would fail. The reliability of this slope is then said to
be equal to 96.8 percent.

Based on the results of this study, it is concluded
that

1. The probabilistic model developed here can be
used to find a value of the probability of failure (or, the
reliability) of a soil slope. This depends on the slope
geometry and on the statistical values of the soil param-
eters.

2. The method can be applied to either deep or shal-
low failures. The kind of failure is reflected in the prob-
ability density functions of the coordinates of the center
of the sliding surface.
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Soil-Culvert Interaction Method for

Design of Metal Culverts

J. M. Duncan, University of California, Berkeley

A simple and rational method for the design of metal culverts, the
soil-culvert interaction method, is described and compared to currently
used design procedures. The principal advantage of the soil-culvert
interaction method over those previously developed is that it provides
a logical procedure for determining minimum required depth of cover,
by consideration of the bending moments caused by live loads. Pre-
viously, minimum depths of cover have been determined empirically,
using field experience. Values of minimum cover and maximum fili
height determined using the soil-culvert interaction method are com-
pared with values from published fill-height tables. The comparisons
show that the soil-culvert interaction method gives values that are in
good agreement with design experience for a wide range of corruga-
tions and culvert diameters.

A simple method for design of metal culvert structures
has been developed to provide rational procedures for
designing culverts with deep or shallow cover. Design
for deep cover is based on consideration of ring com-
pression forces. Design for shallow cover is based on
consideration of both ring compression forces and
bending moments. The method, the soil-culvert inter-
action (SCI) method, is applicable to circular pipes,
pipe arches, and arches constructed of corrugated steel
or aluminum. It may be applied to structures having
stiffening ribs that are curved to conform to the shape
of the culvert barrel and attached to the barrel at
frequent intervals. However, it is not applicable to
soil bridge structures, which use straight ribs, fin
plates, and sometimes strut to stiffen the upper part of
the structure. The SCI method has been found to give
values of maximum and minimum cover that are in good
agreement with design experience as reflected in pub-
lished fill-height tables and with the observed behavior
of culverts in the field.

BASIS FOR SCI METHOD

The SCI design procedure is based on the results of
finite element analyses, which modeled boththe culvert
structure and the surrounding backfill. Detailed re-
sults of the analyses and comparisons with field mea-
surements were described by Duncan (1). Similar
analyses were performed by Allgood and Takahashi (2),
Abel and others (3), and Katona and others (4). The
analyses on which the SCI method is based simulated
the placement of backfill around and over the structure,
and subsequent application of live loads on the surface
of the backfill. Nonlinear and stress-dependent stress-
strain relationships for the backfill soils were employed
in the analyses. The results of these analyses were
used to derive coefficients for ring compression forces
and bending moments for design.

STEPS IN SCI DESIGN PROCEDURE

1. Calculate the rise/span ratio (R/S). The defini-
tions of rise and span as used in this procedure are
shown in Figure 1.

2. Calculate the maximum ring compression force

P =K, 7S + KppyHS + K LL )
where
P = ring compression force (kN/m);

ring compression coefficient or backfill,
from Figure 2 (dimensionless);

K,
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Figure 1. Types of long-span metal culvert structures.

H = cover depth
R = rise as used in this paper
S = spon
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Figure 2. Axial force coefficients.
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K,, = ring compression coefficient for cover, from
Figure 2 (dimensionless);

K,, = ring compression coefficient for live load,
from Figure 2 (dimensionless);

¥ = unit weight of backfill (KN/m®);
H = cover depth (m);
S = span (m); and

LL = live load (kN/m).

The table below gives values corresponding to H-20
traffic loading (1 m = 3.3 ft, 1kN/m = 74 1b/kt):

Cover Depth  Line Load Cover Depth  Line Load
H {m) LL {KN/m) H {m) LL (kN/m)
0.3 89 6.1 19

0.6 69 9.2 13

0.9 53 15.2 9

1.5 38 30.0 4

2.1 35 45.8 3

3.0 29 61.0 3

4.6 23

Line load produces the same peak stress at depth H as
do two HS-20 truck trailers that have single rear axles
side by side on a two-lane road.

A section is chosen that has a seam strength suf-
ficient to provide a factor of safety against seam com-
pression failure that is equal to or greater than 1.50.

3. Calculate maximum bending moment at H = 0.

M; = Ky Rp7S? 2)

where

M, = maximum bending moment at H = 0 (kN'm/m),
which occurs at both the crown and the upper
guarter-point;

Ku, = moment coefficient, from Figure 3 (dimension-
less); and

R; = moment reduction factor, from Figure 3 (di-
mensionless).

The value of the moment coefficient Ky, depends on the
flexibility of the culvert section relative to the backfill,
as defined by the flexibility number N,:

N¢ = (E,8%)/EI 3
where

N, = flexibility number (dimensionless);

E, = soil modulus, which depends on soil type, de-
gree of compaction, and depth of overburden,
from Figure 4 (kPa);

E = modulus of elasticity of metal culvert (mPa);

and
I = moment of inertia of metal culvert (m%/m).

The values of E, shown in Figure 4 are based on the re-
sults of laboratory tests on over 100 different soils,
which have been summarized by Wong and Duncan (5)
and were selected to be representative of the behavior
of the soils under the particular stress conditions that
exist around flexible metal culverts.

The section should have sufficient moment capacity
to withstand this bending moment and the corresponding
axial force (calculated using Equation 1 for H = 0 and
LL = 0) with a factor of safety against development of a
plastic hinge (F,) that is greater than or equal to 1.65.



The value of E, is calculated from the following
equation

F, =0.5 P, /p [V(M/M,)? (P, /p)* + 4 - (M/M,) (P, /p)] 4
where
F, = factor of safety against formation of a plastic
hinge, considering both axial force and mo-
ment;
P = axial force (kN/m);

Figure 3. Coefficients for backfill moments,
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= fully plastic axial force, with no moment
(kN/m);

bending moment (kN-m/m); and

fully plastic bending moment, with no axial
force (kN-m/m).

M =

4, M the final depth of cover is greater than or equal
to one-quarter of the span (H = 0.25S), bending need not
be investigated for the final cover condition. If the final
cover depth is less than one-quarter of the span (H <
0.258), the bending moment due to both backfill and live
load for the final cover condition are calculated using
the following equation

M=M, - RgKp,vS?H+ R Ky3 S LL 5)
O'DO?" ( ¥ L] '|I|II| T T 'IYY[II'[ T T T Trrrr
a)
= — Proposed Design Line where
= For N¢ <5000, K,,;- 0.0046-000I0 log, Ny
B ooozks For N¢ 25000, K,,* 0 0009 B M = bending moment due to backfill and live load
& with cover depth H (kN-m/m};
K] M: = bending moment calculated previously for
= A H = 0 (kN-m/m);
§ O.00H==FuitelClement 3 =1 Ky, = moment coefficient, from Figure 3 (dimen-
g R/S m sionless),
g Plotted using Rg shown below R, = moment reduction factor, from Figure 5 (di-
o] A 020, , 4] TR RS W ET] mensionless); and
100 Flleox?bcl)h!y s :'i‘oso;/)a elee K, = moment coefficient, from Figure 5 (dimen-
o P sionless).
= 002 ™ T T T T T T TTTTT
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o For N¢$5000, Ky, 0 018 -0 004 log o Ny of N, should be recalculated using a value of E; cor-
S 00! For N¢ 25000, K= 0 0032 responding to the final cover depth.
3 A As for bending due to backfill loads at H = 0, the
£ Plotted using Rp section chosen should have sufficient moment capacity
§ ol U e A . Fe, to provide a factor of safety against development of a
= 100 1000 10,000 100,000 plastic hinge (F;) greater than or equal to 1.65,
Flexibility Number, Np = E5S3/€1 5. For arch structures, consideration must also be
given to footing size, to ensure that the horizontal or
o e[ T T vertical bearing pressures do not exceed the allowable
"l‘ 1.of values for the supporting soil. Similarly, for pipe
T o8 arches, consideration must be given to the bearing
{5 o2 pressures at the haunch.
§ 04 0.25R/5<035, Ry=0.67+087(R/5-02) MINIMUM COVER DEPTHS
I3 035<R/s<0 5, RB=OSO4|33(R/S-{I)35)
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S o | | { | Consideration of bending moments due to backfill loads
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for live loads. As the depth of cover increases, the
factors of safety against yield and development of a
plastic hinge under live loads increase. By calculating
factors of safety for a range of cover depths, it is pos-
sible to determine the minimum acceptable cover depth
for a given culvert, backfill, and live load.
Minimum cover depths calculated using the SCI de-

sign method depend on a number of factors:

Culvert size or diameter,

Size of corrugation,

Metal thickness,

Yield stress of metal,

Backfill soil type,

Relative compaction of backfill, and

Magnitude of live load (only the HS~20 live load

IO U W N =

Figure 5. Coefficients for livedoad moments.

is considered in this paper).

Minimum cover depths were determined for a range
of culvert sizes and types so that these could be com-
pared with minimum cover depths from published fill-
height tables. These latter values are based on ex-
perience with field performance and thus provide a
basis for determining if values calculated by the SCI
design method are reasonable, because any method that
gives values of minimum cover that differ greatly from
those derived from long field experience must be con-
sidered not to be reflective of actual field behavior.

Minimum cover depths for 152 x 51-mm (6 X 2~-in)
corrugated steel circular pipe are shown in Table 1,
together with those published by the U.S. Department
of Transportation (DOT), Federal Highway Administra-
tion (FHWA), Bureau of Public Roads (BPR), American
Iron and Steel Institute (AISI), and National Corrugated
Steel Pipe Association (NCSPA). The criteria used in
the SCI calculations were chosen to correspond closely

n 010 T T T T T T to the conditions specified for the published fill-height

~ Goa . 'D:S'an l—;gg . BT tables: The value used for the yield stress of steel was

= o ! 3100000 1ux 01290016 ooy 228 MPa (33 000 1b/in°) in all cases. The unit weight

3 006 aW 4 j' .. | 2 _ of the backfill used in the SCI calculations was 19.6

$ e T KN/m® (125 1b/ft”), compared to 18.8 kN/m’ (120 Ib/ft°)

S 004 Resulls s specified for DOT, FHWA, BPR, AISI, and NCSPA f{ill-

£ oozl @ %’555 B height tables. The relative compaction used in the SCI

£ ol Plotted using R shown below calculations was 90 percent of standard American As-

= 5 N T R T oaow vl Lo i sociation of State Highway and Transportation Officials
100 Flooo v 10,000, 100,000 (AASHTO), as compared to 95 percent for the DOT,

MR e FHWA, and BPR tables and 85 percent for the AISI and

” NCSPA tables.

' The values shown for the SCI method in Table 2 were
calculated using the procedures outlined previously,
except when the calculations indicated that a minimum

0.8/~ cover depth less than 0.3 m (1 ft) would be acceptable.
In those cases the minimum cover depth was made equal

= to 0.3 m, in accordance with experience and conventional
T ek practice.
] It may be noted that the minimum cover depths cal-
] culated by the SCI method decrease with increasing
5 metal thickness, except when the minimum is equal to
S o= 0.3 m. For example, for 4.5-m (15-ft) diameter pipes,
< ) the minimum cover depths calculated by the SCI method
5 vary from 0.75 m (2.5 ft) for t = 2,77 mm (0.109 in or 12
=02 0265-0.053 log o Ny gage)to 0.3 m for t = 7.1 mm (0.280 in or 1 gage). The
Ty R TR other fill-height tables indicate a minimum cover depth
RL<1.0 of 0.6 m (2.0 ft) for all metal thicknesses. It is reason-
0 1 1 | | able that minimum cover depth should decrease as metal
0 0.05 o.10 015 020 025 thickness increases. One of the advantages of the SCI
Cover Depth/Spon Ratio, H/S method over the use of experience alone for establishing
Table 1. Minimum cover depths for steel .
structural plate circular pipepHS-ZO live load Mipigi o Depthiof CoteriliT)
(162 x 51-mm corrugation). Diameter 2.8 mm Thick 4.3 mm Thick 5.5 mm Thick 7.1 mm Thick
(m) Source (12 gage) (8 gage) (5 gage) (1 gage)
1.5 SCI method 0.3 0.3 0.3 0.3
DOT, FHWA, BPR 0.3 0.3 0.3 0.3
AISI, NCSPA 0.3 0.3 0.3 0.3
3.0 SCI method 0.4 0.3 0.3 0.3
DOT, FHWA, BPR 0.6 0.6 0.6 0.6
AISI, NCSPA 0.5 0.5 0.5 0.5
4.6 SCI method 0.8 0.5 0.4 0.3
DOT, FHWA, BPR 0.6 0.6 0.6 0.6
AJSI, NCSPA 0.6 0.6 0.6 0.6
6.1 SCI method 0.8 0.6 0.5
DOT, FHWA, BPR 0.9 0.9
AISI, NCSPA 0.8 0.8 0.8
7.6 SCI method 0.8
DOT, FHWA, BPR
AISI, NCSPA 1.1

Notes: 1 m=3,3ft, 1 mm=0.04 in.



Table 2. Minimum cover depths for
corrugated steel circular pipe HS-20 live load
{76 x 25-mm corrugation). Diameter
(m)

Minimum Depth of Cover (m)

1.6 mm Thick
(16 gage)

3.4 mm Thick
(10 gage)

2.8 mm Thick

Source (12 gage)

4.3 mm Thick
(8 gage)

1.2

3.0

SCI method

DOT, FHWA, BPR
AISI, NCSPA

US Steel

SCI method

DOT, FHWA, BPR
AISI, NCSPA

US Steel

SCI method

DOT, FHWA, BPR
AISI, NCSPA

US Steel

o000 OO0 O
LWL W) W
OO0 OO0 C ODOOOC
NI DH D WWW P WWWWW
cooo eooe coo0
DU Lo W w Lo Lo W W

cooo cooo o000

DD LI WWL WL W

Notes: 1 m=23.3ft, 1 mm = 0.04 in_

Table 3. Minimum cover depths for
corrugated steel circular pipe HS-20 live load
(68 x 13-mm corrugation).

Minimum Depth of Cover (m)

Diameter 1.6 mm Thick 2.8 mm Thick 3.4 mm Thick 4,4 mm Thick

(m) Source (16 gage) (12 gage) (10 gage) (8 gage)

1.2 SCI method 0.3 0.3 0.3 0.3
DOT, FHWA, BPR 0.3 0.3 0.3 0.3
AISI, NCSPA 0.3 0.3 0.3 0.3

1.5 SCI method 0.3 0.3 0.3
DOT, FHWA, BPR 0.3 0.3 0.3
ATSI, NCSPA 0.3 0.3 0.3

1.8 SCI method 0.4 0.3
DOT, FHWA, BPR 0.3 0.3
AISI, NCSPA 0.3 0.3

2.1 SCI method 0.4
DOT, FHWA, BPR 0.3
AISI, NCSPA 0.3

Notes: 1Tm=33ft, 1 mm=0.04in

Table 4. Minimum cover depths for
corrugated aluminum circular pipe HS-20

Minimum Depth of Cover {m)

live load (68 x 13-mm corrugation). Diameter 1.6 mm Thick 2.8 mm Thick 3.4 mm Thick 4.3 mm Thick
(m) Source (16 gage) (12 gage) (10 gage) (8 gage)
0.6 SCI method, KACS* 0.3 0.3 0.3
DOT, FHWA, BPR 0.3 0.3 0.3 0.3
1.2 SCI method, KACS* 0.4 0.4 0.3
DOT, FHWA, BPR 0.3 0.3 0.3
1.8 SCI method, KACS* 0.5 0.4
DOT, FHWA, BPR 0.3

Notes: 1Tm=233ft, 1 mm=0.04in.
The values contained in the published tilk-height tables {9} were established using the SCI method

AKACS—Kaiser Aluminum and Chemical Sales, Inc.

minimum cover depths is that it provides a means of
evaluating the benefits of increased metal thickness.
By comparing the values of minimum cover cal-~
culated using the SCI method with the values from the
published fill-height tables, it may be seen that the cal-
culated values are in good agreement with design ex-
perience., Because the values given by DOT, FHWA,
BPR, AISI, and NCSPA tables are the same for all metal
thicknesses in a given diameter, they are controlled
by the requirements for the lightest gage, which re-
quires the greatest depth of cover. The values of
minimum cover calculated by the SCI method are in
close agreement with the others for the lightest gage
shown for each diameter, and smaller minimum cover
depths are permitted by the SCI method for heavier
ages.
& gSimilar comparisons for 76 x 25-mm (3 x 1-in)
corrugated steel pipe are shown in Table 2. In addition
to values of minimum cover from the sources men-
tioned previously, those published by the U.S. Steel
Corporation (10) are also shown in Table 2. Minimum

cover depths for 68 x 13-mm (2% x %-in) corrugated
steel pipe are given in Table 3, and values for 68 x
13-mm corrugated aluminum pipe are given in Table 4.
In each case, the values given by the SCI method are in
reasonable agreement with design experience as
represented by the published fill-height tables.

MAXIMUM COVER DEPTHS

The factor of safety against seam compression failure
calculated by the SCI design method provides a means
of establishing maximum permissible cover depths for
culverts. As shown in Table 5, similar values are
used by DOT, FHWA, BPR (), AISI (7), and NCSPA
(8) design procedures, which also include criteria for
buckling., However the buckling criterion is usually
less critical than seam compression failure. DOT,
FHWA, and BPR fill-height tables are also based on a
limiting deflection equal to 5 percent of the nominal
diameter, which controls the maximum fill heights in
some cases.
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Table 5. Criteri i i
Criteria used in culvert design Value Used by Procedure Shown

procedures.
Quantity DOT, FHWA, BPR AISI, NCSPA SCI Method
Yield stress for steel, MPa 228 228 228
Yield stress for aluminum, MPa 166 Not used 166
Unit weight of backfill, kN/m’ 18. 8 18.8 19.6
Relalive compaction, % of 95 85 90

Std. AASHTO max. dry density
Vertical load on culvert 130% of weight of

overlying soil

Equal to weight of
overlying soil
.33

86% of weight of
overlying soil

Factor of safety on seam strength 2.0 1.5
Factor of safety on development Not used Not used 1. 65"

of a plastic hinge
Factor of safety on yield stress 2.0° 2.0° 1.1°

or buckling stress
Modulus of soil reaction-E', MPa 9.7 Not used Not used
Soil stiffness coefficient-k 0.22 Not used Not used
Limiting deflection 5% Not used Not used

Notes: 1 MPa = 145 Ibf/in2, 1 kN/m* = 6,4 Ib/ft°.

2 For cover depth less than one-fourth of span.
®For axial stress only flexural stress not considered.
¢For combined axial and flexural stress, with elastic design.

Maximum Fill Height (m)*

Table 6. Maximum fill heights for steel
structural plate circular pipe HS-20 live load
{152 x 51-mm corrugation).

Diameter 2.8 mm Thick 4.3 mm Thick 5.5 mm Thick 7.1 mm Thick
(m ) Source (12 gage) (8 gage) (5 gage) (1 gage)
1.5 SCI method 22 42 59 71
DOT, FHWA, BPR 13 25 32 38
AISI, NCSPA 25 48 62 80
3.0 SCI method 10 20 27 36
DOT, FHWA, BPR ki 12 15° 16
AISI, NCSPA 12 24 31 40
4.6 SCI method 6 12 18 23
DOT, FHWA, BPR 4 8 11 13
AISI, NCSPA 8 16 21 27
6.1 SCI method 9 13 17
DOT, FHWA, BPR 9 llﬂ
AISI, NCSPA 11° 14° 18°
1.6 SCI method 13
DOT, FHWA, BPR
AISI, NCSPA 12°
Notes: Tm=23.3ft, 1 mm=0.04in
2Controlled by seam strength except as noted,
Y Controlled by deflection criterion.
=Controlled by buckling criterion.
Table 7. Mammqm fill hglghts for aI.umlnum Maximum Fill Height (m)*
structural plate circular pipe HS-20 live load Diameter
(229 x 64-mm corrugation with steel bolts). (m) Source 2.5 mm Thick 3.8 mm Thick 5.1 mm Thick 6.4 mm Thick
2.0 SCI method, KACS® 8 15 21 24
DOT, FHWA, BPR 14 17
2.7 SCI method, KACS® 6 10 15 18
DOT, FHWA, BPR 10 12
3.7 SCI method, KACS® 4 8 10 13
DOT, FHWA, BPR 8 9
4.6 SCI method, KACS® 6 8 10
DOT, FHWA, BPR 6 T

Notes: 1 m=23.3ft, 1 mm=0.04in.

3 All values controlled by seam strength. Values for SCI and KACS determined using backfill unit weight = 22.0 kN/m?, Values for
DOT, FHWA, BPR determined using backfill unit weight = 19.6 kN/m?.
bThe values contained in the published fill height tables were established using the SCI method.

Calculated values of maximum fill height for steel
structural plate pipe are given in Table 6. It may be
noted that the values calculated using the SCI method
are somewhat smaller than those calculated using the
AISI and NCSPA procedure. The differences are due to
differences in the vertical loads on the culverts and the
factors of safety on seam strength. In some cases the
maximum fill heights ecalculated using the AISI and
NCSPA procedure are determined by buckling con-
siderations, and in these cases the values are closer
to those calculated by the SCI procedure.

The values calculated by the SCI method are con-

sistently larger than those determined by the DOT,
FHWA, and BPR procedure. The differences are due
to differences in vertical load on the culvert and the
factor of safety on seam strength, and also the deflec-
tion criterion used by the DOT, FHWA, and BPR
procedure.

Maximum fill heights for aluminum structural plate
pipe are given in Table 7. The values published by
Kaiser Aluminum and Chemical Sales, Inc. (KACS) (9)
were calculated using the SCI method and, therefore,
are the same as the SCI values in all cases.
calculated using the DOT, FHWA, and BPR procedure

The values



are smaller, for the same reasons discussed in ref-
erence to steel structural plate.

CONCLUSION

The SCI design procedure provides a rational method
for determination of both minimum depths of cover and
maximum fill heights. Values of minimum cover cal-
culated using the SCI method compare well with design
experience as reflected in values from published fill-
height tables. The advantage of the SCI method is that
it provides a rational procedure for including the effects
of all the variables that affect minimum cover, namely
diameter, corrugation size, metal thickness, yield
stress, backfill type, degree of compaction, and
magnitude of live load. The ability to account for the
effects of these factors in a rational way is especially
important for long-span culverts, where cover depths
are often small.

Values of maximum cover calculated using the SCI
method are somewhat smaller than those calculated
using the AISI and NCSPA procedure. They are con-
siderably larger than those calculated using the DOT,
FHWA, and BPR procedure, especially in cases where
the latter values are determined by consideration of
calculated deflections.,

Although all the examples of the use of the SCI
method in this paper are for circular pipes, the method
is also applicable to pipe-arch and arch structures. It
is particularly useful for design of long-span culvert
structures, for which considerations of performance
under live load with shallow cover are of prime im-
portance.
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Analysis of Long-Span Culverts by
the Finite Element Method

Michael G. Katona, University of Notre Dame, Notre Dame, Indiana

The long-span culvert is a synergistic unit composed of a corrugated
metal liner and a compacted soil envelope that surrounds the liner. Con-

ceptually, the system is very simple and, therefore, economically attractive

as a bridge substitute. Analytically, however, the system is not simple be-

cause of the modeling difficulties associated with soil-structure interaction.

Using the finite element method, this study investigates the influence of
fundamental modeling assumptions on the behavior of long-span culverts.
Two basic modeling assumptions are examined: large deformation theory
versus small deformation theory and monolith structure versus incre-
mented structure. In addition, the sensitivity of the following param-
eters are determined: compaction loads, soil stiffness, liner gage, liner
shape, and special features of manufacturers. Results are shown graphi-
cally by comparing crown displacement histories between parametric
families. Comparisons of maximum moment and thrust are also reported.
Based on these studies, recommendations for analytical modeling tech-
niques are summarized. The intent of this study is to provide a founda-

tion for other studies. A systematic investigation of modeling assump-
tions and parameter sensitivity is a necessary step toward an analytical
model for long-span culverts.

The long span is an arch or closed-shaped corrugated
metal liner surrounded by compacted soil, where the
horizontal span measures from 5 to 15 m (15 to 50 ft)
or more. A primary use is to serve as a bridge sub-
stitute. To date, more than 600 long-span systems
have been installed, and manufacturers estimate a cost
savings from 30 to 75 percent over comparable conven-
tional bridge structures. In view of the current bridge
repair and replacement problem in the United States



