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Iowa, as well as other states, has experienced several failures of corru­
gated metal (CMP) culverts, apparently because of inlet flotation. In 
Iowa, most of these failures have occurred on secondary roads. In a sur­
vey of Iowa county engineers, 31 CMP culvert failures occurred within 
a 5-year period ( 1983 to 1988). A survey of state departments of trans­
portation revealed nine CMP failures within the 5 years preceding 1992. 
Design standards from various states for tiedowns to resist uplift 
showed resisting forces ranging from 44.5 kN (10 kips) to 293.7 kN (66 
kips) for pipes 2.03 m (80 in.) in diameter. Data from the survey of 
states verified an earlier conclusion based on responses from Iowa 
county engineers that when end restraint is not provided, there is a 
potential for uplift failures. Further, standards for existing restraint sys­
tems have an unclear theoretical or experimental basis, or both. Dis­
cussed here is the initial phase of a research program at Iowa State Uni­
versity, where a design procedure is being developed to determine the 
necessity and magnitude of restraining force to prevent CMP uplift fail­
ures. Theoretical relationships were developed for predicting the longi­
tudinal stiffness, yield moment capacity, and ultimate moment capacity 
of CMP. Full-scale tests of steel CMPs 1.22 m (4 ft) and 1.83 m (6 ft) 
in diameter experimentally determined EI factors of 2.49 MN-m2 

(869 X 106 in2-lb) and 2.61 X 106 N-m2 (911 X 106 in2-lb), respectively 
(3 X 1 corrugation style). The agreement of theoretical and experimen­
tal results verifies the accuracy of the theoretical relationships which 
will be used in the development of rational design standards. 

Corrugated metal pipes (CMP) often serve as an inexpensive means 
for crossing small streams and thus are important components in the 
transportation system. Iowa, as well as other states in recent years, 
has experienced several CMP failures because of inlet flotation. 
Analytical design procedures in use today frequently overlook or 
underestimate the possibility of longitudinal flexural failures which 
may result from uneven settlement beneath the CMP or inlet uplift 
because of pore water pressure. Pressure beneath the inlet may be 
caused by a hydraulic head differential between the CMP inlet and 
outlet, by high storm ft ows, or by partial or full blockage of the inlet 
(1). The uplift can be aggravated by a small amount of water in the 
CMP, by minimum soil cover on the CMP, or by ineffective seep­
age cut-off below the inlet. Pore pressures can cause the inlet end 
of the CMP to deflect upward, which will result in longitudinal 
bending; longitudinal bends up to 90 degrees will often lead to ero­
sion of the soil and roadway above the CMP (2). In some situations, 
the entire CMP may be dislodged from its existing location (3). 

A multiphase research project funded by the Iowa Department of 
Transportation (Iowa DOT) was undertaken at Iowa State Univer­
sity to develop CMP design methods to prevent uplift failures. This 
paper presents the results of the second phase in this investigation. 

B. T. Havens, Woodward-Clyde Consultants, IOI South 108 Ave., Omaha, 
Nebr. 68154. W. Klaiber and R. A. Lohnes, Department of Civil and 
Constr. Engr., Iowa State University, Ames, Iowa 50011. L. W. Zachary, 
Aeronautic Engineering and Engineering Mechanics, Iowa State Univer­
sity, Ames, Iowa 50011. 

In this phase, theoretical relationships were developed for predict­
ing the longitudinal stiffness, yield moment capacity, and ultimate 
moment capacity of CMP with any corrugation style, strength, and 
stiffness characteristics. Laboratory tests were conducted on steel 
pipes (3 X 1 corrugation style) to experimentally evaluate the accu­
racy of the theoretical relationships when applied to these specific 
pipes. Results from the first and third phases of this research project 
are detailed in the papers by Lohnes et al. and Kjartanson et al. else­
where in this volume. 

EXPERIMENTAL WORK 

Test Specimens 

To address the lack of relevant flexural test information available in 
the literature, a program of flexural tests of large diameter CMP 
specimens was initiated. Two test specimens (l.22-m (4-ft) diame­
ter and 1.83-m (6-ft) diameter) were selected for testing. Descrip­
tions of the two test specimens are shown in Table 1. The two spec­
imens in Table I will be denoted throughout this document as ISUl 
(1.22-m (4-ft) diameter) and ISU2 (l.83-m (6-ft) diameter). 

Load Frame 

The CMP specimens were simply supported and a uniformly dis­
tributed load was applied in increments along the length of the pipe. 

Figure 1 is a photograph of ISUl being tested in the load frame. 
More details on the load frame are presented in the work of Klaiber 
et al. (4). 

As. observed in Figure 1, wire rope suspended between upright 
columns provided end support for the specimens. This type of sup­
port facilitated testing various diameters of CMP with minimal 
adjustments and permitted end rotation. To prevent horizontal 
movement of the test specimens, brackets that allowed end rotation 
and vertical deftectior{ were attached to one end of the CMP. Rein­
forced concrete diaphragms were cast in both ends of the CMP test 
specimens to add strength and prevent local failure. 

Test Procedure 

The testing program included a service load test and a failure load 
test for each specimen. In the service load tests, it was planned to 
limit applied loading to the elastic range; however, both specimens 
experienced some plastic deformation in the service load tests. Dur­
ing the failure load tests, each specimen was loaded into the range 
of plastic deformation until a corrugation collapsed on the com­
pression side of the CMP. 
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TABLE 1 Flexural Test Specimens 

Parameter ISUl 

1.21 

3 x 1 
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ISU2 

1.83 

3 x 1 

Diameter, m 

Corrugation style 

Fabrication style 

Nominal length, m 

Effective length, m 

Gage 

Helical Welded Seam 

6.10 

Helical Welded Seam 

7.62 

Nominal uncoated 
thickness, cm 

Weight, Nim 

Note: 1 m = 3.28 ft 
1 cm = 0.394 in. 
1 N/m = 0.0685 lbf/ft 

6.01 

12 

0.2657 

730 

Load was applied to the CMP specimens in predetermined incre­
ments with sandbags on top of the pipe and water inside the pipes. 
Initial increments of loading were applied with uniformly distrib­
uted andbags of known weight. In the failure tests, when additional 
weight was required, load was applied by adding water inside the 
specimens. The end concrete diaphragms contained the water in the 
pipes. By monitoring the depth of water in the specimens, the non­
uniform loading (i.e., varying depth of water) was taken into 
account. 

Instrumentation 

Each test specimen was instrumented with electrical-resistance 
strain gauges, direct current displacement transducers (DCDTs), 
dial gauges, deflection gauges, and manometers. Electrical instru­
mentation was monitored and recorded after each load increment 
with a computer-controlled data acquisition system. All other 
instrumentation was recorded manually after each load increment. 

Strain gauges were installed at the centerline of the specimen and 
at the quarter point sections. At the centerline of the specimens, 
strain gauges were attached on the top and bottom surface of the 

FIGURE 1 Load frame with ISUl being tested. 

7.45 

14 

0.1897 

1095 

CMP a shown in Figure 2. Thus, it was possible to measure longi­
tudinal and hoop strain at the three locations. At the quarter points, 
strain gauges were positioned on the top and bottom of the speci­
mens so that longitudinal strains could be measured. 

DCDTs were positioned longitudinally around the circumference 
of the CMP, as shown in Figure 3, at the centerline of the specimens 
to measure movements between corrugation peaks. The DCDTs 
were attached so that at each location there was a nominal gauge 
length of 15.24 cm (6 in.). DCDTs were also used to measure 
changes in the horizontal CMP diameter at the centerline of the 
pecimens as loading was applied. 

Vertical deflections of the specimens were determined by read­
ing with surveying levels engineering scales attached to the speci­
mens. This system was used because the expected deflections would 
exceed the range of the DCDTs available. Vertical deflections were 
measured at the top and bottom of the specimens at the centerline, 
and at the bottom of the specimens at quarter point locations. 
Deflection data at the centerline of the specimens were used to 
determine changes in the vertical diameter of the specimens. 

Dial gauges were used at the ends of the specimens to determine 
vertical deflections at these locations because of elongation of the 
wire rope with applied loading. Deflections at quarter points and 
centerline were adjusted to account for the wire rope elongation. 

Manometer were attached to the bottom of the test specimens 
(quarter points and centerline) to determine the depth of water in the 

3 H, 3L 

GAUGE LOCAT ION OR IENTATI ON 

1 H INFLECTION PO INT HOOP 
1 L INrLECTION PO INT LONG ITUDIN AL 
2H TANGENT POINT HOOP 
2 L TANGENT POINT LONGITUDINAL 
3H CREST HOOP 
3 L CREST LONGITUD INAL 

FIGURE 2 Location of centerline strain gauges on top and 
bottom of CMP. 
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FIGURE 3 Location of DCDTs around circumference of CMP 
at centerline of span. 

CMP specimens at any load increment. With these data, the varia­
tion in applied load with deflection of the speeimens could be deter­
mined. 

Experimental Results 

The following general observations apply to both specimens; more 
details can be found in the thesis by Havens (5). Strains on the ten­
sion side of the specimens were generally smaller than strains mea­
sured at the corresponding corrugation positions on the compres-
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sion side. These strains indicate higher stresses are associated with 
the collapse of corrugations (top of specimen) than the elongation 
of corrugations (bottom of specimens). Strain data from the quarter 
point locations of the specimens indicated symmetrical behavior. 

In general, horizontal corrugation crest displacements were pro­
portional to the vertical distance from the CMP neutral axis. Hori­
zontal crest displacements at the top and bottom of the specimens 
were not always similar values, indicating the possibility of unsym­
metrical behavior with respect to the neutral axis of the specimens. 
Significant changes in the diameters of the specimens occurred 
depending on the method of load placement. 

The relationships- between the midspan deflections and the 
moment for specimens ISUI and ISU2, respectively, are shown in 
Figures 4 and 5. In each of these figures, service loading (dashed 
lines) as well as failure loading (solid lines) are illustrated. The 
moments at zero deflection are because of the weight of the CMP. 
The vertical lines at the end of each curve represent the sudden 
deflections that occur when the specimens reach their ultimate 
capacity. 

The service load data in Figure 4 shows a linear load-deflection 
curve between Point A and Point B because of sand loading. The 
curve becomes nonlinear between Point B and Point C because of 
the non-uniform water loading and an increase in the vertical diam­
eter of the CMP, which causes the measured vertical deflections to 
increase. Thus, the vertical deflection results from both flexure and 
localized cross-section deformations. The load-deflection response 
in the failure test shows a linear curve from Point D to Point C where 
the loading is all sand. The loading between Point C and Point E is 
water. At Point E, a load shift occurred when a portion of the sand 
load fell from the CMP. Although the.midspan moment on the CMP 
decreased, the CMP deflection increased, suggesting that significant 
plastic deformations of the CMP occurred at or before the instant the 
load decreased. Points F and G represent the midspan moments 
because of load remaining on the CMP immediately after the load 
shift and because of load reapplied to the CMP. Point His the pro­
jected deflection at which the ultimate CMP moment was reached, 

60000 80000 100000 

MOMENT (N-m) 

Note: 1 cm = 0.394 in. 
I N-m = 0.737 lbf-ft 

FIGURE 4 Moment versus midspan deflection (ISUl). 



4 TRANSPORTATION RESEARCH RECORD 1514 

30 B 

e 25 - BOTTOM, SERVICE LOAD 
..2 -0-TOP, SERVICE LOAD 
z 
0 20 
~ 
(.) 

-+-BOTTOM, FAILURE 

-+-TOP, FAILURE 

""' _, 
15 u.. 

w 
Q 

~ z 10 
5 a. 
Q 

~ 5 

0 
0 20000 40000 60000 80000 100000 

MOMENT (N-m) 

Note: 1 cm = 0.394 in. 
1 N-m = 0. 737 lbf-ft 

FIGURE 5 Moment versus midspan deflection (ISU2). 

and Point I is the measured deflection that occurred after the speci­
men collapsed. 

Figure 5 indicates fairly uniform behavior throughout service 
load and failure tests for ISU2. The primary difference between the 
deflection curves for service load and failure may be because of the 
minor plastic deformations that occurred during. the service load 
tests. Points A and B are projected midspan post-collapse deflec­
tions. Actual values for those points were not obtained because of 
failure of the deflection measurement system. 

Corrugations in ISU 1 collapsed at a distance of 10.16 to 12. 70 cm 
(4 to 5 in.) from the centerline. Corrugations collapsed in ISU2 at 
two locations. One collapse occurred at a welded seam approxi­
mately 33.02 cm (13 in.) from the centerline and the other collapse 

TABLE 2 Experimental Test Results 

occurred approximately 1.12 m (44 in.) from the midspan on the 
opposite half of the span. The second collapse followed the first by 
approximately 20 to 30 sec. 

Longitudinal moment capacities, stiffness values, and midspan 
deflections from test data are summarized in Table 2. In this table, 
yield moments are taken as those moments occurring when the rela­
tionship between the longitudinal strain at the corrugation crest and 
the applied moment becomes nonlinear. A range is given for the 
yield moment for ISU2 as it was difficult to identify the actual point. 
Midspan yield deflections for ISU2 are also presented as a range. 
Ultimate moments were reached when the corrugation under the 
greatest strain collapsed. At this magnitude, the specimen could not 
carry additional load without excessive, unpredictable deflection. 

Specimen 

Parameter 

Yield Moment; kN-m 

Ultimate Moment, kN-m 

EI, MN-m2 

Mid-span Deft., cm@ yield 
moment 

Mid-span Deft., cm @ ult. 
moment 

ISUl 

30.7 

91.5 

2.49 

3.81 

< 13.7c 

• difficult to interpret a single value for location 
of non-linear behavior; range is used 

b deflections in the range of interpreted yield moment 
c unable to measure deflection at instant of incipient 

collapse 

Note: 1 kN-m = 737 lbf-ft 
1 MN-m2 = 2.42 x 106 lbf-ft2 

1 cm = 0.394 in. 

ISU2 

28.1-37.3 

96.3 

2.61 

3.81-5.84b 

>27.2c 
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Maximum deflection values are reported just before the large 
deflection associated with corrugation collapse. For both speci­
mens, the ultimate moment was reached between load increments, 
so the deflection under ultimate moment was not measured and is 
indicated as a value greater than the measured deflection at the pre­
vious load increment. 

Values of stiffness (EI) in Table 2 were calculated from the ser­
vice load test assuming that each simple-span CMP specimen was 
subjected to uniform distributed loading. This was an appropriate 
assumption for ISU l in which only sandbag loading was used in the 

_ serYice load_test. For ISU2 in which water lo~d_ing was used in the 
service load test, corrections were required for non-uniform load­
ing. Basic load deformation relationships were used to determine 
the EI values from the experimental data. 

The modulus of elasticity of the steel was assumed to be the com­
monly accepted value of 200 MPa (29 X 106 psi). Poisson's ratio, 
v, for steel was taken as 0.3. 

The ratios of hoop strains, EH, to longitudinal strains, E1_, were cal­
culated for each test at two locations on the top of the CMP speci­
mens. Strain ratios were used to calculate the stress ratio, K,,, which 
is the ratio of hoop stress to longitudinal stress. From test data, the 
average strain ratio was found to be 0.38. The stress ratio, K"' can 
be written as indicated below: 

where 

E1_ is the longitudinal strain, 
EH is the hoop strain, and 
v is Poisson's ratio. 

(1) 

Using the strain ratio of 0.38 and Equation 1, the stress ratio, K"' is 
found to be 0.64 for 3 X 1 pipe. 

THEORETICAL DEVELOPMENT 

Theoretical Longitudinal Moment Capacity 

Based on the principles of mechanics, observations, and data from 
the flexural tests, relationships were developed for calculating the 
longitudinal moment capacity of CMP. 

A free body diagram of the quarter cycle indicated in Figure 6 is 
at the critically stressed location in the transverse section. In Figure 
6(b), dP and dP + d (dp/dx) are the compressive forces acting on 
the ends of the corrugation. The moment, Mc, is the local moment 
on the corrugation. Forces FH 1 and FH2 are the forces acting on the 
sides of this longitudinal section resulting from hoop stresses that 
are resisted by the force, V. 

In the development of a relationship for the CMP moment, ME, 
the following assumptions are made: 

• Hoop strains at the inflection point that are typically small are 
assumed to be zero; 

• Hoop and longitudinal strains are assumed to vary linearly 
with the distance from the corrugation neutral·axis (CNA) indicated 
in Figure 6(b); and 
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• Force, dP, is assumed to vary from a maximum at the top of 
the CMP to zero at the CMP neutral axis. 

The stresses on this element are related to the applied forces and 
moments on· the element by using the principles of mechanics. For 
details on this development, the reader is referred to the work of 
Klaiber et al. (6). The CMP moment, ME, because of a specified lim­
iting stress, may be expressed as: 

M , _ 2TIT ta Lr rt v (Ur cos<1> R K Rll 
E- -+n.al rp+ A. J 

de 6 12 
(2) 

where 

<h signifies a limiting longitudinal stress within the elastic range; 
Ka is the ratio of hoop stress to longitudinal stress for any CMP 

element; 
de is the corrugation depth indicated in Figure 6(a); 
r is the CMP radius; 
t is the CMP wall thickness; 
L-r is the length of the tangent section in each corrugation cycle 

as indicated in Figure 6(a); 
<1> is the tangent angle indicated in Figure 6(a); 
RTP is ratio of the distance from the CNA to the tangent point to 

the distance from the CNA to the crest of the corrugation; 
K,., is a constant that depends on the corrugation geometry; the 

average value for all pipe gauges may be taken as 0.3828 in. for 
3 X 1 CMP, 0.2174 in. for 2313 X Y2 CMP, and 0.2124 in. for 
2 X Y2 CMP; values for specific gauges may be calculated using 
relationships presented in the work of Havens (5); and 

R is the corrugation radius. 

Theoretical Longitudinal Ultimate Moment Capacity 

Flexural failure of CMP has been defined at a limiting biaxial yield 
stress on the critical compression-side corrugation. However, con­
siderable moment capacity may exist before the onset of corruga­
tion collapse and severe vertical deflection of the CMP. A formula 
was developed to calculate this ultimate moment capacity based in 
part on the previously developed relationship for ME. 

To estimate the ultimate moment capacity from the test data 
(strains), it was determined that the critically stressed element on 
the compression side of the CMP had yielded and a plastic hinge 
formed as more load was applied. This plastic hinge begins at the 
crest and extends down to the tangent point at incipient collapse. 
Although a portion of the CMP section yields, other regions of the 
CMP cross-section behave elastically. An angle designated as Om 
as indicated in Figure 7, divides the two assumed regions of elastic 
behavior and plastic behavior. The resisting moment capacity of the 
elastic region is a modification of the formula developed for deter­
mining the limiting stress moment capacity. The resisting moment 
capacity of the elastic regions and that of the plastic regions is as 
follows: 

Sr tcr L [ rt ( ~ cos<!> l] 
ME(0EP)= -+Kcrl RTP+Kt...RJ 

de cos8EP 6 12 

x [ ~- 8~p sin~OEP] 
(3) 
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FIGURE 6 Description of CMP: (a) corrugation details; (b) free body diagram of one-quarter 
corrugation cycle; (c) transverse cross section. 
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FIGURE 7 Assumed. elastic and plastic regions of CMP at 
ultimate flexural strength. 

where ME(ttEPJ is the elastic region moment contribution to the ulti­
mate moment. 

· 4cr YL rt [ ( L Tl rt ] . 
MP(SEP) = . Kai R<j>-)cos<j>+-- sm8EP 

sm<)> \ 6 2LT 
(4) 

where MP(REP) is the ultimate moment contribution from the plastic 
region. The ultimate moment based on 8EP is the sum of the resist­
ing moments from the two previous relationships: 

Mu(eEP) =MP(9EP) +ME(9EP) (5) 

Using the ultimate moments obtained from the tests and the previ­
ously determined value of0.64 for Ka. a value for 8Er was calculated 
to be 73.4 degrees. The contribution to the moment capacity from 
the elastic part of the cross-section is small, however, in compari­
son to the contribution from the plastic part of the cross-section. 
With the assumption that the entire cross-section is subjected to 
plastic deformation (8Er = 90 degrees), the ultimate moment capac­
ity simplifies to the following relationship: 

M = 4cryLrt [K ( R"'+ LT \os"'+~] (6) 
" sin <j> al "' 6 ) "' 2LT 

Theoretical El Factor 

In order to calculate CMP vertical deflections, an EI term is 
required. Moment of inertia, I, is a function of the CMP geometry; 
however, the calculation of I for CMP is complex because the CMP 
transverse cross-section is not constant in the longitudinal direction. 
The moment of inertia for CMP is considerably smaller than the I 
of a smooth-wall pipe (I = 1Tr-'t), because the smooth wall has a con­
stant transverse cross-section which is much stiffer. 

To develop an expression for I, an energy. approach was used to 
determine a relationship between the applied load and the CMP 
midspan vertical deflection. Several assumptions were made about 
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the distribution of .stresses throughout the CMP. Loading is 
assumed to produce a moment on the CMP such that the critically 
stressed element on the compression side of the CMP is at a speci­
fied limiting stress within the elastic range. All other elements in the 
CMP are assumed to be at stress levels lower than the limiting 
stress. Stresses at these other locations are quantified to account for 
variables such as position of element in span, relationship of ele,. 
ment to CNA, and relationship of element to CMP neutral axis. 
Strain energy imparted to the CMP specimen by the applied loads 
is related to the elemental stresses as follows: 

NR ( 2 2 I 
U=2~h ~~ + ~~ yv (7) 

where ds = rd8, dV = rd8dtdx, NR is the number of quarter-cycle 
segments in one-half of the CMP length, n is the quarter-cycle seg­
ment count number used in the summation, and CTp1 and CTr2 are the 
principal stresses on each element. The strain energy is then related 
to deflection of the CMP specimen as follows: 

au=~ = [4aiAxrKcm]( ]_.+ K2 I~ 2M 
JP v EM2 d 2 · l3 °)-'-' . x 

. . MAX c n=l 

(8) 

where Mr is the moment at a distance x from the end. From beam 
theory, the EI factor is then related to the applied moment and lim­
iting stress as follows: 

El=- --Sc [ MiAxEd'1 ][ 3 ] 
4 · 4criAx rKcm I+ 3K~ 

(9) 

Incorporating Equation 2, the following relationship for EI is 
determined: 

. 2 

El= Errscrt [-3-][!!_+K ( L}sin<j>cos<j> +K R l] 
4Kc 1+3K~ 6 al 12dc /... ) 

(10) 

where, except for KG and Sc, all terms have been previously defined. 
KG is a geometric parameter which may be taken as 0.09215 in.3 for 
3 x 1 CMP, 0.01928 in.3 for 2Y3 x Y2 CMP, and 0.01388 in.3 for 
2 X Y2 CMP; note that these values are averages for all common 
pipe gauges. Values for specific gauges may be calculated using 
relationships presented in the work of Havens (5). The corrugation 
crest spacing (length of one cycle) is denoted as Sc. 

Application of Theoretical Relationships 

The theoretical relationships were developed for use with CMP of 
any metal type and any corrugation style consisting· of circular arcs 
connected by tangents. Most of the parameters needed for applica­
tion of the relationships can be determined theoretically. However, 
the stress ratio (Ka) must be determined experimentally for specific 
corrugation styles. The relationships in this paper are validated only 
with test data from 3 X 1 CMP. 

Helix Angle Effects on Strength and Stiffness 

The helix angle of CMP varies from approximately 33 degrees for 
small diameter pipes to 6 degrees for large diameter pipes, with 
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variations resulting from corrugation sty le and manufacturer. It was 
postulated by Lane (6) that CMP with helix angles less than 8 
degrees will act similar to CMP with annular corrugations. The rela­
tionships developed for longitudinal moment capacity and stiffness 
assume circumferential corrugations. This assumption is expected 
to be reasonable for the larger diameter pipes tested as part of the 
ISU study, but may not be valid when the theoretical formulas are 
applied to smaller diameter pipes, where the helix angle may be 
related to substantial increases in stiffness. Neglecting the helix 
angle effects should be conservative, as the beam strength of heli­
cal pipe of equal size and gauge is greater than that of annular CMP 
because of the diagonal direction of the corrugations (7). 

Comparison of Experimental and Theoretical Results 

Experimental results and theoretical values calculated from Equa­
tions 2, 6, and 10 are shown in Table 3. Equation 2 predicts non­
conservative yield moments which are 11.5 percent high for ISU 1 
and 3.6 to 37.7 percent high for ISU2. The main reasons for this dif­
ference are that it is very difficult to determine the yield moment 
experimentally and the variation in yield stress from specimen to 
specimen. Values calculated for the ultimate moments from Equa­
tion 6 are in excellent agreement with the experimental values being 
1.5 percent low for ISU 1 and 4.2 percent high for ISU2. Recall, 
however, that the theoretical values are based on an assumption that 
the entire cross section is yielding. 

Values for EI determined by using Equation 10 are in reasonable 
agreement with the experimental values. The theoretical values of 
EI are 4.3 percent low and 8.1 percent high for ISUI and ISU2, 
respectively. 
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SUMMARY AND CONCLUSIONS 

Presented in this paper are the results of one phase of an ongoing 
investigation whose overall objective is to determine when restraint 
is required to prevent uplift failures in CMP. In this phase of the 
study, three CMPs were loaded to failure to determine experimen­
tal values for yield moments, ultimate moments, and "stiffness" EI. 

Theoretical relationships were derived for determining the yield 
moment, ultimate moment, and the "stiffness" EI for CMPs of var­
ious diameters, gauges, and corrugation geometry. The theoretical 
relationship for yield moments from Equation 2 provides slightly 
unconservative values. Variation in the yield strength of steel is 
believed to be the main reason for the difference. Theoretical ulti­
mate moment capacities obtained using Equation 6 are in good 
agreement with the values that were obtained experimentally. The 
relationship for "stiffness" EI, Equation 10, provides values that are 
in good agreement with the experimental values determined. 
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TABLE 3 Comparison of Experimental and Theoretical Values 

Experimental Yield 
Moment, kN-m 

Theoretical Yield Moment, 
kN-m 

Difference from 
experimental value ( % ) 

Experimental Ultimate 
Moment, kN-m 

Theoretical Yield Moment, 
kN-m 

Difference from 
experimental value ( % ) 

Experimental EI Factor, 
MN-m2 

Theoretical EI Factor, MN­
m2 

Difference from 
experimental value ( % ) 

Note: 1 kN-m = 737 lbf-ft 
1 MN-m2 = 2.42 x 106 lbf-ft2 

ISUl 

30.7 

34.2 

+ 11.5 

91.5 

90.2 

-1.5 

2.49 

2.39 

-4.3 

ISU2 

28~ 1 to 37.3 

38.7 

+3.6 to +37.7 

96.3 

100 

+4.2 

2.61 

2.83 

+8.1 
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