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ABSTRACT 

This paper presents the seismic design and evaluation 
guidelines for underground piping for the Department 
of Energy (DOE) High-Level-Waste (HLW) 
Facilities. The underground piping includes both 
single and double containment steel pipes and 
concrete pipes with steel lining, with particular 
emphasis on the double containment piping. 

The design and evaluation guidelines presented in this 
paper follow the generally accepted beam-on-elastic- 
foundation analysis principle and the inertial response 
calculation method, respectively, for piping directly 
in contact with the soil or contained in a jacket. A 
standard analysis procedure is described along with 
the discussion of factors deemed to be significant for 
the design of the underground piping. 

The following key considerations are addressed: 1. 
the design feature and safcty requirements for the 
inner (core) pipe and the outer pipe, 2. the effect of 
soil strain and wave passage, 3. assimilation of the 
necessary seismic and soil data, 4. inertial response 
calculation for the inner pipe, 5. determination of 
support anchor movement loads, 6 .  combination of 
design loads, and 7. code comparison. Specifications 
and justifications of the key parameters used, stress 
components to be calculated and the allowable stress 
and strain limits for code evaIuation are presented. 

Finally, a numerical example is provided to illustrate 
the application of the guidciines. 
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NOMENCLATURE 

pipe cross-sectional area, net after the 
corrosion allowance 
apparent wave velocity traversing the site 
pipe diameter 
depth to the top of the pipe 
stress intensity factor 
internal pressure 
peak ground acceleration of the seismic 
wave 
peak ground displacement 
peak ground velocity 
pipe radius 
Code allowable stress value 
primary stress indices 
soil adhesion (units of stress) 
Young's modulus of the soil 
Young's modulus of the pipe material 
the secant moduIus of elasticity of the buried 

maximum friction f o r c e h i t  length of pipe 
axial force from thermal expansion 
axial force from both anchor movement and 
wave passage 
the frequency (in Hz) at the peak spectral 
velocity 
coefficient of soil earth pressure at rest 
modulus of subgrade reaction 
moment of inertia of the pipe cross section 
the dominant wave length of the passing 
seismic wave 
resultant moment from sustained loads 
resultant moment (use only one-half the 
moment range from earthquake) from 
occasional loads 

Pipe 
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deadweight and earthquake inertia response 
moment (use only one-half the moment 
range from earthquake), respectively 
range of resultant moment from thermal 
expansion 
resultant from scismic loads due to both 
anchor movement as well as wave passage, 
use half the range 
moment due to wave passage 
moment due to oscillatory S A M  
bearing capacity factor 
expansion stress 
bending stress (one-half the range) 
allowable stress at temperature 
torsional Stress (one-half the range) 
stresses due to occasional loads and 
sustained loads 
material yield stress 
nominal pipe thickness 
the apparent wave speed of the seismic 
motion 
weight of pipe and its contents 
wave Coeffcient, 1 for compression or 
Rayleigh wave, 2 for shear wave 
the Poisson's ratio for soil 
axial strain 
total strain of the pipe 
backfill weight density 
apparent angle of pipe wall friction (degrees) 
average contact pressure bctween soil and 
the pipe due to soil weight and surcharge 
loadings 

INTRODUCTION 

Underground piping for the DOE HLW facilities is 
normally encased (or double containment) piping 
system, i.e., consists of a "pipe in a pipe" 
arrangement. The inner (or core) pipe is designed to 
convey waste and is intended to remain leak tight for 
all design loads, including scismic loads. The outer 
pipe is designed to provide additional assurance that 
the waste carried by the core pipe will be contained, 
in the unlikely event of leakage from the core pipe. 

There are many possible design combinations of the 
encased underground piping. For instance, the outer 
pipe could be steel, ceramic tile, or concrete. The 
outer pipe could also be either in direct contact with 
the supporting soil, or supported and housed in 
underground concrete trenches. 

during a seismic event. Because it is continuously 
supported by soil, the inertial response of the buried 
outer piping is rarely significant. Instead, its stress 
and strain are more significantly controlled by the 
soil strain from ground motion. The beam-on-elastic- 
foundation principle (Reference 1) is generally used 
to calculate the response of the outer pipe. 

On the other hand, the inner piping (and also the 
outer piping when it is not in direct contact with the 
soil) is expected to behave in many ways similarly to 
above ground piping. The inertial response could 
become a significant factor in this case, and the finite 
element response calculation method can be 
employed. 

There are currently no industry codes or standards 
which provide necessary guidance for the analysis of 
the buried double containment piping where both 
piping inertial effects and the effects of soil strains 
are present. Chapter 7 of Reference 2, fulfills such a 
need. 

This paper presents a summary discussion of the 
methods, procedures, and criteria recommended in 
Reference 2 for buried piping and conduits. 

2. CONTROLLING FACTORS FOR THE 
ANALYSIS OF BURIED PIPING 

The inertial response analysis method adopted for the 
above ground piping is not entirely suitable even for 
the analysis of the inner piping when it behaves fairly 
similar to the above ground piping, because of the 
presence of the outer pipe. On the other hand, the 
beam-on-elastic-foundation analysis approach 
traditionally employed for the close-formed static 
analysis of the single-walled buried piping needs to 
be modified when a computer aided finite element 
analysis is desired. 

Table 1 presents a comparison of some of the more 
important factors affecting the design evaluations of 
various piping arrangements for the buried piping. 
The guidelines provided in Reference 2 and discussed 
in detail in this paper are intcnded to ensure that the 
key factors affecting the design evaluation of the 
buried piping are properly addressed. 

3. REQUIRED SEISMIC AND SOIL DATA 

Piping which is in direct contact with the soil is 
confined by soil and controlled by soil movements 

Appropriate seismic and soil data must be assembled 
to allow for evaluation of the maximum response 
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loadings of the undcrground facilitics. The seismic 
cnvironmcnt must inciudc estimatcs of peak ground 
acceleration (PGA), peak ground velocity (PGV), and 
peak ground displacement (PGD) defined at the 
ground surface appropriate for the hazard 
specification. 

Sufficient data should be gathered to suitably identify 
the foundation soil surrounding the underground 
components and detcrmine their appropriate 
parameters. These can be gathered using standard 
methods of foundation investigation, namely, standard 
penetration tests (SPT), cone penetrometer testing, 
seismic reflection surveys, crosshole, uphole andor 
downhole geophysical testing. Regulatory Guides 
1.132 and 1.138 (References 3 and 4, respectively) 
present recommendations for geotechnical 
invcstigations and laboratory testing. Such 
investigations must also suitably define changes of 
soil properties along the route of the underground 
facilities. 

Soil properties of specific interest include: 

grain size distribution description 
plasticity characteristics 
density and relative density 
equivalent SPT blow count information 
effective coefficient of subgrade reaction 
liquefaction potential 
equivalent cyclic properties obtained from 
either site specific laboratory testing or 
gencric data for appropriate soil types 

Enough data must be available to allow for evaluation 
of the effect of seismically induced pore pressures on 
ground movements and thc loads induced on the 
underground system from relative movements 
between the ground and the piping. 

A range of generic values may be used with sufficient 
variability to account for undnowns. 

1. DETERAIINATION OF KEY INPUT 
PARABlETERS FOR ANALYSIS 

Modulus of Suberade Reactions 

ypically, the buried piping system is analyzed as a 
series of beam elements on an elastic foundation, 
requiring the assumption of modulus of subgrade 
reaction for the soiWpipe system. In a computer 
analysis, the modulus of subgrade reaction (lbs/in3) is 
used to determine the soil spring constants at the pipe 

and soil interface along the horizontal and vcrtical 
directions. 

The modulus of subgrade reaction is a simplified 
concept that has often been used to assess pseudo- 
static interaction between buried structures and the 
surrounding soil. Unfortunately, the simple one- 
parameter coefficient of subgrade reaction (Winkler 
spring coefficient), even for the ideal case of linear 
soil stress-strain behavior, does not properly account 
for shear transfer between adjacent points in the soil. 
Therefore, approximate comparisons with elastic 
solutions lead to a stiffness parameter which is a 
function of both the structural and soil parameters. 

For real soils, the stiffness parameter is found to be 
also related to soil type, depth of burial, direction of 
loading (horizontal or vertical), and strain level. The 
representation of this complex interaction with a 
single parameter has given rise to many 
recommendations presented in the open literature. 

For long straight sections of piping, ground 
movement induced forces, moments and stresses are 
found to be relatively insensitive to the specific value 
of the stiffness parameter, except for the relatively 
unusual case of piping traversing areas of 
significantly different soil properties. 

However, ground movement induced loads computed 
at or near pipe bends and structural intersection 
points can be strongly dependent on the specific 
value of the modulus. It is therefore important that 
conservative estimates of this modulus be selected for 
any analysis. This is typically accomplished by 
incorporating the effects of variability in this 
parameter on the computed stress resultants. 

It should be noted that, for buried piping analyses, 
conservative estimates of the subgrade modulus tend 
to lie on the stiffer side of the range of potential 
variability. This is different from the normal 
assumptions of foundation analyses which typically 
are made to underestimate the stiffness parameter so 
as to overestimate settlement values. 

Due to greater uncertainties associated with the 
selection of the subgrade modulus, the buried piping 
analysis performed should incorporate a wider 
variation in the modulus than is typically used in 
standard soil-structure interaction analyses so as  to 
lead to bounding estimates of induced loading. Site 
specific measurements, when available, can be used 
to reduce the variability in parameter that must be 
incorporated into the evaluations, since the 



rccommendations for gcncric soils incorporate such 
\ d c  variations in thc approprintc cocfficicnts. 

The form of the reaction-displacement relations 
rcquired to perform the analysis of buried piping is 
shown in Figure 1. In each case, the soil reaction to 
the specified displacement can be approximated by 
means of a linearly varying relationship to the 
maximum value defined by the soil strength as well 
as the piping configuration. The slope of the straight 
line segment is defined as the modulus of subgrade 
reaction. For application to simple bcam models, the 
Winkler spring coefficient is then defined as the 
product of the subgrade modulus and the pipe 
diamcter. 

For the case of piping placed near the surface in 
uniform soils, with a soil cover of at least three 
diameters, the effective subgrade modulus in the 
horizontal direction, K,, can normally be expected to 
be larger than the vertical modulus, k,,, since the 
resistance of the soil cover above the piping is less 
effective for resisting displaccmcnt. Thercfore, if the 
pipe is buried thrcc or more pipc diameters deep, the 
horizontal stiffness is rccommendcd to be at least 
equal to the vcrtical stiffness, unless special 
conditions indicate such is not the case. 

Limiting Values of Lateral Load 

The upper bound values of reaction or yield values of 
the prcssurc-displacement curves of Figure 1 for each 
displacement mode of intercst can be estimated from 
bearing capacity relations available in the literature, 
a summary of which is provided in Rcfcrence 20. 
For vcrtical displacements, the limit on pressure due 
to upward pipe displacemcnt is controlled by the 
brcakout capacity of thc trcnch material above the 
pipe. These limiting loads in both the horizontal and 
vertical directions tend to reduce the computed 
maximurn moments from linear analyses. 

Plate Load Testing 

Estimates of in-situ stiffness can be obtained from 
simple field tests using plate loads, although such test 
results tend to undcrcstimate thc stiffncss of fully 
confined soils. In addition, the results quoted from 
such tests are typically associated with shear strains 
in the range of 0.1% to I%, highcr than the strains 
associated with the initial slope of the load 
displacement curve. The stiffness from these tests 
can be increased by a factor of about 2 to amve at 
results appropriate or the lower strain levels 
associated with the vibratory problem. 
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In addition, if the plate load test is conducted, for 
example, using a 1 foot diamcter rigid plate, the dope 
of the pressure-displacement curve must be suitably 
modified to account for the difference between the 
pipe and plate diameter; that is: 

k = 41 f(D> 

where k,, is the coefficient of subgrade reaction for 
the 1 foot diameter plate and f@) is a function of the 
pipe diameter as well as the soil type. For plate tests 
conducted on the surface of sandy soils, the 
experimentally determined relationship is found to be: 

while for typical cohesive soils, the relationship is 

k = k,, W I  (3) 

Typical values of coefficient of subgrade reaction 
from plate load tests are listed in Tables 2 and 3. 

Analytic Estimates 

Several formulas have been used in the past to 
estimate the modulus of subgrade reactions for the 
horizontal lateral direction. One of these is Vesic's 
approximation (Reference 5 )  in the following form: 

k, = 0.65((E,D')/(E,,IJ)U'2 . 

The modulus of subgrade reaction is relatcd to 
Vesic's approximation by: 

(5) 

Other forms of modulus of subgrade reaction have 
also been proposed (e.g., References 6 ,  20, and 26). 
For instance, the recommendation in Reference 20 is 
to define KO as follows: 

ko=yNqhHD/[0.06(H+D/2) J p 

Equation (6) is not a direct function of the pipe 
rigidity as in the case of Equation (4) but it includes 
the depth of the pipe below grade (H) as a parameter. 
Therefore, the modulus of subgrade reactions 
calculated from Equations (4) and (6) may differ 
markedly. Hence, care should be exercised when 
determining the appropriate equation to be used for a 
particular situation. 

Because piping is normally modelled as a concentric 
(line) model, the Spring constant of the soil per unit 



Icngth of the pipc is calculatcd by multiplying the 
modulus of subgrade reaction with the pipe diameter. 

5. ANALYTICAL PROCEDURES AND 
GENERAL GUIDELINES FOR THE 
BURIED PIPING 

In general, the buried portion of the underground 
piping can be either analyzed by close-formed beam- 
on-elastic-foundation formulas or by computerized 
pseudo static analysis. As for the inner piping 
encased by the outer piping, its inertial response is 
typically analyzed by a computer program and camed 
out on a dynamic modal analysis basis similar to the 
above ground piping. 
In what follows, some of the key steps which are 
generally employed for a complete analysis of the 
buried piping are discussed in detail. 

Seismic Inertial Response Analvsis 

For the case of a pipe not supported directly by the 
surrounding soil, the pipe is typically supported 
intermittently within other piping or support boxes 
and is free to move transversely within the outer pipe. 
Longitudinal friction between the inner pipe and its 
supports will provide some restraining effects due to 
selfweight of the inner pipe. Otherwise, the response 
of the inner pipe can be expected to behave as 
conventional abovcground piping during a seismic 
event. Dynamic or equivalent static load methods of 
analysis are applicable to treat such inertial response 
modes of the pipe (Refercnces 7 and 8). 

A damping value of 5% is considered appropriate for 
underground piping. The design response spectra 
(defined typically as the free-field ground surface 
spectra) for the three directions of input should be 
applied and the results combined on a square-root- 
sum-of-squares (SRSS) basis. In view of the fact that 
the inner piping is anchored and supported by the 
outer piping, interaction effects between the two must 
be addressed. 

Beam-on-elastic-foundation Analvsis 

The methods of analysis Cor buried piping are based 
on beam-on-elastic-founda tion principle by modelling 
the piping system as simple beam models supported 
on linear Winkler springs. These methods are 
summarized in References 9 through 19. They are in 
general use throughout the industry and have been 
keycd to empirical data. 

The following loads are normally considcrcd in the 
buried piping analysis: 

normal operating thermal loads, 
normal operating internal pressure loads, 
external soil loads, soil settlement loads, and 
seismic loads. 

Non-seismic Loads 

In the simplified beam-on-elastic-foundation 
approach, pipe stresses due to thermal loads can be 
calculated similar to the case of seismic loads. The 
maximum axial strain from temperature expansion 
along the straight pipe run is first determined and 
then used to determine pipe stresses at elbows, bends 
and tees (Reference 20). 

For the normal operating internal pressure loads, it 
can be calculated as in the case of above-ground 
piping by neglecting the restraints provided by the 
surrounding soil. 

Assessment of external soil loadings can be 
performed by the standard methods of soil mechanics 
(References 21 and 22). 

Seismic Loads from Transient Ground Movements 

For estimating stress resultants due to transient 
ground displacements from wave passage effects, 
current practice generally assumes plane wave motion 
either parallel or transverse (across) to the axis of the 
pipe. 

Axial Differential Ground Movements 

Along the axial direction, the maximum axial ground 
strain is found to be: 

(7)  

The peak ground velocity (PGV) is typically defined 
by the design ground spectrum at the site. The 
coefficient a, is defined as 1 or 2 depending upon 
whether the traversing wave type is either a 
compression, Rayleigh, or shear wave. Values of this 
coefficient for each wave type can be found in Table 
4. The parameter C is the apparent wave velocity 
traversing the site. 

The specific value of wave velocity and wave type to 
be used in any particular situation is in general not 
clear and must be selected with care. If the buried 
pipe is located at a depth of 20 feet or more in 



ordinary soil, the cffcct of the Raylcigh wave a t  these 
dcpths can be considcrcd ncgligiblc. 

For shallow buried systems located at large distances 
from a potential fault (beyond about 200 km), the 
effects of Rayleigh waves may predominate. For 
closcr distances to a potential seismic source, body 
waves are generally the largest contributors to the 
seismic hazard. In this case, the apparent horizontal 
wave velocity is often controlled by the deeper and 
higher velocity material at depth and not by the wave 
speeds of the soil immediately surrounding the piping 
system. For vertical motions, however, the local soil 
wave velocity may dominate. 

For a uniform soil site overlying stiff rocks, the free- 
field ground motion tends to be dominated by shear 
waves propagating nearly vertically. In this case, the 
propagation velocity of the seismic wave at the 
ground surface is strongiy influenced by the wave 
speed in the bedrock below (Reference 23). Based on 
limited empirical observations (e.g. Refcrence 16), the 
use of shear wave vclocitics in Equation (7) less than 
about 2000 fps (Refercnce 7) leads to overly 
conservative strain estimates,, even for the case of 
soils having lower values of shear wave velocities. 

For vertical runs of pipe, PGV associated with 
vertical motion should be used in Equation (7) 
together with the local P-wave velocity to treat wave 
passage effects. 

The maximum asial force that may be induced in 
long straight sections of buricd pipes by the axial 
ground strain is controlled by the ability of the 
surrounding soil to transmit loads to the pipe through 
friction. 

Considering the ground wave to vary sinusoidally as 
it traverses the site, the maximum ground strain that 
can be developed will occur over a quarter wave 
length of the predominant seismic wave associated 
with the PGV. Thus the maximum strain that can be 
transmitted to the buried pipe through shear is limited 
to: 

(EJmax 5 FmaxLwY(4EsctA) (8) 

The maximum force pcr unit length F,, which can 
be transmitted through friction to the pipe is related 
to the characteristics of both the pipe and the soil. 
The dominant wave length of the passing seismic 
wave L, can be estimated from the site response 
spectrum using the relation C/f, where C is the 
apparent wave velocity, f,, is the frequency (in Hz) at 
which the peak spcctral velocity occurs (typically of 

c 

the order of I hz). Also, E, is the secant modulus of 
elasticity of the buried pipe and A is the nct cross- 
sectional area of the pipe. 

For straight sections of pipe whose length is less than 
LJ4, the peak axial strain in the pipe will be 
proportionally less than the value calculated in 
Equation (8). 

For the general case of a soil possessing both 
frictional and cohesive strength components, the shear 
force per unit length of pipe can be estimated from: 

In general, when evaluating transient loadings, the 
shear strength parameters should be obtained from 
consolidated - undrained test results while 
consolidated - drained results can be used to assess 
permanent effects of relative displacement. 

For typical soil types, estimates of the adhesion and 
apparent friction angle between the pipe wall and the 
soil are provided in Tables 5 and 6 for the case of 
soils bearing against either concrete or steel buried 
piping or conduits. 

Transverse Differential Ground Movements 

Again, assuming wave passage of sinusoidal single 
wave types traversing along straight runs of pipes, the 
maximum curvature of the ground can be estimated 
(Reference 7) as follows: 

where g, is a wave coefficient dependent on wave 
type and listed in Table, 4. 

The maximum forces and moments developed in long 
straight sections of pipe as computed above typically 
do not lead to the maximum stress conditions in the 
pipe (Reference 19). Rather, the controllin_e condition 
usually occurs at  pipe bends and elbows as a result of 
differential motions developed from the wave passage 
effect. 

Effect of PiDe Bends. Elbows. and Tee's 

The effect of changes in direction, size and material 
of the underground piping must be considered for a 
complete evaluation of critical conditions. Using the 
ground strain calculated based on Equation (7, the 
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forccs and moments dcvciopcd at the critical 
locations of thc underground piping can be 
detcrmined by following the usual procedures as 
outlincd in References 11 through 20 for pipe 
elcmcnts of different configurations. 

For double-walled piping, one additional item which 
needs to bc considcred in the beam-on-elastic- 
foundation analysis is the increase in sccondary pipe 
stiffncss due to the prcscnce of the primary pipe. 
More rigid pipcs gcncrally lead to higher pipe strains 
and stresses, particularly at the elbows, due to the 
applied soil strains. To be conservative, the potential 
increase in the overall axial and bending stiffnesses 
of the secondary pipe should be assessed. 

The amount of stress at the clbow is proportional to 
the deformation (displacement and rotation) at the 
elbow. To determine the deformation at the elbow, 
it is necessary to know first if the longitudinal leg has 
the length requircd to allow thc friction force to be 
fully developcd at both cnds of the pipe. Whether 
the longitudinal leg is long or short has a direct 
bearing on the development of the close-formed 
solution. 

Likewise, for the transverse leg, the important item is 
whether the pipe run is longer or shorter than the 
influence length charactcnzed by Hetenyi's system 
Characteristic factor j3 (Reference 11). 

Each combination o l  the long and short legs of an 
elbow results in one set of closc-formed solutions. 
Because there arc many possible combinations of the 
long and short legs and piping configurations, care 
should be exercised to ensure h a t  all possible 
combinations of the required analyses have been 
considered when a close-formed solution approach is 
used. 

For the finite element computer analysis using soil 
springs, several additional factors, discussed as 
follows, need to be considcrcd. 

Asia 1 S t i f fne ss Est ima tc s 

The effective asial stiffncss uscd in the clastic 
foundation model for the soil surrounding the pipe is 
based upon studies of pile behavior subjected to axial 
loads (Reference 20). For example, the displacement 
required to develop the full adhesion force on a pile 
which is 12 inches in diameter is estimated to be 0.2 
to 0.5 inch. 

The maximum frictional force, F,,, as specified in 

Equation 9, together with the displacement estimate 
for full mobilization leads to an estimate of the axial 
stiffness as follows: 

The Winkler spring coefficient in the axial direction, 
k,, has units of force per length of pipe over unit 
displacement (such as psi) and is a direct input into 
the beam on elastic foundation analysis. 

Discretization Recommendations 

When analytical solutions for beam on elastic 
foundation models are used, stresses, displacements, 
etc., are written directly in terms of the system 
characteristic parameter defined by 

The parameter p relates soil and beam stiffnesses and 
controls the magnitude of responses. 

In regions of high bending (near concentrated loads 
or at pipe bends), the pipe displacements generally 
decrease relatively rapidly with distance from the 
discontinuity. The length of this zone is sometimes 
called the "bearing span" and is estimated to be 

L, = 3X/(4P) (14) 

Within this distance from the discontinuity, spacing 
of the Winkler springs should be limited to about 1.5 
to 2 times the pipe diameter to obtain reasonable 
accuracy in the computed stresses. For zones away 
from these points of discontinuity, discretization of 
soil springs could be relaxed since changes in 
bending moment per element decrease. 

S U D D O ~ ~  Anchor Movements (SAM') 

In addition to the stresses developed in the 
underground piping system from the wave passage 
effects, the stresses induced in the piping system from 
relative movement at anchor points and other building 
penetrations or attachment points (SAM) must be 
considered. It is usual in this situation to consider a 
static analysis of the piping system subjected to out- 
of-phase anchor movements placed on the system to 
produce worst case conditions. 

In analyzing the support anchor movement loads, the 
procedures of beam-on-elastic-foundation must again 
be utilized, with the same degree of variability 
required to ensure conservative estimates of stress 
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rcsultants. As recommended in Reference 7, the 
strcss rcsultants computed for anchor point movement 
can be combined with those computed for passage 
effects using the SRSS method. 

Permanent Differential Ground Movements 

Both horizontal and vertical long term total and 
differential ground displacements must be estimated 
which account for gross settlement or consolidation 
of foundation soils as well as potential maximum 
movements of building attachment points. Stress 
resultants induced by these movements can then be 
estimated by considering the buried piping to be 
supported on an elastic foundation. 

The stiffness coefficients selected for the analysis of 
long term response should take into account any 
differences in soil behavior associated with the effects 
of long term loading as opposed to the effective 
stiffness associated with the short durations associated 
with wave passage effects. Again, sufficient 
variability in soil stiffness properties must be 
included in the analysis to assess worst case 
conditions. 

A summary of approaches to evaluate the potential of 
inducing permanent settlements from a variety of 
sources is presented in Reference 30. Also, standard 
procedures are available (References 31 and 32) to 
estimate induced vertical strain levels from the 
maximum induced cyclic shear strains developed in 
the soil layer during the seismic loading. 

Alloivable Stress and Strain Limits for Inner Piping 

Concrete Conduit Requirements 

The concrete componcnt of any piping system should 
meet the general requirements of the current version 
of the ACI Code 349-85. Compressive strains 
devcloped in the concrete should be limited to no 
more than 0.3%. Tensile requircmcnts should be 
controlled by the amount of rcinforcing steel added to 
the concrete as specificd in the ACI Code. If 
required to prevent any cracking from developing in 
the concrete, tensile strains should be limited to: 

* where f C  is the strength and E, is the elastic modulus 
of the concrete. 

Steel  Pining and Componcnts 

A. Stress Limits for Deadweight and Inertial 
- Loads 

The allowable stress and strain criteria specified 
herein are intended to compliment the requirements 
of the ASME Codes and be consistent with the needs 
of the DOE HLW facilities. 

The DOE HLW underground piping is typically 
designed in accordance with the ANSUASME B3 1.3 
Code [Reference 251. Section 319.4.4 of the B31.3 
Code specifies the equations and allowable stress 
limits for flexibility stresses based on a combination 
of the torsional stress and the bending stress, as 
follows: 

s, = (S,’ + 4 s y  (16) 

In contrast, the B3 I .  1 Code [Reference 261 requires 
the combination of the axial stress from pressure plus 
the bending stress in the following form: 

There are obvious differences between Equations (16) 
and (17). One key factor being that Equation (16) 
includes the axial stresses in the calculation. 

For the buried piping, the axial stress in the piping 
induced by the axial soil strain is a factor which 
should not be ignored. 

A comparison of the ASME Section I11 Subsection 
NC Code equations with the B31.1 Code would show 
that both codes use similar equations and material 
specifications. 

For instance, the left hand side equation of the ASME 
Section 111, Subsection NC Code, adopted for the 
occasional loads can be written as follows: 

While Equations (16) and (17) may appear to be 
substantially equal if the minor differences in the 
stress indices are ignored and the moments are 
properly accounted for, there is one important 
difference in both Codes, i.e., B3 1.1 does not have a 
complete range of stress criteria as required by 
Section I11 Subsection NC, particularly when faulted 
condition loads are considered. 

Thus, to be consistent with the dcsign needs of the 
buried piping, the stress equation can be written in 
the nomenclature of the ANSUASME B3 1.1 Code but 
using the allowable limits specified in the Subsection 



NC Code for the faultcd condition loads as follows: 

B. Stress Limits for Thcrmal. SAM & Ground 
Scttlcmcnt Loads 

In addition to meeting the requirements for the 
inertial loads, ASME Section 111, Subsection NC also 
requires that the support anchor displacements due to 
earthquake effects be considered in Equation (10) of 
the Code, if they are not included in Equation (9). 
Equation (19), above, includes only the seismic 
inertial response loads. Equation (20), below, can be 
used to satisfy the intent of Equation (10) of the 
Code. 

(F,+F,,,)/A+i(MC+MDISP)/Z 
13S,, but 52S, (20) 

MD,P=[Mwa+%*M21 In (2 1) 
where 

If permanent settlement is expected following the 
seismic event, then the axial stress due to the 
resulting SAM shall be limited to the smaller of 3S, 
and 2S, 

Equation (20) diffcrs from Equation (10) of the Code 
in scveral aspects. The most important difference is 
that Equation (20) includes the asial force generated 
from both thermal expansion and support anchor 
movements. This is to recognize the potential 
significance of the axial force in the inner pipe 
induced by the axial movement of the outer pipe. 

C. Strain Limits 

If both Equations (19) and (20) cannot be met, the 
piping design is still considcred acceptable if the 
maximum piping strain is limited to a reasonable 
level where racheting fatigue is not a concern. 
Recent tests (Reference 27) indicate that the failure 
mode of piping components subjected to very large 
seismic loading is not "collapse" under "sustained 
primary loading". Rather, failure of piping 
components is due to fatigue racheting. Fatigue 
racheting will not occur to any significant level if the 
total accumulated strain for seismic loading is within 
5% (Reference 27). 

A set of new design critcria has bcen proposed 
rccently [Reference 271 to increase the membrane 
plus bending stress for Equation (19) from 3 s h  to 6 
Sh for reversing dynamic loads in class 2 and 3 
piping to be consistent with the 5% strain level, and 

as an alternative to the time consuming nonlinear 
plastic analysis. 

The bases of the proposed new stress allowable are 
well documented and understood by the technical 
community. However, it is still to be adopted by the 
regulatory bodies. 

If and when Equation (19) is not satisfied, a strain 
based criterion would seem to be appropriate to 
further determine the piping design acceptability. 

As a substitution for the plastic analysis, a stress- 
strain correlation method [Reference 281 could be 

.used to convert the elastically calculated code stress 
to the equivalent total strain. 

The following allowable strains can be used: 

q S 1% for carbon steel 
S 2% for stainless steel 

These allowable values are consistent with the 
recommendations of Reference 28. 

For carbon steel, the allowable strain is more 
conservative than the 2% strain allowed by Code case 
N-47 [Reference 291. 

Finally, the axial strain of Equation (20) should be 
limited to: 

E. < 0.2/Wt,,) (23) 

to avoid compressive wrinkling. 

Allowable Stress and Strain Limits for Outer Pipinq 

The outer piping is required to maintain its structural 
integrity. For piping which is not in contact with the 
soil, meeting Equations (19) and (20) or Equations 
(22) and (23) will suffice. 

For piping which is in direct contact with the soil, the 
inertial stresses are not a significant contributing 
factor to the total stress. Therefore, Equation (1 9) is 
not appropriate. Instead, Equation (20) or (22) and 
(23) should be used for the combined effect of 
thermal and soil constrained seismic loads. 

Finally, when the strain limit is used for the outer 
piping for seismic anchor movemcnts due to ground 
settlement, the total strain should be limited to 4%, in 
addition of meeting the requirement of Equation (23). 
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6.  NUMERICAL EXAMPLE 

As an illustration of applying the guidelines 
established in this paper, numerical analysis has been 
pcrformcd for a buried transfer line shown in Figure 
2 .  The design parameters are identified in Table 7. 

As shown in Figure 2, the buried piping consists of 
a inner pipe which is used to convey hazardous 
fluids. The outer pipe is intended to contain the 
hazardous fluid in the event of leakage of the inner 
pipe. 

The inner pipe is supported off the outer pipe through 
cross bars (which provide vertical downward 
restraint) and spacers (for vertical and lateral 
restraints). 

The outer pipe is supported from piers on concrete 
pedestals. The piers are spaced to support the 
combined weight of the inner and outer pipe, prior to 
backfill. with negligible deadweight stress and with 
no sag in the pipe. 

The piping model consists of both inner and outer 
pipes. The inner pipe model is linked to the outer 
pipe model with constraints to reflect the design 
configurations and dimensions of the spacers in all 
three directions. 

Both inner and outer pipe anchors are connected to 
the soil in a11 6 degrees-of-freedom. The outer pipe 
is supported vertically down and laterally to the 
ground, in addition to the restraining action provided 
by the soil. 

Soil stiffnesscs along all thrce directions have been 
determined to be 400 lb/in/in. 

The PGV is 15 in/sec. Therefore, the maximum soil 
strain calculated from the horizontal shear wave 
velocity (e.g., 2000 fps) and the vertical compressive 
wave velocity (e.g., 2800 fps) is 0.05%. 

The thcorctical maximum axial strain in the outer 
pipc due to soil-pipe axial force resulting from wave 
passage (from Equation (8)), is 0.1%. The maximum 
strain in the pipe can not exceed the maximum strain 
in the soil. Thus, the 0.03% maximum soil strain 
governs. This value is then used to determine the 
equivalent temperature increase for the outer pipe and 
applied uniformly to the outer pipe to simulate the 
seismic wave strain imposed by the soil. 

In addition to the wave passage effect, the inertial 

response of the inner pipe should also be dclcmiincd. 
This can be accomplished by one of the following 
three methods: 

. deflecting the inner pipe to the maximurn 
gap between the inner and outer pipe, 

. analyzing the inner pipe independent of the 
outer pipe by treating the spacers as supports 
to ground and applying the 5% damped 
ground response spectrum, or 

modelling the inner and outer pipes in one 
single model. 

The approach taken herein is to use the 5% damped 
ground response spectnun of Reg. Guide 1.60 
(Reference 33). 

Two seismic anchor movements are considered in this 
example. The first is the f 2" differential oscillatory 
movement between the tanks and the adjacent 
supports. The second is the gradual settlement of the 
soil which results in differential movement between 
tanks and the adjacent outer pipe supports. The 
absolute settlement is 6" down at the tanks and 4" 
down along the buried pipe. The differential 
settlement is therefore 2" down at the tanks relative 
to the buried pipe. 

The soil springs are spaced in two zones as shown in 
Fig. 3. Zone 1 is determined based on L, calculated 
from Equation (14) which is approximately 10 ft. 
Zone 1 is within L, from each side of elbows or tees. 
Soil springs are spaced at 1.5 times to 3 times the 
pipe diameter. 

Zone 2 is determined from the pipe slippage length 
required to accommodate the soil strain which is 
calculated to be approximately 100 ft. Therefore, 
Zone 2 includes the length beyond L, within each 
straight section. The soil spacing is approximately 20 
times the pipe diameter. 

Table 8 shows the maximum stresses calculated for 
all load cases. As expected, the highest stress for the 
inner pipe is the thermal expansion stress. As for the 
outer pipe, the oscillatory SAM has the highest stress. 
However, the settlement due to S A M  and the wave 
passage effects are also significant. 

Table 9 compares the combined stresses and 
maximum strains with the allowable limits established 
in this paper. The results indicate that the calculated 
stresses and strains are well within the limits 



provided. Thercforc, thc pipe design is acceptable. 

7. CONCLUSIONS 

The design and evaluation guidelines presented in this 
paper follow the generally accepted beam-on-elastic- 
foundation analysis principle and the inertial response 
spectrum calculation method, respectfully, for piping 
directly in contact and not in contact with the soil. 
A standard analysis procedure is described along with 
the discussion of significant factors which are deemed 
to be essential for the acceptable design of the 
underground piping. 

The following key considerations have been 
prescribed: 

the design feature and safety requirements 
for the inner and outer piping, 

the effect of soil strain and wave passage, 

assimilation of the necessary seismic and 
soil data, 

inertial response calculation €or the inner 
piping, 

determination of support anchor movement 
loads, 

combination of dcsign loads, 

code comparison, and 

specification and justification of key 
parameters used, and the allowable stress 
and strain limits. 

Finally, a numerical example has been provided to 
facilitate the ease in application of the guidelines. 
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Figure 2 Layout of A Typical Buried Transfer Line (Inner and 
Outer Pipe are Shoun Side-By-Side far Clarity] 

Figure 3 Modelling of Soil Stiffnesses (Each Spring Depicts a 
Stiffness in Three Directions: Tu0 Laterals and Axial) 



'Cable 1 Comparison of the Keg Factors Affecting I'iping Analysis 

- rt- Above Ground Piping Und~rground Piping 
Not in Contact with SoiI 

Thermal Supports Rcstraincd Supports Restrained 
Expansioa 

Deadweight Sup- Rcstraincd supports - 

Table 2 Typiil Phtc Load Tcst resulk for Sandy Soik 

Soil Density SPT Blow x$ (bf) 

Loose 
MediUrn 
Dense 

3 -  6 
7 -  I5 
16 - 30 

20-  60 
60- 300 

300- loo0 

Table 3 Typical Plate Load Test Resulb for CIayey Soits 

Stiff 1 - 2  
Very Stiff 2 - 4  
Hard > 4  

Table 4 Seismic CoeffKien 3 for Estim 

Coefficient Compnssion 
Wave 

cr, I -0 
4 1.6 

5 0 -  100 
loo- 200 

> 200 

ting Ground Strain (Reference 7) 

Shear Rayleigh 
Wave Wave 

2.0 1.0 
1.0 1 -0 

Soil B u r i d  

Soil Friction 
Consnaincd 

Soil Suppcrtcd 

Soil Supportbd 

Soil Friction 
constrained 

SoiI Strains 
controlkd 



Table 5 Effective Friction Angle (#.) in Degrees 

Material 
Size 
Diameter 

s o i l  Type 

'A312-304L~~hIe~~ Stee l  AlOdCRB Carbon Steel 
3" sch. 40 6" SdL 40 

Concrete Pipe Steel Pipe 
Against Soil  Formed New Rusted 

Internal Pressure 
Op. Temperature 
Const. Code 

Sand 6r Gravel Mixtures 29 - 31 22 - 26 22 29 
f m  Sands, Silty cm Sands 24 - 29 17 - 22 17 24 

Nonplastic S i l t s ,  Sandy S i l t s  17 - 19 14 11 16 
very stiff clays 22 - 2 6  18 15 15 
m S t i f f  To stiff Clays 17 - 19 13 10 15 

f Sands, Si l ty  fm Sands 19 - 24 17 14  20 

200 psi Atmospheric 
18ocf; Amospheric 

ASME B31.3 ASME B3 1.3 

f = f i n e ,  m = medium, c = coarse grain s i z e  descriptor 

Sy Ambient 25,000 psi 
S Ambient 15,700 psi 
E 28.3% psi 

Table  6 Effective Adhesioa (C,) for Cohesive Soils (ia PSB) 

Soil  Consistency Cohesive S t r e n g t h  C Effective Adhesion C, 

3 5 , W  psi 
15,OOO psi 
29.5 E6 psi 

Very Soft 0 - 250 
Soft 250 - 500 
Medium S t i f f  500 - 1000 
S t i f f  1000 - 2000 
very stiff 2000 - 4000 

0 - 250 
250 - 500 
500 - 750 
750 - 950 
950 - 1300 

Table 7 D e s i g n  Parameters used for the Example 

I INNER PIPE I OUTER PIPE I 



Table 8 H a x i m u m  stresses for Individual -ad Case 

t 

PD/4t + .75i(MDw + Mi)/Z ,< & (ZS, B y )  

0.8 + 2-4 + 5.3 = 8 5  < min (3 x 15.7,2 x 25.0) 

1.2 + 3.0 + 0.0 E. 4.2 < min (3  x 15.0, 2 x 35.0) 

(7.13) 

inner pipe 

Outer pipe 

&t = & o ~ / E  < 2% (SS), 1% (CS) (7.14) 

Load Case M a x i m u m  Stress ( k s i )  
Inner P i p e  O u t e r  Pipe 

Pressure 0 . 8  
Deadweight 2 . 4  
Thermal Expansion 12.8 
N a t u r a l  S o i l  Settlement 0 
Wave Passage. 1 .7  
Inert ia  5 . 3  
O s c i l l a t o r y  5 .0  
Settlement SAM 3.9 

1.2 
3.0 
0.4 
0 
7.7 
0 . 8  

14.4  
6.7 

fable 9 Comparison of the Combined Stresses 
and the Allowables 

6.6 X 8.5 / 28.3E 3 = 0.2% < 2% inner pipe 

5.0 X 4.2 / 29.5E 3 = 0.07% < 1% outer pipe 

[(b + Fo )+ *]]/A + i [(Mw i M q  i M T ] ~  5 min (3S, 2Sy) (7.15) (7.16a) 

5.0 X 4.2 / 29.5E 3 = 0.07% < 1% outer pipe 

[(b + Fo )+ *]]/A + i [(Mw i M q  i M T ] ~  5 min (3S, 2Sy) (7.15) (7.16a) 

0.0 + 0.0 + 0.0 + 1.7 + 5.0 i 12.8 = 19.5 <min (3x157, 2i25.0) inner pipe 

0.5 + 0.0 + 0.0 + 7.7 + 14.4 +. 0.4 = 23.0 < min (3 x 15.0, 2 x 35.0) outer pipe 

(8 + e) /A + i (Ms + M T ) ~  I min (3S, 2Sy) 

0.0 + 0.0 + 3.9 + 12.8 = 16.7 < min (3 x 15.7, 2 x 25.0) 

0.0 + 0.0 + 6.7 + 14.4 = 21.1 <min (3 x 15.0, 2 x 35.0) 

(7.15) (7.16b) 

inner pipe 

outer pipe 

Et = & os/E < 4% 2% (branch, tee) (7.14) 

6.66 x 3.9 / 2 8 . 3 s  = 0.09% .e 4% inner pipe 

5.0 x 6.7 / 29.5E3 = 0.1% < 4% outer pipe 


