STRUCTURAL DESIGN
CONSIDERATIONS

Liberal policies for corrugated
steel pipe are sometimes promot-
ed which are notequaltothe gen-
erally more stringent requirements
for congrete pipe. When the vari-
ous design methods and criteria
developed for the different ma-
terials available for sewers and
culverts are considered, policy
decision procedures can become
exceedingly complex.

Satisfactory design methods
must be based on theories, model
and full-scale testing, and, most
importantly, experience. Appro-
priate criteria involves relating
requirements for usage and per-
formance with experience. Pipe
policies generally have certain
political and economic overtones,
but they shouid also be based on
experience.

The proper design of sewers
and culverts requires considera-
tion of the different, but interre-
lated, fields of hydrology, hydrau-
lics, structural behavior, durability
and economics, and construction
procedures. Knowledge of the
performance of a pipe material in
each ofthese fields is essential for
complete evaluation and compari-
son. This Buried Faci reviews the
structurat behavior of flexible cor-
rugated steel pipe and the devel-
opment of design criteriaand pro-
cedures.

Sewers and culverts must have
adequate structural strength to
withstand external loading from
construction equipment, earth
backfill and traffic, and must main-
tain structural integrity for the de-
signservice life. Theload carrying
capability of any pipe is depen-
dent upon the inherent structural
strength of the pipe and the sup-
port provided by the surrounding
soil.

Concrete pipe can be designed
with the strength necessary to
carry practically any load, and de-
signs are based on proven and uni-
versally accepted principles of
engineering mechanics. Concrete
pipe can be tested, and its struc-
tural strength proven before pur-
chase and installation.

Corrugated steel pipe is a thin,
flexible structure. It has virtually
no inherent strength to resist ex-
ternal loads and handling stresses.
Its supporting strength depends
on more stringent and difficult re-

guirements for foundation prepa-
ration, bedding preparation, pipe
handling and placement, backfill
material and fill procedures. Val-
ues for all of these requirements
must be assumed during the de-
sign phase, andstructural distress
or failure may result when a design
value is not achieved during in-
stallation. Because of flexibility
and lack of inherent structural
strength, corrugated steel pipe
failures occur as aresult of deflec-
tion, buckling of the pipe wall,
splitting of the pipe wall seams,
damage during installation, and
otherinstallation problems includ-
ing flotation due to light weight.
This light weight and lack of inher-
ent structural strength are directly
related to the very thin wall thick-
ness of corrugated steel pipe.
For most pipe sizes, more steel
is used in reinforced concrete
pipe than is used for corrugated
steel pipe. Forexample, as shown
in Table 1, a60-inch diameter rein-

Table 1. Comparison—Concrete Pipe vs. CSP.
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forced concrete pipe has 61 per-

cent more steel than a 60-inci di- - Formula, widely used for predict-
ing deflections of buried-corru-
gated steel pipe.

ameter, 14-gage corrugated steel

“pipe. In addition, the steel in con-
crete pipe is covéred with defise;-
protective concrete. - = -

DESIGN
A flexible corrugated steel pipe

has virtually no inherent flexural-

strength, and, in the buried condi-

tion, its ability to support vertical
loads must be derived from active

lateral pressures and passive lat-
eral pressures of the soil induced

. as ‘the pipe deflects and its sides
_ move outward, Srncethe pipesup-

perting strength depends on the
sidefill material, its structural be-
_havjor must be analyzed consid-
ering son structure interaction
which is directly related 16 deflec-
tion changes of the pipe. Any ra-

tional struttural design procedure

for bufied flexible pipe should in-
clude a method for prédicting de-
flection under specific installation
conditions so as to prevent buck-
ling and mverse curvature of the
pipe.
" Inthedesign ofstructural mem-
bers, the strain or deformation of
an element can.be determined
from the ratio of the load or stress
on the member to its modulus of
elasticity (strain = stress + mddu-
lus of elasticity). The modulus of
elastlr:lty_for the materlal is either
known or it can be determined
" from laboratory tests.

The deflection of aburied circu-
lar plpe can be predicted in asimi-

lar fashion. The cross-sectignal.

ring deflects (deforms) according
to the ratio of the ioad on the ring
to the modulus of elasticity of the
material. In this instance, the ma-

terial modulus is acombination of 9’/4\\///@7/&\__}_

the structural moduius (stiffness)
of the pipe and the modulus (stiff-
ness} of the soil, so that:

o

pipe deflection = .
load on pipe - .

pipe stiffness + soil stiffness- -

- JOWA FORMULA

State University, published the
lowa Formula im1841: -

where'

-

This .is the form of the lowa e = modulus of passive resis-
tance, pounds per square

inch perinch

Professor Spangler developed
the formula from experimental in-
stallations of buried flexible cor-
rugated steel pipe. A total of ten
pipe were tested with diameters
ranging from 36inches to 60inch-
- es, under a unitorm height of fill of

Professor M. G. Spangler, lowa

D /KWR? 15 feet.
= =m' e e Spangler hypothesized that it
-7 - T . o . o the lateral movement of various

poinis on the pipe ring were
known, the distribution of lateral
pressures could be determined
by multiplying the movement of

AX = hotizontal deﬂectlon of the
pipe, mches
D/ = deflection lag tactor
“K = bedding ¢onstant wh[ch var—
ies with the ang!eofthe bed—
dihg
W earth Ioad on the’ pipe,
pounds_per linear inch
R = mean pipe radius, inches
E = modulus of elasticity of the
pipe material, pounds per
square inch
I-moment of inertia of the
" pipe cross-section, inches
to the fourth power

siveresistance, e. For mathemati-
cal convenience,this lateral pres-
sure was assumed 1o be a simple
parabolic curve embracing only
the middle 100 degree arc of the
pipe, Figure 1. He also assumed
thetotal vertical load was uniform-
ly distributed across the width of
the pipe, and the bottom vertical
reaction, equaltothevertical load,
was distributeduniformly over the
width of the pipe bedding.

-

zany point by the moedulus of pas- .

_ E'Ax

-

b pp= —H_
2rS|n?sm-2—

" - Figure 1, Spangler Assumptions for Pressure Distribution.




The Marston load theory was
used to evatuate the total vertical
load, W, on the pipe:

W = CwB?

where: - = -

C = load coefficient
w = weight_of backfill material,
pounds per cubic foot
- = outside width of pipe, feet

The load coefficient varies with
the type of backfill-material and
depth of burial, and, in the em-
bankment condition, is also af-
fected by the projection ratio and:
the. settlement ratio. The settle-
ment ratio is a rational concept,
but impossible to evaluate in ad-
vante of construction, and, there-.
tore, is considered a semi-empiri-
cal constant. Recommended val-
ues for the settlement ratio were
determinedfrom avery small num-
ber of flexible pipe installations.

In 1955, after discovering that
the modulus of passive resistance
could not possibly be a property
of soil because its dimensions
were not those of a true modulus,
Spangler-and Dr. R. K. Watkins
proposed a modulus of s0il reac-.
tion, E', defined as= -

- E'=eR L

The modified lowa Formula, as
used today, is therefore:

- T DIKWR?
AX =

If the lowa Formula is rear-
ranged as:
(DyKW)
{E1/R? + (0.061 E’)

The following terms can be in-
troduced to_describe the three
separate factors that affect the
pipe deflection:

DKW =
El/R® = ring stiffness factor -
0.061 E’ = soil stiffness factor

AX =

a”

And the modlﬁed Iowa Formula
represented as;

<7 Loa t
AX = oad Factor

"El +0.061 E' R® -

load factor - -~

LOAD FACTOR

The load factor incorporates
the parameters that have to do
with the magnitude and distribu-
tion ofthe soil pressures on a bur-
ied pipe. The pipe deflection is
directly proportional to the load
factor and, yet, less is known
about its components than any
others in the lowa Formula.
Changes in construction proce-
dures or bedding could vary the
actual load factor more than 100
percent from the load factor cal-
culated in the design phase.

Deflection Lag Factor

Spangler originally stated, “The
deflection lag factors observed in
the experiments range from 1.38
to 1.46, and in no instance was
equilibrium completely attained.
Therefore, 1.5 is suggested as a
conservative value for design use
for standard corrugated-pipe cul-
verts installed without strutting or
predeforming,” and after further
investigation, “The deflection lag
factor cannot be less than unity
and Has been observed to range
upward toward a value of 2.0. A
normal range of values from 1.25
to 1.50 is suggested for design
purposes.”.The U. S. Bureau of
Reclamation, however,_after re-

view of many projects, concluded

that, “The actual value, however,
depends on when the immediate
deflection is measured, the vol-
ume change rate of the soil, and
the load onthesoil. Dy is basically
an empirical factor and ranges
from 1 to 6 in observed tests.”

- -

Ring StiffnessFactor + Soil Stiffness Factor ~ ~  ~

Bedding Constant

The bedding constant, K, is di-
mensionless, and varies with the
bedding angle, « (Figure 1), as
presented in Table 2. The angle of
bedding describes the load resist-
ing area of the bedding under the
pipe. As theangle of bedding in-
creases; theloaded areaincreases
and the pipe déflects less. No fur-
ther study has been ddne on this
constant since its conceptién in
1941, even though it can influ-~
ence the deflection predicted by
the lowa Formula by as much as™
25 percent.

Earih Load

The Marston theory is the most
common method of calculating
the earth load, W, on the pipe and
is recommended by Spangler for
the lowa Fermula. In the Marston
theory, the load depends on
whether the pipeis in atrench or
embankment {or combination),
the type of backfill soil, the settle-
ment of the pipe in relation to the
backfill material, and the distance
thatthe pipe projects intothe nat-
ural soil foundation. Virtually all
corrugated steel pipe research
and experience has been on high-
way culverts constructed as posi-
tive projection embankment in-
stallations, where good side fill
compaction is reiatively easy {o
achieve. Conversely, there is a
lack of research and experience
on corrugated stéel pipe installed
in trench conditions.

Table 2. Bedding Angle—Constant Relationships. )

i




RING STIFFNESSFACTOR

The ring stiffness factor, EI/R?,
is the product of the modulus of
elasticity of the pipe wall material
and the moment of inertia of a
one-inch length of pipe divided
by the pipe radius cubed. The El
valuemay be foundusing approxi-
mate values for E and | or El can
be determined by conducting
three-edge bearing tests on asec-
tion of pipe. During the test, de-
flections due to line loads on the
top and bottom of the pipe are
measured and El calculated from
gither:;

) PR®
El=0.149 7

or

_ PRS
El = 0.136 3%

where;

P =three-edge bearing test load,
pound per linear inch
R = mean pipe radius, inches
AX = horizontal deflection, inches
AY = vertical deflection, inches.

In the three-edge bearing test,
the pipe deforms ellipitically with
the horizontal deflection theoreti-
cally about 91 percent of the verti-
cal deflection.

SOIL STIFFNESS FACTOR

The only variableinthe soil stiff-
ness factor, 0.061 E', is E’. A con-
stant E' of 700 was originally sug-
gested for soils placed at over 80
percent laboratory maximum dry
density. Spangler, however, re-
gards E’ as a semi-empirical con-
stant, and has stated, “The prop-
erties of the soil which influence
this factor are somewhat obscure
although qualitatively it is certain
that texture and density character-
istics are of prime importance.
Probably moisture content is also
influential.”

Several investigators have at-
tempted to determine E’ by direct
laboratory measurements, but
without success. Recently, sever-
al investigators have attemptedto
correlate E' with basic soil proper-
ties, but these correlations have
not yet been widely tested.

Only 18 full-scale field test in-
stallations have been fully instru-
mented and documented in the
development of structural design
criteria for corrugated steel pipe.
Analysis of the resulis of these
tests indicates completely unreli-
able confidence levels, Table 3,
and that the E' varies over a very
wide range, from as little as 200
psi to as much as 8,000 psi, a 40-
fold variation.

The U. S. Bureau of Recitama-
tion analyzed available data from
over 100 projects which included
various pipe materials, pipe diam-
eters, backfill depths, and instal-
lation conditions, and published
backcalculated values of E’, Ta-
bie 4, which were related to the
pipe bedding material andthe de-
gree of compaction. The recom-
mended values of E’ range from
50 to 3,000, and were verified by
laboratory tests. The Bureau of
Reclamation, however, cautions
that unlessthe degree of compac-
tion is greater than 95 percent
Proctor, the actual defection can
vary from predicted values by as
much as 2 percentage points.

CORRUGATED STEEL
PIPE INDUSTRY

Although Spangler and otherre-
searchers conclude that caution
and more conservatism are advis-
able, the corrugated steel pipe in-
dustry has promoted drastically
liberalized design criteriaoverthe
last 20 years. For exampie, the
height of cover over a 14-gage,
48-inch diameter corrugated steel
pipe, with 225 by 2inch corruga-
tions, was promoted as a maxi-
mum of 8.9feetin 1958. .. 10feet
in 1966 ... 37 feetin 1970. .. and
has been proposed as amaximum
of 120 feet in a 1970 research re-
port. Thesefill height changes are
based solely on theory and model
testing, and have caused contro-
versy in the research and design
professions.

The Federal Highway Adminis-
tration 1970 publication, "Corru-
gated Metal Pipe, Structural De-
sign Criteria and Recommended
Installation Practice,” states in
the foreword: “The most radical
change in this publication is the
increased values for allowable fill
heights as a result of the change
in the design value of soil modu-
lus E’ from 700 to 1400 psi.” It is
interesting to note this radical
doubling of the value of the soil
modulus admittedly was not
based on any full-scale research,
new innovative technology, or

Tabie 3. CMP Field Test Data.

- TEST | No.OF ‘|H |mepl.- - © . B
GROUP NO.SPECIMENS | FT. | AVG..| me an [STD. DEV.|MEAN [STD: DEV.
| 10 |18l a0e| 21| 75 | a7t|. 182
n .| s 12| 565| 56| 23 | 734| 326
I .1 |137|1960| 190 | —. | 7980 . ~— .
IV 1 170/30.90( 40 [ - 13201 - —
oM | 1. | 83|-460] 58 — |6300|. .—
Total. |- .18 - |.|6.90] 43| 41 . |1332] 2094
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Table 4, Values of E’ for Initial Flexible Pipe Deflection.

umped, .

v70% relatwe
densrcy

No data avallable ‘consl
otherwwe use E

CH lVlH CH IVIH

Frnegrarnedso.rls (LL< 5.) A S e
Soils with medium to no- p|aS‘t|CI‘ty I RN -0 T 200 -
TCL, ML, ML-CL; with1é88 than 25 . ;|- -« cat s o5
percent coarse- gramed partlcles :

400 - | 1000 .

Finegrained soils (LL <':'50"}
Soils with medium to.no piastlc:tty'“
CL, ML, ML-CL, with'more than R i . . Lo
25 percent coarse-grained particles . - - 100 400 | © 1000 - 2000

Coarse-grained soils with fines ' : e ' '
GM, GC, SM, SC2 contains miore '
than 12 percent fines

Coarse-grained soils with lfttle or

no fines : .
GW, GP, SW, SP3 contalnsless oo 200, 1000 ' 2000 3000
than 12 percent fines’ ) _

Crushed rock : e _ 1000 : : - 3000

Accuracy in terms of = : o 0 | t1% | +osw

percent deflection® -~ - 1 1070

1 ASTM Designation D 2487, USBR Designation E-3.

2 LL = liquid timit.

3 Or any borderline soil beginning with one of these symbols {i.e., GM-GC, GC-5C).

4 For X1 percent accuracy and predicted deflection of 3 percent, actual deflection would be between 2 percent and
4 percent.

Note: A. Values applicable only for fills less than 50 ft.
B. Table does not include any safety factor.

C. Foruse in predicting initial deflections only, appropriate deflection lag factor must.be applied for long-term
deflections.

D. If bedding falls on the borderline between two compaction categories, sefect lower £ value or average
the two values.

E. Percent Proctor based on laboratory maximum dry density from test standards using about 12,500 ft-Ib/ft3
(ASTM D-698, AASHTO T-89, USBR Designation E-11).

U.S. Bureau of Reclamation
January, 1977




even satisfactory structural per-
formance of corrugated steel
pipe, but solely on theory ,and
model testing.

The corrugated steel pipe indus-
try is now promating'simplified de-
sign methods which further re-
duce wall.thickness and the de-
gree of soil compaction required,
even though many installations
designed with more conservative
methods have failed-Another ob-
jective of this promotional effort
is to eliminate deflection as a de-
sign criteria. Defiection will always
be a governing factor in most de-
signs, is aconcern during the con-
struction phase, and is critical_to
service performance. The Bureau
of Reclamation concludes from
its flexible pipe research that a
final deflection of morethan 3to 4
percent can result in failure of
pipe or its coating or lining.

RECOMMENDATIONS

Long life, with minor mainte-
nance, is an important require-
ment for'a value engineered pipe
project. Concrete pipe satisfies
this requirement with the added
benefits of being hydraulically ef-
ficient, noncombustible, corrosion
resistant, construction adaptable,
and structurally .rigid and self
supporting. -

Results of numerous indepen-
dent and impartial investigations
present clear evidence of poten-
tial problems with corrugated steel

Ppipe. These problems are related

to the variables and assumptions
which must be made in the struc-
tural design, and the dependency
on proper construction proce-

dures to devetop the load carry-
ing capability of corrugated steel
pipe. To alleviate problems and
insure a structurally adequate in-
stallation reguires use of conser-
vative designvalues forthe param-
eters in the deflection formula,
and, during construction, use of
select bedding and backfill mate-
rials, frequent inspections, more
soil compaction tests, and pipe
deflection testing.

If alternate bids must be speci-
fied, the concepts of value engi-
neering should be applied, and an
effective least cost analysis re-
quiredto determine the most eco-
nomical pipe materiak.
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