) 
r 1 / 2 2 \ 2 2 2 (r;-r;y r0-rt 

2cos(2#)f4c, +3c0r2 -c3ri0) 
°-,2 = 6 

r 

the two of the multiple stress equations that represent the hoop stress are: 

„ rK(p„-p,) (M'-K') 
/ 2 2 \ 2 2 2 
(ro )r '« 

2 cos (26>)(3c0r2 H-lOCg + 6c2r8 +15c3r10) 
= ~6 

and the one of the multiple stress equations that represents the total shear stress is: 

2sin(26')(3c0r2 + 5c, -3c2rs -5c3rw ) 
Vr8 = ^ 

/;. is the inside radius, r0 is the outside radius, r is the predetermined pipe radius, 0 is 

predetermined pipe angle, and p(1,pi, c0 - c3 are the coefficients. 

16. The program carrier device of claim 15, further comprising calculating pa and pt using: 

pa=%(Pn+Pk) 
P, = P, 

wherein pn is an outside pressure on the pipe, />, is an inside pressure on the pipe, PR is 
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the maximum lateral pressure on the pipe and Ph is the minimum lateral pressure on the 

pipe. 

17. The program carrier device of claim 10, wherein the stress intensity is calculated using: 

= -\te[(°V -^)2+(^-fxj2+ (a, -ar)2 + 3r 

ar is the total radial stress, au is the total hoop stress, crz is the total axial stress and rr$ 

is the total shear stress. 

18. The program carrier device of claim 14, further comprising: 

comparing the maximum stress intensity and a yield strength for the pipe; 

and 

selecting another inside radius of the pipe, another outside radius of the 

pipe an another yield strength for the pipe. 

19. A non-transitory program carrier device tangibly carrying computer executable 

instructions for determining stresses in a pipe under non-uniform exterior loads, the 

instructions being executable to implement: 

a) determining coefficients in multiple stress equations for the pipe by 

solving boundary condition equations using a maximum lateral pressure on the 

pipe, a minimum lateral pressure on the pipe, an inside radius of the pipe and an 

outside radius of the pipe; 

b) solving the multiple stress equations that represent a radial stress for the 

pipe, two of the multiple stress equations that represent a loop stress for the pipe; 
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which are added together to represent a total radial stress and a total hoop stress, 

and one of the multiple stress equations that represents a total shear stress for the 

pipe using one or more of the coefficients, a predetermined pipe radius and a 

predetermined pipe angle; 

c) calculating a stress intensity for the pipe using the total radial stress, the 

total hoop stress, the total shear stress, and a predetermined total axial stress for 

the pipe; and 

d) repeating steps b) - c) with another predetermined pipe radius and another 

predetermined pipe angle until a maximum stress intensity for the pipe is 

calculated. 

20. The program carrier device of claim 19, wherein the predetermined pipe radius and the 

predetermined pipe angle are each within a respective predetermined range. 
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