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Predicting Performance of Buried Metal Conduits 
G. A. LEONARDS, C. H. JUANG, T. H. WU, and R. E. STETKAR 

ABSTRACT 

The performance of buried metal conduits described in this paper was predicted 
by using the finite-element program Culvert Analysis and Design (CANDE) as 
modified by research done at Purdue University. The essential aspects involved 
in predicting conduit behavior are revealed through discussion of the following 
topics: (a) effects of using different soil models in the analysis, (b) effects 
of different soil-conduit interface conditions, (c) importance of the sequence 
in placement of soil layers, (d) yielding and buckling of the conduit wall, and 
(e) some applications of the analysis to practice. Buckling of buried metal 
conduits has been shown to be an important failure mode. In the absence of 
buckling, yielding in the conduit walls can result in a favorable redistribu
tion of soil pressures, thereby permitting the conduit to support the over
burden loads more efficiently. A useful procedure to track the potentially 
beneficial effects of wall yielding is presented. Diagrams are given for esti
mating reliably the maximum thrust and the maximum elongation in vertical di
ameter of buried circular and elliptical conduits. 

Some fundamental response characteristics of buried 
metal conduits that have evolved from research done 
at Purdue University (1-5) are summarized. For the 
sake of concentrating on- the elucidation of funda
mental behavior patterns under overburden loads, the 
sample problems given in this paper are limited to 
circular and elliptical conduits. These sample prob
lems were solved by using the CANOE code (6) as 
modified by research done at Purdue University-: The 
importance of these latter modifications and a com
parative study of CANOE and other computer codes are 
well documented elsewhere Clr2.l. 

The essential aspects involved in predicting con
duit behavior are revealed through discussion of the 
following topics: (a) effects of using different 
soil models in the analysis, (b) effects of differ
ent soil-conduit interface conditions, (c) impor
tance of the sequence in placement of soil layers, 
(d) yielding and buckling of the conduit wall, and 
(e) some applications of the analysis to practice. 
The effects of live loads and of loads applied dur
ing compaction are not considered in this paper. 

PROBLEMS STUDIED 

The first group of problems was selected to study 
the effect on the conduit response of using differ
ent soil models. In this group of problems, a 10-ft
diameter, 18-gauge 2 2/3 x 1/2 corrugated steel con
duit (see Table 1 for sectional properties) with 25 
ft of soil cover above the crown (i.e., 30 ft above 
the spr ingline) was analyzed. The soil models used 

TABLE 1 Sectional Properties for Conduits Studied 

Conduit 

!-gauge 6 x 2 in. 
7-gauge 6 x 2 in. 
12-gauge 6 x 2 in. 
18-gauge 2 2/3 x 1 /2 in, 

Sectional Property 

Area 
(in. 2 /in.) 

0.3432 
0.2282 
0.1296 
0.0516 

Moment of 
Inertia 
(in .4 /in.) 

0.1658 
0.1080 
0.0604 
0.0015 

Section 
Modulus 
(in.3 /in.) 

0.1458 
0.0989 
0.0574 
0.0055 

include linear-elastic, overburden-dependent, ex
tended Hardin, and Duncan-Chang models. The param
eters used to represent these soil models are listed 
in Table 2. 

The second group of problems was selected to 
study the effects of different soil-conduit inter
face conditions on the conduit response. Two 10-ft
diameter circular steel conduits, 18-gauge 2 2/3 x 
1/2 and 12-gauge 6 x 2 corrugated steel pipe, and 
two states of compaction, a moderately loose sand 
and a moderately dense sand, were analyzed. Compari
sons of conduit responses were made between two dif
ferent interface conditions, fully bonded versus 
slip with a limiting friction coefficient of 0.5. 
The soil parameters used to define the Duncan-Chang 
soil model for the two sands are given in Table 3, 

The third group of problems was selected to 
demonstrate the importance of the sequence in place
ment of soil layers. Both circular and elliptical 

TABLE 2 Parameters for ·various Soil Models Used in Group 1 
Problems 

Model 

Linear Overburden Extended 
Parameter Elastic Dependent Hardin8 Duncan-Chang• 

E (psi) 700 n.a. n.a. 
µ 0.33' 0.45 0.32, 0.45 n.a. n.a. 
µmin n.a. n.a. 0.20 n.a. 
µmax n.a. n.a. 0.495 n.a. 
q n.a. noa. 3.75 n.a. 
S1 n.a. n.a. 1,038 n.a. 
C1 n.a. n.a. 814,000 n.a. 
a n.a. n.a. -1.75 n.a. 
¢(degrees) n.a. n.a. n.a. 35 
K n.a. n.a. n.a. 920 
n n.a. n.a. n.a. 0.79 
Rr n.a. n.a. n.a. 0.96 
G n.a. n.a. n.a . 0.37 
F n.a. n.a. n.a. 0.12 
D n.a. n.a. n.a. 10.5 

Note: n.a. =not applicable . 

aBased on Lade's triaxial compression test data (8) fur rnu<lerntcly Liens~ Munleiey Nu. 0 
sand, 

bThe overburden pressures (psi) and their correspondjng E-vaJues are as foJlows: 5, 550; 
10, 750; 15, 850;20, 1000;25, 1100;30, L150;40, 1300;50, 1400. 
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TABLE 3 Duncan-Chang Parameters for Group 2, 3, and 4 
Problems 

M11derately Loose Moderately Dense 
Parameter3 Sandb Sande Dense Sandd 

¢ 30 35 42 
K 280 920 600 
n 0.65 0.79 0.4 
Rf 0.93 0.96 0.7 
G 0.35 0.37 0.35 
F 0.07 0.12 0.2 
D 3.50 10.5 15 

a The stress-strajn relation of granular soils at the same relative compaction is dependent 
on particle size, shape, angularity, surface roughness, and size distribution. Therefore, 
soil parameters for the Duncan-Chang model must be used as a set. For a listing of rep
resentative values, see report by Wong and Duncan (9) or Table 2.2 of report by 
Leonards et al. (3). 

bRe]atjve compaction (RC) compared with optimum densHy in the standard AASHTO 
(T-99) test = 92 percent. 

CRC = 97 percent. 
dRC = 100 percent. 

1-gauge 6 x 2 steel conduits at a span of 25 ft were 
analyzed. The soil used was a dense sand the param
eters of which are given in Table 3. Comparisons 
were made between two loading sequences--favorable 
and unfavorable from the standpoint of inducing 
maximum bending moments in conduits with shallow 
cover. The layer sequences were chosen not to simu
late actual construction practices but to provide a 
range that would bracket a majority of such proce
dures. Examples of the sequences adopted for this 
purpose are shown in Figure 1 for a circular conduit 
and in Figure 2 for an elliptical conduit with 
rise/span ratio (R/S) of 0.25 (rise is defined as 
the vertical distance from the springline to the 
crown). 

An extensive review of the performance of buried 
conduits with special emphasis on buckling failure 
modes (_~) provided the basis for the discussions of 
yielding, buckling, and collapse loads. The fourth 
group of problems was selected to demonstrate the 
consequences of yielding in the conduit wall. Two 
circular corrugated steel pipes, 1-gauge 6 x 2 at a 
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FIGURE 1 Favorable and unfavorable 
layer sequences for circular conduits. 
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FIGURE 2 Favorable and unfavorable layer sequences for an 
elliptical conduit with R/S = 0.25. 
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span of 25 ft and 18-gauge 2 2/3 x 1/2 at a span of 
10 ft, were analyzed. The soil used was a moderately 
loose sand the parameters of which are given in 
Table 3. In addition, experimental data on full-size 
culverts were utilized to examine the relation be
tween yielding, buckling, and collapse loads. 

The fifth group of problems was analyzed to pro
vide a basis for comparing some provisions of a pro
posed Code of Practice for designing buried steel 
structures (_!) • The study was restricted to struc
tures backfilled with granular soils because (a) 
large-span steel conduits were of primary interest 
and these are almost always constructed with select 
backfill soils ?.nd (b) the empirical data base to 
characterize the stress-strain behavior of granular 
soils is more extensive and much more reliable than 
that of other types of soils. The influence of the 
following factors on the maximum thrust and conduit 
deflection was evaluated: 

1. Conduit shape: circular and elliptical, 
2. Conduit wall stiffness: covering the range of 

available corrugated steel plates, 
3. Conduit span: 10 to 35 ft, 
4. Height of cover: 3 to 75 ft, 
5. Level of soil compaction: fair to good, 
6. Sequence in placement of soil layers: favor

able and unfavorable, and 
7. Interface conditions and soil models. 

RESULTS AND DISCUSSION 

Effects of using Different Soil Models 

It has often been suggested that there are no sig
nificant differences in the predicted conduit re
sponse if different soil models are used, provided 
that the "correct" magnitudes of the relevant soil 
parameters are adopted; in fact, isotropic, linear
elastic soil models have been considered satisfac
tory for predicting the performance of buried con
duits (l.Q.-_!l), although their shortcomings are 
gradually being recognized (l_,,!!) • 
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TABLE 4 Results from Finite-Element Solutions of Group 1 Problems 

Model 

Linear Elastic Overburden Dependent 
Extended 

Response µ = 0.33 µ = 0.45 µ = 0.32 µ = 0.45 Hardin Duncan-Chang 

Pm ax (kips/ft) 17 .9 16.7 19.6 16.4 13.4 14.7 
Mmax (ft-lb/ft) 71 21 27 13 8 27 
6.Y (%)'at H = 

25 ft -2 .78 -0.55 -1.08 -0.07 +0 .18 
Emax/Ey b 1.37 0.92 l.l l 0.84 0.67 0.80 

iJl. V (%) is percent ch1u1g!O! in vertical dl:nncifo-rf posHlve values indicate elongatfons. 
bt lltolX =maximum strain Jn conduit waJJ, f y : yie ld strain of steel (= ay /E = 0.0011), 

Some results from the study of the first group of 
problems (i.e., differences between soil models) are 
summarized in Table 4. As may be seen from Table 4, 
the differences in the maximum bending moment and 
the changes in vertical diameter are significant in 
all cases, whereas the differences in the maximum 
thrust are more modest. 

The percent change in vertical diameter as a 
function of fill height is shown in Figure 3. The 
use of a linear-elastic soil model with Poisson's 
ratio µ = O. 33 does not produce elongation of the 
vertical diameter during construction, which is an 
unrealistic result; on the other hand, with JJ = 
0.45, the linear-elastic model gives almost identi
cal peaking effects during construction as does the 
Duncan-Chang model. However, the rate at which the 
diameter shortens after the fill height is above the 
crown is much more rapid for the linear-elastic 
model than is the case for the Duncan-Chang model. 
This demonstrates that a linear-elastic soil model 
that is equivalent for one aspect of the problem is 
not equivalent for another aspect. Similar conclu
sions may be drawn from Table 4 with respect to the 
overburden-dependent model. With µ = 0.32, the 
calculated thrust is too large but the bending mo
ment is realistic; with JJ = 0.45, the calculated 
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FIGURE 3 Effect of soil model on change in vertical diameter 
versus fill height for IO-ft-diameter steel conduit. 

thrust is reasonable but the bending moment is un
realistically low. 

The difference between the extended Hardin and 
Duncan-Chang soil models may be seen from curves 5 
and 6 in Figure 3. The soil parameters for these two 
models were obtained from the same triaxial test 
data reported by Lade (8) by using procedures recom
mended in other studies-(9,15-17); the observed dif
ferences reflect inherent- differences in the models 
and not the errors associated with correlations be
tween the soil parameters and the results of classi
fication tests. Although the trends are similar, it 
is believed that the responses indicated by the ex
tended Hardin model are too small. 

Effects of Different Soil-Conduit Interface 
Conditions 

The results from the study of the second group of 
problems are as follows. Figure 4 shows the effects 
of interface conditions on the conduit response (in 
terms of change in vertical diameter versus fill 
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FIGURE 4 Effects of interface conditions on conduit deformation: 
moderately loose sand. 
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height) for the two conduits backfilled with a 
moderately loose sand, As can be seen from Figure 4, 
the 18-gauge 2 2/3 x 1/2 conduit increases in diam
eter more than 4 times as much if a limiting fric
tion coefficient of 0.5 is used than if the inter
face is fully bonded; with 25 ft of cover the 
vertical diameter was still extended by 1 percent 
when slip was allowed, whereas for the fully bonded 
condition the diameter had decreased by 0.7 percent. 
A similar trend was obtained for both conduits back
filled with a moderately dense sand, which is shown 
in Figure 5. It may be noted from Figures 4 and 5 
that although the effects of allowing interface slip 
to occur are more pronounced in the case of the more 
flexible pipe, they are still significant for the 
stiffer conduit. 
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FIGURE 5 Effects of interface conditions on conduit 
deformation: moderately dense sand. 

More examples to illustrate the important effects 
of soil-conduit interface conditions were given in 
an earlier report (3). It is concluded that predic
tions based on res;iits obtained by enforcing fully 
bonded interface conditions should be viewed with 
great caution, particularly for conduits in which 
substantial deflections are anticipated. This same 
conclusion was reached previously (13), albeit with 
the use of a linear-elastic soil model. 

Importance of Sequence in Placement of Soil Layers 

Experience has brought into focus the sensitivity of 
conduit response to modest variations in the se
q uence of placing soil in layers around and over the 
conduit. It has been stated that, up to now, engi
neering computations have provided little assistance 
in evaluating the effects of compacting soil up to 
the level of the crown (18), yet it appears evident 
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that when predictions are compared with field mea
surements, failure to model the sequence of soil 
placement closely could invalidate the conclusions 
that are drawn. Some effects of placement sequence 
were analyzed in the third group of problems. Figure 
6 shows that the maximum bending moments are 
strongly influenced by the sequence of soil place
ment. Even for the case of a dense sand backfill, 
the difference in bending moment is 75 percent when 
R/S = 0.25 and 300 percent when R/S = 0.50 (circular 
conduit) for the two placement sequences shown in 
Figures 1 and 2. Figure 7 shows the effects of 
placement sequence on the elongation in vertical 
diameter; it is seen that these effects are indeed 
significant. The data in Figure 7 were replotted in 
Figure 8 assuming as a datum the point at which soil 
backfill reached the crown. Figure 8 gives a badly 
distorted picture of the system response. Similar 
phenomena are observed from the standpoint of induc
ing maximum thrusts except that a layer sequence 
that is unfavorable for bending moment is usually 
favorable for thrust, and vice versa. These results 
clearly show the necessity of modeling the soil 
placement sequence as closely as possible to obtain 
meaningful comparisons between predicted and ob
served performance of buried conduits. 

Yield i ng, Buckling, and Collapse Load 

Because of the initially unsupported condition of 
the conduit and the nonuniform loading imposed dur
ing placement of soil layers, local yielding may 
develop in the conduit wall during construction. 
Such local yielding is not necessarily detrimental, 
provided that the conduit shape is not too asymmet
rical and the soil backfill has good support char
acteristics (well-compacted granular soil), In fact, 
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local yielding during construction may prestress the 
conduit favorably with respect to the subsequent 
reversal in bending moment at the crown, thereby 
contributing to more efficient load-support char
acteristics as the height of cover is increased. In 
any case, from the standpoint of predicting culvert 
response, it is essential that the effects of local 
yielding be accounted for properly. 

When nonlinear soil behavior is being accommo
dated (e.g., the Duncan-Chang soil model), the re
'lults are sensitive to the manner in which yielding 
in the conduit wall is modeled. It has been found 
necessary to satisfy equilibrium, compatibility, and 
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the stress-strain relations closely, and this can 
only be accomplished if iteration is continued to 
convergence <l>· The modified CANOE code is the only 
well-documented computer code known to the authors 
that satisfies all these requirements. 

A useful way to track the potential consequences 
of yielding in the wall section is to examine how 
closely the amount of yielding approaches the condi
tion of a fully plastic hinge. A plastic hinge will 
form if the following criterion is satisfied [for a 
rectangular section subjected to the combined action 
of thrust (P) and moment (M)]: 

(I) 

where M is the fully plastic moment of the sec
tion, tKe limiting moment when the section is sub
jected to pure bending, and Pp is the squash load 
of the section in the absence of bending moment. In 
this equation, the value of M is the moment about 
the centroidal axis of the wall section: hence the 
results from codes that calculate M about other axes 
are inappropriate for use in this equation. 

Valuable insight into the response of a conduit 
to increasing heights of cover can be gained by 
plotting M/Mp versus P/Pp, as defined in Equation 1. 
An example of .such a plot is shown in Figure 9 (for 
clarity only one point in each wall section has been 
plotted: in practice, several key points can be fol
lowed in the same diagram). The safety factor 
against formation of a plastic hinge (Fp) is given by 

the ratio of the distances AO/OB in Figure 9. It can 
be shown that this ratio is identical to the value 
of Fp defined by Duncan (~) as 
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Considering first the results shown in Figure 9 
from the conduit with a 25-ft span, the lowest safe
ty factor against formation of a plastic hinge, 
Pp = 1.1, occurs during construction when the fill 
height is near the crown (H = 0); at this time, a 
substantial fraction of the wall section has 
yielded. As the height of cover is increased, the 
thrust increases, but the redistribution of soil 
pressure causes a corresponding decrease in bending 
moment such that Pp actually increases (to a value 
of 1.2 at H = 28.5 ft). Further increase in fill 
height causes F2 to decrease until at H = 50 ft it 
is again reducea to 1.1. If there is no danger of 
buckling, the fill height could be increased at 
least to 80 ft before the squash load in the wall 
section is approached. Thus, the potential for buck
ling is a key design consideration for large-span 
conduits. 

In the case of the 10-ft-diameter culvert, bend
ing is not a significant factor provided the back
f:ill is granular and reasonably well compacted. In
creases in fill height manifest themselves largely 
as increases in thrust; thus, it is not the height 
of soil cover but the span of the conduit that plays 
the key role in controlling the mode of soil-conduit 
interaction. 

Also shown in Figure 9 is a line defining the 
boundary for the initiation of yielding in the wall 
section and a curve show ing Fp = 1.65, which has 
been recommended for design purposes (19). It is 
seen that Fp = 1.65 inhibit s even the~slightest 
initiation of yielding during init ia1 backfilling, a 
requirement that may be too restrictive in all cases. 

Available computer codes that can accommodate 
nonlinear soil behavior, slip at the soil-conduit 
interface, and yielding of the conduit wall section 
are based on small strain theory and hence cannot 
account for buckling behavior. Thus, in the past, 
attention has been directed toward examining other 
potential failure modes: (a) wall crushing, (bl seam 
separation, (c) yielding of the wall section, and 
(d) excessive deflections. An extensive review of 
buckling failures in buried conduits (2) revealed 
that buckling is an important failure mode, that it 
can occur at stress levels below yielding or after 
yielding has been initiated, that it can occur at 
deflections less than 5 percent of the span, and 
that current methods of analysis are utterly incap
able of predicting the buckling load, that is, 
whether buckling will result in local er imping of 

60 

50 

U> 
c. 

w 40 Cl'. 
~ 
(/) 
(/) 
w 
Cl'. a.. 30 

47 

the conduit wall or in a potentially catastrophic 
snap-through buckle at the crown or, if local buck
ling occurs, how close the conduit is to collapse. 
Some experimental results supporting these findings 
are shown in Figures 10 and 11, from which it may be 
seen that wall crimping due to local buckling (like 
seam slippage) may actually contribute to an in
crease in the collapse load. It may well be that the 
main benefit of stiffening ribs is to guard against 
snap-through buckling at the crown rather than to 
provide additional resistance to bending. 

Inability to estimate the collapse load of buried 
conduits accounts for by far the largest uncertainty 
in the use of analytical methods to design buried 
conduits, especially if concepts of ultimate limit 
state and probability of failure are to be incorpo
rated in the design. More research to define and 
predict the collapse load is urgently needed. 

Application of Analysis to l?ractice 

The fifth group of problems was analyzed to compare 
the results with the provisions of a proposed new 
design code for buried steel structures, which was 
part of a study conducted for the Ontario Ministry 
of Transportation and Communications <il • 

In an earlier study (3), some results of finite
element analyses to obta~ the maximum thrust in the 
conduit wall were compared with those calculated by 
using ring-compression theory (22) and the soil-con
duit interaction (SCI) procedure (19), as shown in 
Figure 12. In general, ring-compression theory tends 
to underestimate the maximum thrust, whereas the SCI 
procedure tends to overestimate it. On the other 
hand, use of the weight of soil between vertical 
planes that bound the crown and the springline (Fig
ure 13) appears to give a reasonable approximation 
to the calculated maximum thrust. This weight of 
overburden (W) may be expressed as 

W = 'YDH (O.IR + O.SH) 

where 

y unit weight of soil, 
H height of soil cover, 

DH span, and 

(3) 

R rise (the vertical distance from the spring
line to the crown) • 
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FIGURE 10 Load-deflection behavior of full-scale conduits: data from Howard (20) . 
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.1 

springline (Figure 13) can be improved by back-cal
culating an arching factor depending on the height 
of soil cover above the crown. 

The preliminary Ontario code (1981) provided that 
the maximum thrust acting on the conduit walls due 
to overburden loading (i.e., dead load from backfill 
material) should be calculated as follows: 

(4) 

where 
FIGURE 13 Weight of 
overburden contained between 
vertical planes rising upward from 
crown and springline. 

Tn maximum thrust, 
w weight of overburden contained between ver

tical planes rising upward from the crown 
and the springline (Figure 13), and 

µ 1 = arching factor. 
If the radius of curvature at the crown is uti

lized instead of the half-span, the trend in the 
curve of maximum thrust versus rise/span ratio is 
opposite to that obtained by using finite-element 
analysis. The precision with which Pmax can be es
timated by using the weight of soil above the 

A comparison of arching factors proposed in the 
preliminary code with those calculated from the 
problems in the fifth group is given in Figure .1.4. 

To prepare this figure, arching factors were back
calculated from Equation 4: the maximum thrusts were 
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obtained from finite-element analyses of the buried 
conduits over a range in diameter up to 35 ft, a 
range in the ratio of horizontal to vertical span 
<Da/Dvl of 0 .8 to 1.5 (i.e., R/S range s from 
0.33 to 0. 63 ; DH/Dv = 1 or R/S = 0 .5 imp.lie s a 
circular pipe) , a.nd depths of soi l cover above the 
crown up to 75 ft. It is noted that the values of 
µl give n in the preliminary c ode were generally 
too low , especially for the f latt e r ellipses . Al
though the thrusts calculated by using values of 
µl from Figure 14 agree well with those measured 
in the f ield [e.g., by Katona et al. (6) and Span
nagel et al. (24) J, the approved code (25, pp. 277-
288) departed from t he use of Equation 4 t o cal cu
late To i n order t o accommodate noneliiptica l con
duit s hapes and to utilize load and material factor s 
derived from past experience. 

The a rch i ng factor µl depends on the conduit 
span and stiffness, the type a nd state of compaction 
of the backfill, and the height of cover. However, 
because of the general relation between conduit span 
and stiffness, if µ1 is plotted versus height of 
cover, the only other factor affecting the results 
is the stiffness of the backfill. Figure 14 was 
drawn for moderately compact sand; hence in this re
spect the values of µl will be slightly con
servative if better compaction is achieved in the 
field. 

Figure 14 shows a general reduction in values of 
µl with i ncreasing height of cover a nd decreas
ing rise/span rat io, although once the cover reaches 
a height of about 30 ft, µl becomes sensibly 
constant. For common shapes and heights of cover, 
values of µl are u s ually greater than l, es
pecially for very shallow cover. Neither the AASHTO 
(~) nor the American Iron and Steel Institute 
(AISI) <lll recommendations are in keeping with 
these trends. 

The Ontar i o code also has a criterion for con
trolling deformations during backfilling. It has 
been pointed out that the change in shape of the 
conduit during backfilling has an important influ
ence on the potential for buckling as well as on the 
ultimate load capacity (2). Various approaches have 
been taken to ma i n t ain the change in shape within 
tolerable limits. For example, the AISI Handbook 
(Qj states that "construction procedures must be 
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such that severe deformations do not occur during 
construction" but no specific limitations are cited. 
Duncan (19) proposed that the combination of moment 
and thrust be controlled so that the safety factor 
with respect to the formation of a plas tic hinge 
(Fpl would be l. 65 or more, which is designed to 
avoid the initiation of yielding in the conduit 
wall. According to the Ontario code, for elliptical 
and round conduits, the upward crown deflection 
should not exceed 

where 

upward crown deflection (mm) , 
shape factor, 

=horizontal diameter, (m), and 
corrugation depth (mm) • 

(5) 

For problems in the fifth group, values of µ2 
were back-calculated from Equation 5 by using the 
maximum elongation in vertical diameter in lieu of 
6crown• This s ubstitution was made because the 
change in vert i c a l diameter is a better measure of 
the change in shape than 6crownl to reflect the 
fact that the actual change in shape is only ap
proximated, µ2 was retermed the "deflection fac
tor." A plot of the calculated values of µ2 ver
sus Fp is shown in Figure 15. It is seen t hat the 
provisions in the p reliminary code corresponded, 
essentia l l y, to Fp = 1. 

In cons ideration of the facts that in practice 
perfect symmetry in the deflected shape of the con
duit cannot be maintained, that the effects of load
ing due to compaction equipment have not been con
sidered in the analysis, and that the rate at which 
deflections inc r ea se as Fp approaches l is ve r y 
high, it was recommended to limit µ2 to values 
that correspond to Fp = 1.05. A plot of these 
values of µ2 versus the ratio of horizontal to 
vertical diameter (Dff/D\f) is shown in Figure 16. 
This recommendation was not adopted in the approved 
code (25), although a provision to limit the differ
ence fii"" backfill heights on the two sides of any 
transverse section to a maxi- mum of 600 mm (2 ft) 
was included. 

CONCLUSIONS 

Results obtained with different soil models examined 
in this study are very different, especially with 
respect to deflection a nd bending moments in the 
conduit walls. An "equ i val ent" linear-elastic soil 
model capable of modeling various phases of soil
conduit interaction does not exist; that is, differ
ent moduli would have to be selected when a given 
factor, say deflection, was considered at different 
stages in the construction process. Moreover, at any 
construction stage different moduli are required to 
predict different response factors, for example, 
thrust, deflection, or moment. In many instances the 
errors associated with the use of a single set of 
linear-elastic soil moduli are very large; accord
ingly , f ur ther use o f t h i s so i l model f or p redicti on 
purposes s hould be abandoned . The overbur den-depen
dent s ou model g ave s i milar unrea listic results . 
The extended Hardin model followed the trends well 
but generally res ult ed in a s tiffer soil response 
than that which would be expected from the inter
preted level of s oil compaction. 

The Duncan-Chang s o i l model [using Young's modu
lus (El and Poisson's ratio (µ)] gives a good rep
resentation of soil response in the soil-conduit 
system. However, when the shear strength of the soil 
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is approached, the soil response is poorly modeled 
and arbitrary limitations on the soil moduli must be 
applied to avoid convergence problems. The modified 
Duncan model [using Young's modulus (E) and bulk 
modulus (B) J is similar to the Duncan-Chang model1 
given comparable limitations to simulate failed ele
ments, the two models are equally resistant to con
vergence problems although the response of the modi
fied Duncan model is somewhat "softer" than that of 
the DuncanChang model Q). Because it possesses a 
large data base and gives results that are compat
ible with field experience at moderate stress 
levels, the Duncan-Chang soil model is recommended 
for routine studies of soilconduit interaction. How-

ever, the results should be viewed with caution if 
inspection of the computer output shows more than 
three or four failed elements adjacent to the con
duit wall. 

The response of buried conduits is strongly af
fected by the soil-conduit interface behavior. Pre
dictions based on results obtained by enforcing the 
fully bonded interface condition are often unrealis
tic and should be viewed with great caution, par
ticularly in cases where substantial deflections are 
anticipated. 

The response of l ong-span buried conduits is sen
sitive to the sequence of placement of soil layers 
around the conduit. This emphasizes the need for 
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good construction practice, a need that has long 
been recognized. When predictions are compared with 
field measurements, attention must be paid to the 
details of soil placement if meaningful comparisons 
are to be made. 

Initiation of yielding in the conduit walls dur
ing construction is not necessarily detrimental, 
provided the backfill is granular and moderately 
well compacted and the distortion of the conduit is 
not overly asymmetrical. In the absence of buckling, 
yielding during subsequent placement of soil cover 
can result in a favorable redistribution of soil 
pressures, thereby permitting the conduit to support 
the overburden loads more efficiently. A useful pro
cedure to track the potentially beneficial effects 
of wall yielding was presented in Figure 9. 

Buckling of buried metal conduits is an important 
failure mode. However, current analytical methods 
are incapable of estimating the buckling mode, the 
load at which buckling occurs, or its influence on 
the subsequent load capacity of the conduit. Al
though research to elucidate these problems is badly 
needed, it may well be that the main benefit of rib 
stiffeners is to guard against snap-through buckling 
at the crown rather than to provide additional re
sistance to bending. 

A diagram is presented (Figure 14, solid lines) 
that can be used to predict reliably the maximum 
thrust in buried circular and elliptical conduits. 
The diagram is applicable to spans up to 35 ft and 
depths of soil cover up to 75 ft, provided the back
fill around the conduit is granular for at least two 
pipe diameters. Indications are that arching effects 
cease to reduce thrusts in the conduit wall signifi
cantly once the height of cover above the crown ex
ceeds about 40 ft. 

A diagram is presented (Figure 16, solid line) 
from which the maximum elongation in vertical diam
eter of circular and elliptical conduits can be es
timated. The diagram is applicable to conduits up to 
35 ft in diameter and should be useful as a guide to 
control "peaking" during construction. 

The requirements for good predictions of the re
sponse of buried conduits, in order of their impor
tance, are 

1. Using a nonlinear soil model with appropriate 
selection of soil parameters; 

2. Accounting for slip at the soil-conduit in
terface and for yielding of the conduit wall, which 
require iterating each load step to convergence; 

3. Starting the analysis when the backfill is at 
the pipe invert and following the sequence of soil 
layer placement closely; and 

4. For large spans, accounting for self-weight 
of the structure. In special cases, it may be neces
sary to use a large strain formulation or to update 
the geometry after each load step in order to 
achieve satisfactory results. 

Because good predictions have been achieved without 
accounting for compaction loadings, it is not clear 
to what extent it is necessary to consider compac
tion loadings in the analysis. 

The modified CANOE code accommodates nonlinear 
soil properties, automatically generates finite-ele
ment meshes for a variety of pipe geometries and 
boundary conditions, treats any desired slip condi
tions at the soil-conduit interface and any desired 
sequence of soil layer placement, and iterates to 
convergence at each load step up to the point where 
the wall section reaches a fully plastic hinge. It 
has demonstrated its versatility and dependability 
in literally hundreds of computer simulations of a 
large variety of soil-conduit interaction problems, 
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and good agreement has been obtained with field data 
in those cases where the predictions could be com
pared with reliable measurements <il. There is no 
longer any reason to use simplified (and less reli
able) procedures in the analysis of buried metal 
conduits. 
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