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A Finite Element Analysis of 
Stemming Loads on Pipes 

Dennis E. Maiden 
Lawrence Livermore Laboratory, University of California 

Livermore, California 94550 

ABSTRACT 

A computational model has been developed for calculating the loads and 
displacements on a pipe placed in a hole which is subsequently filled with 
soil. A composite soil-pipe finite element model which employs fundamental 
material constants in its formalism is derived. The shear modulus of the 
soil, and the coefficient of friction at the pipe are the important constants 
to be specified. The calculated loads on the pipe are in agreement with 
experimental data for layered and unlayered stemming designs. As a result 
more economical designs of the pipe string can be realized. 
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1.0 Introduction 
Nuclear experiments are placed in holes up to 3000 feet deep and 8 feet 

in diameter and are supported from the surface by a pipe that is typically 
9-5/8 inch in diameter. The holes are stemmed (filled) with layers of sand, 
gravel, fines, and shielding materials and at various depths asphalt plugs 
are placed to further insure no radioactive leakage. The pipe, therefore, 
must be designed to carry its own weight plus the weight induced by the stem­
ming which may be for unlayered schemes 1 to 1.5 times the weight of the pipe. 
Typical configurations are shown in Figs. 1 and 2. 

There are three mechanisms which contribute to the load on the pipe. 
The first is the load acting on the projected area of the device-diagnostic 
canister which is significant when magnetite is used. The second is the 
weight of the stemming material that is distributed between the pipe and the 
hole wall in proportion to their parimeters (the "wetted perimeter method"). 
The third is load relaxation due to the elasticity of the pipe and the soil 
which causes the pipe load to be transferred to the hole wall by shear. 

An early method of calculating loads on the pipe string is due to 
Hamilton. He used the wetted perimeter method but the predicted loads were 
too large by a factor of 3. Norn's accounted for this discrepancy by model­
ing the pipe as an elastic rod on an elastic foundation. Initially the pipe 
is held rigid until the hole is filled. The pipe is then allowed to relax 
causing part of the pipe load to be transferred to the hole wall in propor­
tion to the soil spring stiffness. Unfortunately his stiffness was arbitrary 
and did not depend on the shear modulus of the soil or the geometry of the 
hole. 
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3 Staats in collaboration with Norn's and Kleck wrote a finite element 
code, STEM, to model the stemming operation by accounting for the deflection 
of the pipe as the stemming rises. The pipe, shown in Fig. 2, is divided 
into 1 foot elastic pipe elements. The filling process is modeled by apply­
ing the wetted perimeter load at 1 foot increments. At each increment a soil 
shear spring, which is proportional to the pipe displacement, is switched on, 
and the load and displacements calculated. This process is repeated for each 
increment using as initial conditions the loads and displacements from the 
previous increment. Pip? slippage is modeled by permitting only a maximum 
shear stress, Tau, to exist at the pipe wall. The STEM code, however, requires 
the following 6 constants: 

1. K is the soil spring constant. In order to make the spring 
constant sensitive to hole geometry we multiply K by 

D 
D +Aloha*D w n e r e D

D
 i s t h e pipe diameter and D, the 

p h 
hole diameter. 

2. Alpha - Geometry factor accounting for hole geometry. 
3. Tau - Allowable shear stress at the pipe to allow slippage. 
4. KBC - Soil spring constant on bottom of canister, drag 

plates, plastic pTugs, and backfill bridges. 
5. DIAMS - Soil support springs are turned on when backfill 

surface is DIAMS = (hole dia - MP dia)/2 where 
WP dia = cables + pipe diameter. 

6. HT2D - Used to calculate the concentrated backfill load, 
2 

P = Y *ir*R *HT2D*2*R , above canisters. 
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The most significant constant are K and Tau which are not material 
properties and are obtained from normalizing the code to predict conservative 
results. 

Despite the many good ideas inherent in the STEM code it has a number 
g 

of limitations, some of which have been pointed out by Blake. The main 
limitation is that K should depend explicitly on the shear modulus and Tau 
on the coefficient of pipe friction and both on the local geometry. Further-

4 more Staats suggests that Tau option in STEM may not be properly implemented, 
In addition, the constants employed in STEM v.v<":• normalizing with past test 
results and are no longer valid for the new layered (pea gravel, LLL mix) scheme. 

For these reasons an improved set of equations were derived 
and a new finite element code STMLOD was written. The new code contains the 
basic ideas of the STEM code, i.e., accounting for the deflection of the pipe 
as the stemming rises and local pipe slip when the shear at the pipe reaches 
a specified value. In addition, a new differential equation was added that 
relates the deflection of the pipe to the shear deformation of the soil. As 
a result, the load transfer between the pipe and the soil is described ex­
plicitly in terms of the shear modulus of the soil G and the coefficient 
of friction of the pipe ii as well as the geometry of the hole. 

In this report Section 2 presents the mathematical model of the stemming 
process. Section 3 describes the numerical finite element method used to solve the 
equations. Sejtion 4 discusses the material constants employed in the 
computations and their comparison with pxperimenta) data. Section 5 contains 
a presentation of results for layered and unlayered stemming schemes and a 
comparison with experimental data. The effects of pipe slip and thermal 
stresses are also presented. 
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The new set of equations described here was first presented at a seminar 
given by me on July 13, 1977 and attended by A. Blake, R. Corallo, S. Cowin, 
and F. Morrison. A users manual for STMLOD was published in August, 1977 
which contained results for the unlayered LLL-mix stemming scheme (Fig. 8). 
In this scheme, pipe slip was not important but the option was available. 
The new results presented here are for the layered LLL-mix, pea gravel scheme 
(Fig. 2) where pipe slip and thermal stresses are emphasized. 

2.0 Mathematical Model 
The governing equations for the pipe-soil interaction problem are 

the "bin theory" equations and can be derived from Fig. 4. 
2.1 Differential Equations 

a. Pipe force balance 

£ * - T S < « $ - # - **VH - *<RH - Rp> B7 

+ T p - A p M T - T o ) - 0 (1) 

where P is the pipe load, y the soil weight density, R„ the 
hole radius, R the pipe radius, T U the shear stress at the 

P n 
hole wall, o the vertical stress in the soil, y is the weight 
per unit length of the pipe, « is the coefficient of thermal 
expansion, T is the temperature, and T the initial temperature. 

b. Pipe deflection 

dU = ̂  (21 dx A E ^' P 
there U is the pipe deflection, A the pipe area, and E the 
modulus of elasticity of the pipe. 



c. Soil deflection 
dlL 
dr G s

 U J 

where U is the soil deflection, T the shear stress in the soil, and 
G the shear modulus of the soil. 
d. Soil force balance 

2irrr - -2TTR H T H + TT Y S ( R J - r 2 ) - * (R 2 - r 2 ) j j | (4) 

The \ term in Eq. (1) can be dropped by calculating the initial 
weight of the pipe directly, i.e. 

P = T p (L0-x) (5) 

where Y is the pipe weight per unit length, L- is the length of 
the pipe, and x is measured from the top of the pipe. The thermal 
stress term in Eq. (1) can be included separately and will be 
discussed in detail in Sec. 3. The ~ term in Eqs. 1 and 4 is 
small and can be neglected for reasons given in the Appendix. 
Eqs. 1 to 4 become 

a. Pipe force balance 

£ + Y S . ( R H
2 - R 2 ) - 2 . R H T H = 0 (6) 

b. Pipe deflection 
dJJ _ J>_ 
dx - A-E 

c. Soil deflection 

(7) 

dr G 

Soil force balance 
.2 ..2 

(8) 

2nrT = -2i,R H T H + - Y ( R M - rc) (9) 
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2.2 Boundary Conditions 
The loads on the pipe are due to the initial weight of the pipe, 
the stemming, and thermal stress effects caused by the temperature 
difference between the stemming and the pipe. When each layer of 
stemming is added the pipe deflects into the previous layers. This 
causes the shear stress at the pipe wall to be reduced and may 
change sign until it reaches a maximum at which point the pipe 
slips locally. 
As a result, the initial deflection on the pipe when each layer is 
added depends on the past history. Therefore, the boundary conditions 
on the soil-pipe interface are nonlinear and mixed, i.e. force and 
displacement. The boundary conditions on the pipe ends are: 
Pipe 

U = 0 at X = 0 
P = 0 at X = L o 

When the load, P m . is specified at the pipe support we have 
P = P m, v at X = 0 max 
P = 0 at X = L o 

The boundary condit ions on the so i l -p ipe inter face at any pos i t ion 

x are 

Soi l-Pipe 

r = RH Us = 0 

r = r p Us = U - UQ 

where L)Q i s the de f lec t ion of the pipe due to previous stemming 

and is a nonlinear funct ion of x. When s l i p occurs IT ! > T 
• p ' - Pmax 
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we have 
r = R H Ufi = 0 
r = r p T p = Sgn ( I p) w 

The solution of Eqs. 1 to 4 are the accompanyi/ig nonlinear 
boundary conditions will bj accomplished by the numerical finite 
element method described in the next section. 

3.0 Finite Element Analysis 
3.1 Finite Element Model 

The stemming process described by Eqs. 6 to 9 and the non-linear 
boundary description can be conveniently sclved by finite element 
techniques. The method consists of dividing the pipe into n elements 
and adding soil to each element as the stemming rises in the hole. 
The initial deflection of the pipe due to previous stemming are 
initial conditions for each new eleuient. 

The stemming region is modeled by slip and no-slip elements with 
thermal stresses such that the shear stress at the pipe does not 
exceed the maximum allowable. The region above the stemming is 
treated by conventional bar elements. The various element stiffness 
matrices sre added coqether by the direct stiffness method and the 
loads at the nodes as steinnn'nn rises are obtained by the solution of n 
equations n times. The details are described in the next section. 

3 ? Numerical Solution 

The numerical procedure is to solve for the nodal loads on the 
pipe by the direct stiffness method. The matrix representation of 
the system of r, equations and n unknowns is 

•:P:- = [K] ;ui + IFi + ? r (in) 
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where P is the load vector, K is the merged stiffness matrix, U is 
the displacement vector, F is the body force vector made up of the 
shear and thermal stress effects, and P. is the initial load given by 
Eq. 5. The boundary conditions are: 

U-, = 0 at x = 0 
1 (11) 

Pn +1 = 0 at x = L Q 

The boundary condition for load release, i.e., the collar load, is 
designed to carry a load equal to no greater than P is 

3 J J max 

I max • i-i-p\ 

V l = 0 at x = L Q 

Boundary condit ions (11) are applied u n t i l P - P and then (12) 
max 

are applied. The loads on the pipe as the stemming rises is obtained 
by solving Eq. (10) each time a soil element is added until the hole 
is filled. 

3.3 Element Stiffness Matrices 
The element matrices which make up the component parts of the global 
stiffness matrix K in Eq. 10 are: 
a- Li2£JLL® !!£PJLJ-fig- 5 a ) 

The nodal loads f o r the pipe element can be derived from 
p 

Fig. 5a or obtained from Przemieniecki. They are: 

I f 
P l = L ( " U 1 + U 2 ) ( 1 3 ' 

A E 
P 2 -~ - P - (-U, + U2) (14) 
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,-jhere PT arid ? p are the nodal loads. !/, and LU are the nodal 

displacements. L is the element lenqth. The stiffness matrix 

representation of [ns. (10) and (11) in terms of local 

r.oornindtf'S ^s: 

' ! Y f\ -
t i 

• ! - r i • 

'i 

L PJ - ; t ' ? . 

(15) 

I). lions 1 ip_ so i 1 - n i n e .•]ei..oii' (Ti<;. r 'h) 

The nodal loads f o r the n o ' i ' . l i n •• ui 1 -:>ii-c " lenient a re d e r i v e d 

fro; : 1 Fr:^. ft U. "•. '.-.'hen- ?. i s ' he -r:cal •. onrd inr . te d e f i n e d i n 

r i g . oh. Suh-'sti t ut inn f q , (9) and (!'.) we net 

dll s 
dr 

R H If V ' H 
+ 2r * ? 

( 1 6 ) 

The boundary c o n d i t i o n s are 

II - Q 

( 1 7 ) 

V ' 

where U i s the d e f l e c t i o n o f the p ipe due to p rev ious stemming 

and i s an unknown f u n c t i o n o f x.. 

I n t e g r a t i o n o f Eq. 16 y i e l d s : 

U - U = A . * V, 
t) II 

R f l 
where A = R

M i ' . : ( R ( ) / R p ) 
' s 

( 1 8 ) 

( 1 9 ) 
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. / 
2 G" <><W + «G ( " H - 4> ( 2 0 ' 

Subst i tu t ion of (1ft) into (6 ; we qet 

and 
-2:R H da o 

(21) dx ' 'X< - # - 7" ( U " \ - B) " ° 

Di f fo ren t i f l t i nq wo ' i ' * ' -

.2,, M l , ... 'HJ 
dx ft dx d/ ' 

Substituting (7) i to (22) we rjet 

d ZP -> " cP = K (23) 
dx^ 

2,RH 

w h e r e C = AApE W 

Ko = A dx • (25) 

The function U is globally nonlinear but can be approximated by 
a niecoviise linear function over an plfment. The solution over an 
element is 

K 
P = a e ' C X + b e"' c x - -° (26) 

A linear approximation for U over an element means that a 
layer of sand of thickness L is instantly applied to the initial 
displacement distribution U of the element shown in Fig. 4a. 
U Q is given by 



„ • • • „ • ( (27) 

where H . and U ,, ,irr- 'hr- i n i t i a l rh'snl-ie c w n t s at nodes 1 aec1 2 , 
f ) l r,/ ' 

'iijp tn nrf iv io ' i ; stor- . i i i ' : , ! is the lend!.1: u<" an element., >; is the 

local coordinate and 

K 
? H I I < ; V - Ur,l> (2S 

Tl ie h o u n f l i ! ! " / c o n d i t i o n ' in t h e i» 1 x-s-'f-i11 >il .-. I ; i s 

(K "!, - !! o l " l { ) f ? 9 > 

and / 

? 2 ? ''li U 0 ? - B) (30) 

Dif feren t i . i t u i i (26) rind su i i s t i tu t inq in f.o (22) and (30) we cjet 

b . c • . ^ U , • K 2 

o . c e • C L - h . , ( - - ' c L - K} U , i .;,. 

(31) 

(32) 

7 R. 

' ' ? - ( R h - R P } - ' ^ 

, 2 R 
... > 'S. - p ; fi ^ n 2 

(34) 

(35) 
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Solving Eqs. (31) anr) (32) fnr a and t> we rjet 

d = — • (K.U. + K J + b 36) 

K^UJJ - U, ( A 1 ) - K? f A L

 + K, 

" " / C " ( C > " " L - e - ^ " L ) 
(37) 

The nodal forces ore 

P, = a + b - K /c 1 o at x = 0 (33) 

P, = a e ' r L + b e ' C L - K /c at x = L 
2 n 

(39) 

Substituting for a and b we get 

K]Z] 2K, 

2K, K l C ] 

C 2 C2 

3 2 1 o 

3 J 2 o 
C ? c 

(40) 

where C. = e ' c L + e , c i and C- = e' c L - e ' c 

Transforming the first equation above to local coordinates we obtain the 
soil pipe stiffness matrix representation 
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K 1 C 1 
C, 

" " 1 
c 2 

u l 

+ 

_ u2 L 

¥ l " 2 K3 +

 K o 
c 2 

1 1 2 o 

(41) 

c- S_qi,l_-1p_ijK; .e_l_eineiit _wi_th . s l i p { F i q . **) 

When the shear s t r e s s on the p ipe IH.'COJM" 

p ' pi'ta /. (42) 

the n o n - s l i p element i s chai.qed to a s l i p elf«-!ent. Thus when s l i p occurs 

a t r = R 

• = sqn • T 
p p pniax 

(43) 

Combining Eqs. ( 6 ) , ( 9 ) , and (43) we have 

d/ = 2-R sgn( - ) 
dx p p pmax 

(44) 

The stiffness matrix for this equation is similar to the pipe element i.e. 

2J 

1 - 1 
- i 1 + R s y n • )• 

P P Pmax -1 
(45) 
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d. Thermal stresses 
When the temperature of the stemming material is different than the 

ambient temperature, thermal stresses are enduced in the pipe. Thermal 
stresses induced while the stemming is using is accounted for by adding 
to the soil pipe elements the thermal body force given by 

A E-./.T P 
1 

(46) 

where '< is the coefficient of thermal expansion and 'T = T - T is the 
o 

temperature change. Further infonnation on the deviation of stiffness matrices 
p can be found in Przeniieniecki. 
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4.0 Material Properties 

The shear modulus G and the coe f f i c i en t of funct ion . are required 
s t> 

input to STMLOD. Their values depend on the averaqe stress in the stemming 

column which is given by Cq. f\8 to be 

, / R.2. - R2 \ 

where ;. = . 6 , ;.,. = . 6 , K = .6 , , - 94 l b / f t 3 , R., = 4.0 f t , and R = .40 n . p h s ri p 

are t yp ica l values. 

The constant ;. is used in ca lcu la t ing the ma/imun: al lowable shear 

stress at which pipe s l i p occurs. When :-r ' : we set i = sgn(t„)T 
' ' ' • p p::-.ax p J p' pmax. 

The functional form of -, is derived from Ea. A", anr) Ain is oiven by 
pma* 

p's I _H p i 
;pmax " 'IT' V : H V ; ' ? V / 

where J,, is the coefficient of function at the hole wall. Values of u at H p 
low stress levels, -• 2 to 3 psi, are estimated from Tig. 22 of Ref. 9. For 
overton sand we have ,. . •", to 1 . and pea nravel i .45 to .5. Values P I' 
for LLL-mix, colemanito, and magnitite are assumed to be the same as overton 
sand. The coefficient of friction at the hole wall for all stemming materials 
.s estimated from Ref. I i, Table 3.3.1 to be ,, : .6 to .95. 

The shear :nodulus G is a measure of the stiffness of the btirmming 
• i.ateri.i !Y • tiffer the ira Njria! t !e gre?.:-:r the load transfer from the 
pipe to h•. if wall, conieouently less load on the nipe. Values for G are 
not well known, however, we have available to w- the confined stress-strain 
curve for LI L-mix shown ;n Fig. 5. The slope of the curve is proportional 
to the shear modulus. 
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An analy t ica l expression for the shear modulus can be derived (Ref. 10, 

p. 106) from the s t ress -s t ra in re la t i on f o r confined compression given by 

"1 = < ' + 2 G s > * l 

ZvG 
where ?. = r ^ and v is Poissons ratio. 

The confined Youngs modulus becomes 

E s = (;. + 2G S) 

and the shear modulus becomes 

Gs = 2TT^T Es = - 2 8 6 Es 

where v = .3 is caramon for most substances. 
The results are 

i M K (psi) G (P s i' g(psi) S " _ _ § _ _ _ -

2 ?50 75 
3 333 95 
4 2960 847 

The shear modulus is nonlinear over a range of stresses but the stemming 
column experiences a nearly constant stress of approximately 3.3 psi over most 
of its length, therefore a local linear approximation is adequate. An 
average value of G = 120 psi for LLL-mix gives the best results when 
comparing STMLOD calculations with test data. 

The value of G = 40 psi for overton sand, colemanite, and magnitite 
are derived from matching STMLOD calculations v/ith data. Pea gravel is stiffer 
than LLL-niix so a value of G = 130 psi was chosen. Since pea gravel slips 
on the pipe y is more important while G can be approximate. Additional 
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information on formulas fo r estimating Poissons r a t i o and Janssen's constant 
Q 

K is given by Blake and Zaslawskv. A summary of the constants used in 
STMLOD are given in Table 1. 

ABU ! 

Material Constants and Stresses for Stemming Mater ia ls* 

s 
( l b / f t 3 ) 

E'l.AK n j . n i u 

' pma x *+ G s 
Material 

s 
( l b / f t 3 ) (.ps.i) (ps i ) K "H "P (PAL). 

LLL-mix 94 3.07 1.84 .3 .6 .6 1. 120 

Pea Gravel 87 3.09 .83 .3 .6 .6 .45 130 

Overton Sand ICO 3.26 1.96 .6 .6 1. 40 

Magnetite 170 5.55 3.33 3 .6 .6 1. 40 

Colemanite 38 2.87 1.72 .6 .6 1. 40 

* The material constants are subjected to chamje when more experimental data 

is recieved and more STMLOD calculat ions are made and compared to f i e l d data. 

** : . u is only used in ca lcu la t ing -. , . There is a no-s l ip condi t ion on the n ^ pniax 

hole w a l l . :i and G. are the only important constants. 
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5.0 Results 
The results presented here are STMLOD calculations compared to test 

results on problems of interest to emplacement pipe designers. Sample 
problems include calculating the loads o;, pipe in layered and unlayered 
media and determining the thermal stresses induced by stemming materials at 
different temperatures. 

Figure 7 shows a typical unlayered emplacement scheme and Fig. 3 shows 
a comparison of STMLOD, STEM, and experimental data. The results show that 
STEM over predicts the load by 46 percent while STML0D is in agreement 
with experimental data, consequently, a lighter design and a cost savings. 
In the unlayered scheme, it was found that LLL-mix can be modeled without 
slip i.e. i: •> .85vjhi 1 e the shear modulus can be adjusted to give good 
results. The smooth loading curve is indicative of no slipping during 
stemming, ji = 1 was chosen to insure no slip. 

Figure 9 shows the emplacement configuration for the new layered stemming 
plan and Fig. 10 shows a comparison of STMLOD with test results. The most 
interesting feature the layered scheme is that the loads due to stemming 
are much lower than their unlayernd scheme. This can be accounted 
for by pipe slippage in pea gravel. The irregularities in the loading curve, 
Fig. 10, are due to pipe slip. In this scheme, it was found that G for pea 
gravel was not to important, i.e. G > 120 while u -: .45 was required to 

s p 
produce slip. On the other hand, Quigg '" has shown that the shear stiffness 
can be increased to a large number to get results which compare to experiment. 
Similar calculations were done on STMLOD but G had to be made so large that 
it is physically unrealistic. The deflections of the pipe, however, are not 
correct. 
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Fiqure 11 shows the emplacement configuration for a layered design 
where thermal stresses are important. Figure 12 shows a comparison of the 
temperature distribution and approximations used in STKLOD calculations. 
Figure 13 shows the results of STHLOD with and without thermal stresses as 
compared to test data with thermal stress. The results show that thermal 
stress induced by hot materials during stemming reduce the loads. However, 
when the stemming cools the loads should increase;. A better calculations 
can be made by refining the grid so the temperature distribution shown in 
Fig. 12 can be more closely approxfmated. 

6.0 Summary jsnd Conclusions 
The new formulation has reduced the six constants to two measurable 

material constants. Load release due to support subsidence can be calculated. 
Excellent agreement with experiment has been obtained for layered and 
unlayered stemming schemes. Pipe slip and thermal stresses have been 
accounted for. Concentrated loads on the pipe are easily added. The 
effect of adding mud in the pipe at any time can he calculated. The new 
code will reduce the conservatism of the old STEM code and thus realize 
a cost savings. Furthermore, the formalism is based on refined mechanics 
and fundamental material constants. It will provide greater confidence 
and flex-'tili'y in design. Finally, the bTMLOD code is six times faster 
than the STEM code. 
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9.0 Appendix 

The va r ia t i on of ve r t i ca l stress -> is smal l , there fore , the .-'- terms 

in equations 1 and 3 can be neglected. This can be seen from the so lu t ion 

for the stress d i s t r i b u t i o n when the pipe is r i g i d . Given Coulomb's f a i l u r e 

c r i t e r i a 

• = ; . H Q R + C A l 

where i is the shear stress, .• the coefficient of friction, ;„ n R is for our 
use the horizontal stress, and C the cohesion. We ilso have Janssen's 
formula relating the horizontal stress to the vertical stress 

'JK0R = K' A 2 

where K is Janssen's constant and •- is the vertical stress. Combining 
equations Al and A2 we have at the hole wall 

i H = ,„Ko + C R A3 

and at the pipe wall 

T = .. K- + C A4 
P P P 

Substituting Eqs. Al and A4 into Eq. 3 and assuming the cohesions C u = 0 
n 

and C = 0 we have P 

•''"- + ' = - A 5 
dx 's ^ 

where 
2K(.. R + ;; R ) 

•- = f ^ - ^ ^ - E - A6 
H p 
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The so lu t ion is 

o = •£• [1 - e x p ( - i x ) ] (A7) 

Forx>2.5R|, the ve r t i ca l stress approaches the asymptotic value 

The shear stress at the hole wal l becomes 

TH = VHM 

and at the pipe wall 

(A9) 

i = nnK<; (A10) 

If 11,1 = ii we have the "wetted oarimeter" shear stress H p 

T H = T p = T^H" V ( A 1 1 ) 

Equation (All) can also be arrived at by taking the ratio of the weight 
2 2 of the annulus Y -«(RU - R )L divided by the total perimeter 2 n (Ru+R ). S n p n p 

The load on the pipe becomes 

P = 2 ™ v s(R M - R p) R p(L 0- x ) < A 1 2> 

This is called the "wetted perimeter load". 
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The riqid pipe solution, Eq. A7, shows that the axial stress approaches 
a constant value when x -2.5 R,, and the lenoth of the t • R,,. Similarly 

H - o H 
the effect of the elasticity of the pipe should have a small perturbation 
on the variation of the axial stress field. Therefore .-- 5 0 is a good 
approximation. Moreover, the inaccuracy in modeling the stemming process 
and the material properties do not warrent further refinement. Finally, 
the true test is that the model gives acceptable results within enqineering 
accuracy. 
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Figure 1. Unlayercil LLL-mix stemming scheme. 
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Figure 2. Layered LLL-mix, pea grauel stemming scheme. 
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C H I B E R T A 

Figure 7. Pipe implacement configuration for CHIBERTA. 
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