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FOREVVO RD 	This report presents the results of an investigation of the capacity of thermoplastic 
culvert pipe in hoop compression and the resistance of profile wall pipe sections to fail-

By Staff ure by local buckling. The work was carried out to support development of design 

Transportation Research provisions (for plastic pipes and culverts) to be included in the AASHTO load and 
Board resistance factor design (LRFD) specifications. At present, design methodology and 

properties for plastic pipes and culverts are governed through procedures developed for 
metal products. The use of plastic pipe is increasing and, therefore, so is the need for 
provisions to assist structural engineers to make safe, cost-effective use of these mate-
rials. The contents of the report are, therefore, of immediate interest to both highway 
and rail transit professionals responsible for designing, installing, inspecting, main-
taining, and upgrading nonpressure drainage pipes as well as to those charged with 
specifying materials for such pipe. 

Simpson Gumpertz & Heger Inc., of Arlington, Massachusetts, conducted this 
research as Task 89 of NCHRP Project 20-07, LRFD Specifications for Plastic Pipe 

and Culverts. The principal investigator directed the research and authored the report; 
an advisory panel established for Task 89 of NCHRP Project 20-07 wrote the scope of 
work and reviewed the report, and the necessary majority accepted the report. 

The objective of the research was to develop LRFD design provisions for plastic 
pipe and culvert. The objective was accomplished through (1) a review of past work 
related to local buckling of thin sections, (2) laboratory testing to investigate the local 
buckling behavior of currently available profile wall thermoplastic pipe, and (3) inves-
tigation of a design model to predict the capacity of profile wall thermoplastic pipe in 
compression as govemed by local buckling. 

The key product of the research is a proposed revision to the AASHTO LRFD 
specifications for thermoplastic pipe (presented in Appendix E of this report). This revi-
sion is based on the results of the "stub compression" tests conducted in the project on 
HDPE and PVC pipe sections. Calculated values derived from the empirical design 
equations of Winter correlated well with these test results. Thus, the proposed revision 
incorporates these equations into current standards. 

The design method proposes strain limits for compressive strength on the basis of 
the 50-year strength and stiffness values for thermoplastic pipe currently in the 
AASHTO standards. The report cautions that these limits are for sections made up of 
elements with low width to thickness ratios and that sections with higher ratios will be 
limited to lower average strain levels. The method also provides limits on allowable 
deflection and depth of fill; the latter limits assume that parallel research results for 
improving the load computation method for thermoplastic culverts will also be imple-
mented by AASHTO. 
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RECOMMENDED 
LRFD SPECIFICATIONS FOR 

PLASTIC PIPE AND CULVERTS 

SUMMARY 	This project was developed to investigate the capacity of thermoplastic culvert pipe 
in hoop compression—specifically, the resistance of profile wall pipe sections to fail-
ure by local buckling. The project was necessitated by the advent of large-diameter pipe 
with high bending stiffness and low cross-sectional area, a structural combination that 
has not been dealt with in prior research on buried pipe. The project consisted of a 
review of the literature for past work related to local buckling of thin sections, tests to 
investigate the local buckling behavior of currently available profile wall thermoplastic 
pipe, and investigation of a design model to predict the capacity of profile wall thermo-
plastic pipe in compression, as governed by local buckling. 

The literature showed that the classical buckling equation proposed by Bryan (1891) 
is still used to predict the onset of buckling in thin plates. The empirical equations of 
Winter (1946) are used to predict the ultimate capacity of thin steel sections, which 
includes some post buckling strength. No detailed work has been undertaken to apply 
this work to thermoplastic pipe. Introductory tests have been conducted at the Univer-
sity of Massachusetts and at the University of Western Ontario. 

Testing consisted of a series of "stub compression" tests on high-density polyethylene 
(HDPE) and polyvinyl chloride (PVC) pipe sections. Several sample sizes and end con-
ditions were investigated. The best results were obtained with relatively short speci-
mens, and a recommended length for future tests is that the specimen length be approx-

imately 1.5 times the height of the wall profile. The recommended end conditions are 
one end fixed and one end pinned. Additional work should be conducted before imple-
menting the test as a standard or a quality control test. 

The results of the compression tests correlated well with the empirical equations of 
Winter. A design method based on these equations is proposed for incorporation into 
AASHTO standards. The design equations rely on the 50-year strength and stiffness 
values currently in AASHTO to establish proposed strain limits for compressive 
strength. This is the limiting strain for thick sections. Thinner sections (i.e., sections 
with high ratios of width to thickness) are limited to lower strains. 

The proposed design method provides limits on depth of fill and on allowable 
deflection levels. The allowable depths of fill were calculated assuming that parallel 
research for improving the load computation method for thermoplastic culverts will 
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be implemented. This work shows that the load depends on the type and density of the 
backfill—thus these parameters also affect the allowable depth of fill. For HDPE pipe, 
the allowable depths of fill vary widely based on the specific profile being evaluated—
from 6 to 16 m (20 to 36 ft) in dense granular material compacted to 100 percent of 
maximum standard Proctor density and from 3.6 to 6.4 m (12 to 21 ft) in silty soil com-
pacted to 90 percent of maximum standard Proctor density. For the one PVC pipe eval-
uated, the allowable depth of fill is 17 m (50 ft) in the dense granular material and 14 m 
(45 ft) in the silty soil. 

Additional research is recommended to further develop the stub compression test for 
use as a standard. Investigation should focus on time effects and on strain limits. 
Although the current AASHTO parameters appear to correlate well with the pipe 
tested, this may not always be the case. Additional research should also investigate the 
relationship between bending strain and hoop compression strain. Understanding this 
relationship could lead to improved design methods that may be less conservative than 
proposed here. Additional research should also be conducted to investigate the effect 
of soil support. If soil support has a significant effect, then the current recommenda-
tions could be quite conservative. 

The recommendations in this report for evaluating hoop compression strength and 
local buckling should be implemented simultaneously with parallel research on methods 
for computing loads and for improving HDPE resins. The current criteria in AASHTO 
for loads are known to be overly conservative for some types of pipe, and implemen-
tation of the proposed local buckling criteria woUld be an additional and unnecessary 
conservatism. The need for improved HDPE resins is also important. The application 
of a design model that uses post-buckling capacity demands resins that are not sensi-
tive to cracking. 



CHAPTER 1 

INTRODUCTION AND RESEARCH APPROACH 

The use of thermoplastic profile wall pipe for culverts, 
under drains, and other highway applications has continued 
to increase in recent years. The advent of technology to man-
ufacture thermoplastic pipe with profile walls in larger diam-
eters is further increasing interest in these products as the 
geometry provides pipe with high bending stiffness and low 
cross-sectional area. This trend has resulted in pipe with 
structural characteristics that have not been dealt with in 
prior research on buried pipe. The low cross-sectional area 
and the lower modulus of elasticity results in increased com-
pression strain that must be considered in the structural 
design of the pipe. 

The structural efficiency of profile wall pipe is achieved 
through designing wall sections that are deep, but with as 
little area as possible, which means that individual elements 
of the pipe wall are kept as thin as possible. However, because 
a properly installed flexible pipe carries stresses largely in 
compression, the thin elements in the pipe wall are suscepti-
ble to instability in compression, or local buckling. This report  

presents the results of an investigation into the local buckling 
capacity of profile wall thermoplastic pipe. 

The approach taken to this project was as follows: 

Investigate the literature for past work related to local 
buckling of thin sections, 
Conduct tests to investigate the local buckling behavior 
of currently available profile wall thermoplastic pipe, and 
Develop a design model to predict the capacity of pro-
file wall thermoplastic pipe in compression, as governed 
by local buckling. 

TERMINOLOGY 

Several wall profiles are used to manufacture pipe for 
drainage applications. Figure la shows just a few of these. 
Most of the work reported here pertains to thermoplastic pipe 
with a corrugated profile. The terminology used to describe 
the portions of this profile are presented in Figure lb. 

Crest 

Corrugated wall 	
Height 	 Web 

Liner 	
Valley 

Honeycomb wall(D.profile) 	 14 	
Period 

Standing Rib Wall 

a. Types of Profile Wall 	 b. Idealized Corrugation and Terminology 
(not inclusive) 

Figure 1. Pipe profiles and terminology. 
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CHAPTER 2 

FINDINGS 

STATE OF THE ART 

Current knowledge related to local buckling of thin sec-
tions was reviewed and is presented in Appendix A. Details 
pertinent to the design method proposed later in this section 
are presented here. 

Strain Capacity 

The focus of this report is the compression capacity of pro-
file wall thermoplastic culvert pipe and the resistance of such 
pipe to local buckling. The presence of tension in the pipe 
wall affects the buckling performance in some instances, but 
tension capacity is not evaluated. 

Current AASHTO Design Parameters 

Currently, AASHTO' provides "initial" and "50-year" val-
ues for modulus and strength and lists allowable tension strain 
limits. All are summarized in Table 1. In design according to 
AASHTO, the strength values are used to evaluate the hoop 
compression strength, and thus the ratio of the strength to 
modulus becomes a compression strain limit. These values 
are summarized in Table 1. However, the strain limits for 
compression represent strength limit states, while the strain 
limits for tension are specified as allowable strains. The basis 
for most of the limits specified in AASHTO are not clear. 

HDPE and PVC Behavior in Compression 

Very little research has been conducted on the behavior of 
thermoplastic pipe materials in compression. Compression 
stress-strain curves for polyethylene, from Zhang and Moore 
(1997), are presented in Figure 2. The strain rate for the test 
shown in Figure 2a was relatively slow, 0.05 percent per sec-
ond, while the strain rates for the several tests reported in-Fig-
ure 2b vary from 0.001 percent per second to 10 percent per 

Unless otherwtse noted, references to "AASHTO" refer to Section 18 of the Stan-
dard Specifi rations for Highway Bridges, 16th Edition. The provisions for design of 
thermoplastic pipe in Section 12 of the LRFD Bridge Design Specifications are identi-
cal, and thus the two codes need not be distinguished for purposes of this report. 

second. The figures are plotted as true stress versus true 
strain, but the deviation from engineering stress and strain in 
the region of interest (4 to 8 percent strain level) is small. The 
figure shows that, for all strain rates, the strain at yield in 
compression is in the range of 15 percent; however, the mate-
rial is highly nonlinear and the stiffness above strains of 6 
percent is quite low. For all strain rates, the stress-strain curves 
are relatively linear up to about 2 percent strain and relatively 
flat for strains greater than about 6 percent strain. The simi-
larities of these curves based on strain levels suggest that 
design based on a strain limit rather than a stress limit is rea-
sonable. The curves suggest that compression limits for high-
density polyethylene (HDPE) pipe should likely be set in the 
range of 4 to 6 percent. No similar data are currently avail-
able for polyvinyl chloride (PVC) pipe materials. 

Profile Wall Pipe Behavior in Parallel Plate Tests 

AASHTO specifications for both PE and PVC pipe require 
a flattening test to at least 20 percent deflection (standards for 
PVC pipe require that the pipe be loaded to deflection of 60 
percent), which the pipe must survive without buckling, 
cracking, or other loss of load-carrying capacity. Table 2 pre-
sents results of calculations of strain levels in the parallel 
plate test for pipe produced by several manufacturers. The 
calculations are discussed in more detail in Appendix C. The 
table shows that, at 20 percent deflection, typical corrugated 
PE pipe reaches strain levels on the order of 2.5 to 5.5 per-
cent on the inside and 4.5 to 10 percent on the outside. These 
levels at first suggest that the strain limits in AASHTO 
(Table 1) are conservative; however, the highest strain levels 
are reached on the outside surface where the pipe bears on 
the loading plate. Thus, the plate may be either providing sup-
port to the pipe or restraining it from reaching the theoretical 
strain level. Thus, the fact that pipes are subjected to and pass 
this test is encouraging, but it is not definitive in providing 
assurance that the theoretical strain limits are achievable. 

Selig et al. (1994) reported on long-term parallel plate tests 
at the University of Massachusetts in which corrugated PE 
pipe was held at deflection levels of 5 percent, 10 percent, and 
15 percent for a period of more than 1 year. No pipe tested at 
15 percent developed any type of failure condition, including 
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TABLE 1 Apparent strain limits based on AASHTO properties for HDPE and PVC 

Material HDPE PVC 

Resin 335420C 334433C 12454C 12364C 

Design period (1) Short Long Short Long Short Long Short Long 

Strength, MPa 21 6.2 21 7.7 48 25 41 18 

Modulus, MPa 760 152 551 138 2,760 965 3,030 1,090 

Compression 2.8% 4.1% 3.8% 
Strain Limit (2)  

5.6% 1.7% 2.6% 1.4% 1.7% 

AASHTO 
Allowable 5.0% 
Tensile Strain (3)  

5.0% 5.0% 3.5% 

Notes: 
Short = AASHTO initial values, Long = AASHTO 50-year values. 
Taken as strength divided by modulus. 
AASHTO Standard Specifications, Section 18. 
1 MPa = 145 psi 
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local buckling. These results are also encouraging, but again 
are not definitive for the same reasons cited above. 

Profile Wall Pipe Behavior in Hoop Compression 

Selig et al. (1994) developed a test to evaluate the capacity 
of profile wall thermoplastic pipe in hoop compression by 
placing a test pipe in a steel cylinder lined with an inflatable 
bladder. The annulus between the pipe and the bladder is filled 
with soil and then the bladder is inflated. Changes in diameter, 
which for pure circumferential stresses relate directly to strain, 
are recorded. Moore and Laidlaw (1997) have also applied  

this test. These researchers report buckling in corrugated PE 
pipe at strain levels between 2.2 and 4 percent with the 
capacity closely related to the width thickness ratios of the 
corrugated elements. One test by Selig et al. (1994) reported 
a buckle at the intersection of the crest and web at a strain 
level of 3 percent. This test has not been used for PVC pipe 
at the current time. 

Observed Behavior in Ground 

The research team has inspected many pipes in the 
ground under high deflection. These pipes sometimes show 

I 	 I 	 I 

10_i  

V 	 10_z 

/ 	...............___..._. . 
-.3  

a-0• 	 _•_• 	io_• 

1.! 	a' 	
•••'._. 	I 

CF  
?- •?- 

ff 	•. 	symbols: experimental 

theoretical (NVE) 

I 	• 	I 

0.05 	0.10 	0.15 	0.20 	 0.00 	0.04 	0.08 	0.12 	0.16 	0.20 

True strain 	 True strain 

a. General stress-strain curve 	 b. Effect of variable strain rate 

Figure 2. Stress-strain curves for PE in compression (Zhang and Moore, 1997). 



TABLE 2 Compression strain levels at 20% deflection in parallel plate test 

Material Diameter 

(mm) 

Profile 
Type 

Inside 
Springline 

 No 

Outside 
Crown (2) 

(%) 

PE 

460 Corrugated 2.9 8.4 

610 Corrugated 4.0 8.9 

910 Corrugated 2.4 7.1 

910 Corrugated 3.0 8.2 

1220 Corrugated 2.1 5.7 

1220 Honeycomb 2.4 4.2 

PVC 610 Corrugated 1.9 	- 4.2 
Notes: 1. 1 in. = 25.4 mm 

Crown and invert are at the same strain level in the parallel plate test 
Calculations based on linear parallel plate theory 

liner buckling but, under modest depths of fill, generally do 
not show buckling or compressive failure of the corrugation 
valley, unless deflections are greater than 15 percent. Under 
deeper fills, compression failures are evident at lower deflec-
tions because of the increased hoop compression strain. 

Plate Buckling Design Equations 

Most research on buckling of thin wall sections has been 
conducted for metals. This section presents elements of the 
state of the art related to local buckling. 

The onset of buckling in a plate subjected to in-plane com-
pression forces was first addressed by Bryan (1891), who 
proposed 

kr2E 
cr 

= 12(1_v 2)(w/t)2 	 (1) 

where 

cr = critical buckling stress, MPa, psi 
k = edge support coefficient 
E = modulus of elasticity of plate material, MPa, psi 
v = Poisson's ratio of plate material 
w = plate width, mm, in. 

plate thickness, mm, in. 

The key elements of Equation 1 are the material modulus of 
elasticity, the width to thickness ratio (wit) of the plate, and the 
edge support conditions. The edge support coefficient varied 
from 0.43 for a free edge (no support at all on one edge), to 4 
for a plate with edges simply supported, to 7 for a plate with 
both edges fixed against rotation. Equation 1 is presented in 
ASCE Manual of Practice No. 63, "Structural Plastics Design 
Manual" (ASCE, 1984), although the application discussed in 
the manual is primarily composites. Table 3, taken from the 
.ASCE Manual, shows that the edge support coefficient for a 
plate subjected to pure bending can be as high as 24. 

In the 1940s, as light-gauge steel members were being 
developed, Winter (1946) noted that thin plates had substan-
tial post-buckling capacity and suggested that design methods 
could be developed to take advantage of this capacity. Winter 
proposed an equation that was eventually adopted into Speci-
fication for the Design of Cold-Formed Steel Structural Mem-
bers with Commentary (AISI, 1997) and is called the "effec-
tive width approach." The basis of this approach is that the 
center portion of a plate will be ineffective when it buckles, but 
the edges of the plate remain effective in resisting increased 
total load on the member. This is demonstrated in Figure 3. 

The Winter effective width approach is carried out in three 
steps: 

Compute slenderness factor, 2 based on the strain, 
width thickness ratio, and edge support coefficient: 

= P(l 2  v1 (w) 
J 	

> 0.673 	 (2) 

where 

= compression stress on the element, MPa, psi 

2. Compute effective width reduction factor, p: 

(1 0.22/X) 
p_ 	 (3) 

Compute effective width: 

b=pw 	 (4) 

where 

b = effective width of element, mm, in. 
w = unsupported width of element, mm, in. 
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TABLE 3 Edge support coefficients for edge-supported plates (ASCE, 1984) 

Minimum Buckling Coefficient,*  k 
Ratio of 

Bending Stress 	 Top Edge Free 	Bottom Edge Free 
to Uniform 	Unloaded 

Compression 	Edges 	 Bottom Edge Bottom Top Edge 
Stress 	Simply 	Unloaded 	Simply 	Edge 	Simply Top Edge 

Case 	 Loading 	 - -- Supported Edges Fixed Supported 	Fixed Supported 	Fixed 

La 	l 

b 	- 0.0 4.0 6.97 0.45** 1.33 	0.45** 	1.33 
(pure compression) 

(mm. a/b for long plate) (1.0) (0.6) (5.+)** (1.5) 	(5.+) 	(1.5) 

2 b 0.50 5.8 

ka  1.00 7.8 13.6 0.57 1.61 	1.70 	5.93 

/f' 	b 2.00 11.0 

5 ,/I1 	\\ 
5.00 15.7 

6 OD 23.9 39.6 0.85 2.15 
b (pure bending) 

(mm. a/b for long plate) (0.6) 

* 	Values given are based on plates having loaded edges simply supported and are conservative for plates having loaded edges fixed. 

** A more accurate value of k for plates with one longitudinal support free and the other simply supported with a/b 0.7 is (6.11): 

k = 0.45 + (b/a)2. 

Actual Element 	
I 	 I 	 I 

Effective Element, b. and Stress, f. 
on Effective Elements 

Figure 3. Effective width concept from AISI standard for cold-formed sections. 



The area of the cross section used in design is the reduced 
width, b, rather than the actual width, w. 

Given that the Winter equation uses the ratio of stress 
to modulus, the calculation can be completed in terms of 
strain or stress. This is a common simplifying assumption 
for thermoplastics. 

The Bryan and Winter equations are compared in Figure 4 
for the two PE resins and the two PVC resin types listed in 
Table 1 and using the limiting compressive strain listed in the 
table for long-term properties. The figure indicates the differ-
ence between the onset of buckling (the Bryan curve) and the 
ultimate post-buckling capacity (the Winter curves). Materi-
als with higher strain capacity have more post-buckling 
capacity than lower strain limit materials. 

The AISI specifications, which have rules for considering 
different design conditions, have recently been modified to 
include the work of Pekoz (1987). Schafer (1997) has stud-
ied the design of longitudinal stiffeners. 

H -Bryan 

- - Winter -Cell class 335420C 

-nt:CICss334433C 

10 	20 	30 	40 	50 	60 

Element Width/Thickness Ratio 

a. PE Resins 

3.00% 

-Bryan 

2.50% - -----\ ----- - - - Winter -CellClassl2364C - 

c 2.00% 
Cu 

C/) 
1.50% 

Cu 

1.00% 

0.50% 

0.00% 

10 	20 	30 	40 	50 	60 

Element Width/Thickness Ratio 

b. PVC Resins 

Figure 4. Comparison of Bryan and Winter equations for 
thermoplastic pipe. 

Allowable Deflection 

Given that the compressive strain that can be developed in 
a pipe is a function of both the hoop compression load and 
bending, a design method for local buckling must also con-
sider the effects of deflection, which can be correlated with 
bending strain. The most established method for doing this is 
presented in AWWA Manual of Practice M45 Fiberglass 
Pipe Design. This method is based on a parameter called the 
shape factor which is expressed as 

Eb = Df )) 
	

(5) 

where 

Eb = bending strain 
Df  = shape factor 
c = distance from centroid to location of strain calcula- 

tion, mm, in. 
R = radius to centroid of pipe wall, mm, in. 

change in vertical diameter (deflection), mm, in. 
D = diameter to centroid of pipe wall, mm, in. 

Equation 5 can be derived for known loading conditions 
and it can be shown that Df  is 4.28 for bending strain at the 
invert in the parallel plate test. For a pipe deflected into a per-
fect ellipse, Df  is 3.0, the lowest value it can take. Research 
(Turkopp et al., 1985) shows that at design deflection levels, 
Df  can vary from 3.5 for relatively stiff pipe in backfill that 
does not require substantial compactive effort to 8 for low 
stiffness (F/i.y = 62 kPa, 9 psi) in soil that requires substan-
tial compaction. The table of Df  values from Manual M45 is 
presented as Table 4. 

Typically the parallel plate test is considered a severe load 
condition, and it is surprising that design values of D1  are 
higher for this test; however, flexible pipes are subjected to 
local deformations during compaction of backfill resulting in 
the high shape factors. 

Manual M45 uses the shape factor equation to back calcu-
late allowable deflection based on the strain limits, and the 
same could be done for thermoplastic pipe. 

COMPRESSION TESTS 

Evaluation of local buckling capacity requires testing sec-
tions in compression. Testing was conducted both to evalu-
ate the compression capacity of pipe currently on the market 
and to investigate testing procedures that might be used in a 
quality control program. This section presents procedures 
used to test profile wall thermoplastic pipe sections in com-
pression. Goals of the effort were to develop a simple test 
that may be conducted relatively quickly to verify that a 
given section meets requirements being developed to control 
local buckling. The work is summarized here and presented 
in detail in Appendix B. 

C 
Cu 

C)) 
ci) 
C) cu 
ci) 

6.00% 

5.00% 

4.00% 

3.00% 

2.00% 

1.00% 

0.0 0% 
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Several methods used 
to restrain ends 

Profile wall pipe 
sample - length varies 

Liner 

oncentrated load - 

Applied at ends of specimen 

Depth 

Section A - Three corrugations 
included in test section 

Db 

Corrugation 
interior 

Crest 

TABLE 4 Shape factors, Df (AWWA Manual M45) 

Pipe-Zone Embedment Material and Compaction 

Pipe 	 Gravel 	 SandT 

Stiffness § 
Dumped to Slight 	Moderate to High1 	Dumped to Slight Moderate to High 

psi 	kPa 	 Shape Factor D1 (dimensionless) 

9 	62 	 5.5 	 7.0 	 6.0 	 8.0 

18 	124 	 4.5 	 5.5 	 5.0 	 6.5 

36 	248 	 3.8 	 4.5 	 4.0 	 5.5 

72 	496 	 3.3 	 3.8 	 3.5 	 4.5 

GW, GP, GW-GC, GW-GM, GP-GC, and GP-GM per ASTM D2487 (includes crushed rock). 
SW, SP, SM, SC, GM, and GC or mixtures per ASTM D2487. 
<85% Proctor density (ASTM D698), <40% relative density (ASTM D4253 and D4254). 
>_ 85% Proctor density (ASTM D698), ~:40% relative density (ASTM D4253 and D4254). 

Test Specimens 

All test specimens included three corrugation or periods 
(Figure 5) of the test pipe. The arc length of the specimen was 
varied. Specimens were cut from pipe samples and the ends 
were cut plane and then further smoothed with a belt sander. 
Sample ends were not milled to achieve truly parallel ends. 
This is an option for future testing. 

Corrugation cross sections were measured with calipers at 
specimen ends. Average corrugation dimensions were used 
to compute section properties using an idealized corrugation 
cross section as shown in Figure 1. The idealization for the 
honeycomb, or "D" profile, is shown in Figure 6. Pipe sec-
tions from different manufacturers were identified by letter. 
Width thickness ratios of the various pipe sections tested are 
summarized in Table 5. The table shows wide variations in  

the profile geometries for corrugate PE pipe and that the 
PVC section considered in the test program has elements 
with substantially lower width thickness ratios (i.e., thicker 
elements). 

Test Apparatus and Procedures 

Tests were conducted on a universal tension/compression 
machine with a maximum capacity of 100 kN (22,500 ibs). 
End load plates could be free to rotate or fixed. A dial gauge 
was placed at midheight on the exterior surface of the center 
corrugation to measure the lateral deflection of the specimen. 

Specimens were typically compressed between the end 
plates at a rate of 1.3 mm (0.05 in.) per minute until an ulti-
mate load condition was reached. Load and vertical end dis- 

Figure 5. Typical configuration for compression tests. 
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Figure 6. Idealization of honeycomb profile. 

placement were continuously recorded on a paper chart. Lat-
eral displacement was recorded regularly from the dial gauge 
reading. A few tests were conducted at load rates of 13 mm 
(0.5 in.) per minute and 0.13 mm (0.005 in.) per minute. 

Experiments were conducted on a series of end conditions 
to investigate the condition that could minimize end effects 
where the section bears against the load plate. These included 

Neoprene bearing pads; 
Plaster encasement; 
Plywood bracing of crest; and 
No special provisions (i.e., direct bearing on end plate). 

Most of the means of end support were time consuming or 
ineffective. The condition of no special provisions proved 
most reliable. 

Most tests were conducted with the samples and instru-
mentation as noted above; details of all tests are provided in 
Appendix B. Forty-three tests were conducted. 

The arc length of the test specimens varied from 7 to 90 
deg. The longer arc length specimens deflected substantially, 
and the ends also rotated substantially. It was difficult to 
develop test fixtures with sufficient rotation capacity. In 
addition, the longer specimens were stressed primarily in 
bending, with compression on the inside surface. The speci-
mens with the shortest arc lengths were in compression 
across the entire section. 

The test was continued until the load carried by the speci-
men began to drop. Test times varied from roughly 1 min for 
the fast tests to roughly 30 min for the slow tests. The test 
time was affected by the length of the specimen and the mod-
ulus of elasticity of the material, as well as the load rate. 
Buckling was observed in many sections before reaching an 
ultimate (peak) load condition. 

Table 6 summarizes the test parameters and load and strain 
levels achieved in the tests that were conducted with several 
lengths of specimens and end conditions. These tests are rep-
resentative of the overall test results. The strains were com-
puted using statics, considering the moment as a result of the 
offset at the midheight of the specimen. Because buckling 

TABLE 5 Width/thickness ratios for all tested specimens 

Diameter 
mm (in.) 
/ Material 

Testing 
Designation 

Width I Thickness ratio, wit 

Crest Web Liner Valley 

Corrugated PE Profiles (Fig. 1) 

300(12)/PE Al2 40.1 8.3 30.1 1.0 

450(18)/PE B18 23.1 13.4 28.4 5.2 

450(18) / PE B18 21.3 10.7 24.5 5.4 

600 (24)1 PE A24 27.1 18.9 24.2 2.2 

900(36)/PE B36 20.0 11.1 21.3 6.3 

900 (36)! PE B36 30.1 13.5 27.0 3.6 

900 (36)! PE E36 16.9 10.9 22.0 5.8 

1200(48)! PE B48 25.5 13.0 29.7 6.5 

Maximum 40.1 18.9 30.1 6.5 

Minimum 16.9 8.3 21.3 1.0 

Average 25.5 12.5 25.9 4.5 

Honeycomb PE Profile (Fig. 6) 

1200(48) / PE D48 9.6* 8.0* 75 	
J 

NA 

Corrugated PVC Profile (Fig. 1) 

- 	600(24)/PVC 	I C24 8.1 5.3 9.4 1.7 
w/t ratios are for tiements b, 4, and 7, respectively 



TABLE 6 Summary of test results for selected sections 

Material Test No. Diameter 

mm 

Profile Type Wall Area 

mm2/mm 

Wall Moment 
of Inertia 
mm"/mm 

Arc 
Length 

deg. 

End 
Condition 

Peak 
Load 
kN 

Max. Strain 
% 

In. Out. 

A24F-1 600 Corrug. 7.8 5,020 15 P-F 19.0 3.9 3.9 

A241-1 600 Corrug. 7.8 5,020 15 P-F 15.9 40 40 

B36E-1 900 Corrug. 9.94 6,075 35 P-F 39.2 5.3 NA 

PE B48A-1 1,200 Corrug. 10.5 8,470 45 F-F 29.2 2.4 32 

1348C-1 1,200 Corrug. 10.5 8,470 25 F-F 44.8 2.6 2.9 

E36D-1 900 Corrug. 14.2 12,310 15 P-F 62.0 2.4 2.7 

D48D-2 1,200 Honeycomb 10.7 7,830 15 P-F 31.6 24 2.7 

C24C-1 600 Corrug. 9.3 975 7 P-F 59.1 1.7 1.8 

PVC C24D-1 600 Corrug. 9.3 975 7 P-F 49.6 1.5 1.6 

C24E-1 600 Corrug. 9.3 975 7 P-F 58.4 1.7 1.8 

Notes 1. 1 in. = 25.4 mm, 1 lb = 0.00445 kN 
Inside compressive strain is maximum at the mid-height of the specimen, outside compressive strain is maximum at 
the specimen end. 
F-P = fixed pinned end condition, F-F= fixed-fixed end condition. 
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was evident during the tests, the section could not be consid-
ered fully effective at the peak load, therefore, the Winter 
equations were used to estimate the peak strain in the fol-
lowing manner: 

1. Based on statics, and the gross section properties, com-
pute the strain in each of the profile elements: 

= 2800r 0067 	 (8) 

where 

EPE = modulus of elasticity of PE, MPa 
Epvc  = modulus of elasticity of PVC, MPa 

= time, minutes 

- 1 (P Mc\ 	 Equation 7 is taken from Hashash and Selig (1990) and is 
Et - 	+1 

6 based on parallel plate testing of corrugated pipe. Equation 8 

W here 	
was developed for this project based on AASHTO properties 
for PVC. 

Et  = strain 
E = modulus of elasticity of pipe material, kPa, psi 
P = maximum applied axial load in test, kN, lb 
A = area of pipe wall of test specimen, mm2, in .2 

M = moment computed from statics, kN-m, in.-lb 
c = distance from centroid of wall section to loca-

tion at which strain is being computed, mm, in. 
I = moment of inertia of pipe wall of test specimen, 

mm 4,  in  .4 

For each of the elements, use Equations 2, 3, and 4 to 
compute the effective area. 
Compute new section properties based on the reduced 
section. 
Repeat Steps 1, 2, and 3 with the new properties until 
the predicted strain does not change. 

In the above calculations, the variation in the modulus of 
elasticity was considered time dependent and was computed 
from the following simplified equations: 

EpE  = 664r 00859 	 (7) 

COMPRESSION TESTS WITH STRAIN-GAUGED 
SPECIMENS 

A second set of tests was conducted to further investigate 
the pipe behavior in the stub compression tests under differ-
ent end conditions and to verify that linear elastic theory for 
curved beams could be used to evaluate test results. A corru-
gated PVC and corrugated HDPE specimen were instru-
mented with strain gauges and tested with three end condi-
tions: fixed-fixed, fixed-free, and free-free. As in the basic 
test, each specimen included three full corrugations. Both 
specimens had a 35-deg arc length. Eight strain gauges were 
bonded to each specimen: four gauges at the specimen mid-
height and four at the quarter point, as illustrated in Figure 7. 
At each location, one gauge each was bonded to the crest and 
liner of the middle corrugation, and one gauge was bonded to 
each of the valleys on either side of the middle corrugation. 

The specimens were tested to a maximum strain level of 
about 1 percent. The strain conditioner contained only four 
inputs, thus each test was repeated two or three times to col- 
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Section X: Horizontal distribution 
of gauges at each location. 

Figure 7. Strain gauge locations on corrugation profile. 

lect the midheight and quarter-point data (three times for the 
fixed-free condition and two times for the fixed-fixed and 
free-free conditions). Specimens were allowed to recover for 
15 to 30 min after each test before the next test began. 

Results 

Measured strain levels from the tests with the fixed-
pinned end condition are compared with calculated strain 
levels in Table 7. Results from all the tests are presented.in  
Appendix B. Test results were evaluated using linear elas- 

tic curved beam theory. Axial loads and moments were cal-
culated and superimposed to determine the total stresses 
along the length of the specimen. Strains were estimated by 
dividing the total stresses by the AASHTO short-term mod-
ulus of elasticity values of 440,000 psi for PVC and 110,000 
psi for PE. 

The following trends were noted: 

PVC strains were much closer to prediction than PE. 
Strains measured in the valley of the PVC pipe were 
generally within 10 percent of predicted values. 

TABLE 7 Comparison of test and theoretical strains, fixed-pinned end 
conditions 

PVC 

Calculated Strain (%) -. 	Measured Strain (%) 

Valley/Liner Crest Valley Liner Crest 

0.38 0.39 0.45 0.35 0.18 

0.70 -0.01 0.78 0.66 -0.13 

0.70 -0.01 0.61 0.50 -0.06 

PE 

Calculated Strain (%) Measured Strain (%) 

Valley/Liner Crest Valley Liner Crest 

0.75 0.76 0.58 -- 0.28 

0.99 0.40 0.60 0.24 0.19 

0.997.  0.40 0.57 -- 0.30 
Note: Positive strain values indicate compression 
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In the PE specimen, the measured strains achieved in the 
liner/valleys were generally less than predicted. 
Slight crippling of the crest and web were observed at 
the fixed ends of the PE at approximately 75 percent of 
total test load. 
In the PVC specimen, the liner strains were about 80 
percent of those measured in the valley; for the PE spec-
imen, the measured liner strains were 40 percent of the 
valley strain. 

The test program indicates a general agreement between 
the calculated and measured strain values for the PE and 
PVC specimens. The agreement is much better for the PVC. 
The differences likely result from several conditions, includ-
ing uncertainty in the value of the modulus of elasticity and 
effects because of the higher width-to-thickness ratios of the 
elements. Strain gauging of PE is known to be difficult. The 
modulus of elasticity of PE is so low that the gauge can have 
a reinforcing effect and modify the strain field. 
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CHAPTER 3 

INTERPRETATION, APPRAISAL, AND APPLICATION 

EVALUATION OF TEST RESULTS 

The compression test results can be compared with the 
Winter (Equations 2 and 3) and Bryan (Equation 1) buckling 
equations by plotting the average strain in an element at the 
peak load versus the wit ratio for the element. The average 
strain is computed by multiplying the peak strain (Table 5) 
by the effective width reduction factor, p, and plotting ver-
sus the wit ratio (Table 6). The results of these calculations 
are presented in Table 8 and shown graphically in Figure 8 
for the PVC and PE data. The PE data are compared with the 
curve for Cell Class 335420C and the PVC data are com-
pared with the curve for Cell Class 12364C. 

Considering the uncertainties of the test, such as end 
effects and end restraint, and the uncertainty of the material 
properties, the match between the data and the Winter curves 
is quite good. In the case of PVC, the wit ratios were low and 
all of the ultimate strain values were governed by the limit-
ing strain. For the PE, the wit ratios varied widely and many 
of the elements failed at strains well below the limiting val-
ues. The figures suggest that elements with width-thickness 
ratios greater than about 10 for PE and 15 for PVC have sub-
stantial capacity after the onset of buckling. 

STRAIN LIMITS 

A key design parameter is the establishment of the limit-
ing strain value for profile elements that do not buckle (i.e., 
elements with high wit ratios). This parameter establishes the 
maximum strain that the reduced width of any profile ele-
ment can carry. For an elastic material, such as steel, the lim-
iting value would be the yield strength (i.e., the point on the 
stress-strain curve where the slope is zero). The yield strains 
for PE and PVC are quite high (See for example, Figure 2 for 
PE), and the test data presented in Chapter 2 clearly demon-
strate that the sections buckle before reaching this strain. 
This section discusses appropriate strain limits for elements 
subject to pure bending and to bending plus compression. 

Strain Limit for Pure Compression 

Although the basis for design values for strength and stiff-
ness provided in AASHTO are not clear, and the applicabil- 

ity of these values to compressive strength even less so, Fig-
ure. 8 suggests that for the two types of resin tested, one PE 
and one PVC, the AASHTO values are appropriate. The ratio 
of the AASHTO long-term strength to modulus is recom-
mended as the strain limit for pipe under pure hoop com-
pression. It would be appropriate to study the behavior of PE 
and PVC in compression and establish a standard by which 
compression strength should be established. The work of 
Zhang and Moore (1997) may provide a basis for such work. 

Strain Limit for Combined Compression 
and Bending 

Information presented in Chapter 2 indicates that the per-
formance of corrugated, profile wall pipe in compression is 
different if the section is under uniform compression or bend-
ing. This appears to be the case even for the crest, valley, and 
liner, even though these elements are under a relatively uni-
form stress field whether the force is bending or thrust. The 
difference in behavior is likely the response of the web to 
bending. Table 3 shows that the edge support coefficient, k, 
for a plate under uniform thrust varies between 4 and 7, while 
the coefficient for a plate under bending is 24. This is because 
the center of the plate is subjected to low stresses in bending. 
In a corrugated pipe subject to bending alone, such as in a 
parallel plate test, the web does not buckle, and this likely 
increases the overall compression capacity of the profile. In 
the hoop compression tests conducted by Selig et al. (1994) 
and Moore and Laidlaw (1997), the entire corrugation is under 
uniform compression and the capacity appears to drop to 3 to 
4 percent strain, while in the parallel plate test, the pipe car-
ried up to 9 percent strain for HDPE and 4 percent for the one 
PVC pipe profile studied (see Table 2). This has not been 
studied in detail at this time, yet it appears conservative to 
select a strain level for combined bending and thrust that is 
50 percent larger than the hoop compression limit. 

Proposed Design Limits for Thermoplastic Pipe 
In Compression 

Based on the discussion in the previous two sections, 
Table 9 provides proposed compression strain limits for use 
in design of thermoplastic drain pipe. These values represent 



TABLE 8 Summary of test results for selected sections 

Material Test No. Diam. 

(mm) 

Profile Type Peak Strain  

Liner Valley Crest 

wit Strain w/t Strain w/t Strain 

PE 

A24F-1 600 Corrug. 24.2 1.5 2.2 3.9 348 0.9 

A241-1 600 Corrug. 242 1.6 2.2 4.0 34.8 0.8 

B36E-1 900 Corrug. 27.0 1.5 3.6 5.3 30.2 T 

B48A-1 1200 Corrug. 29.7 0.9 6.5 2.4 22.3 T 

B48C-1 1,200 Corrug. 297 1.2 6.5 3.6 22.3 T 

E36D-1 900 Corrug. 22.0 1.2 5.9 2.4 16.9 2.1 

D48D-2 1,200 Honeycomb 9.57 3.5 

PVC 

C24C-1 600 Corrug. 9.4 1.7 1.7 1.7 8.1 1.6 

C24D-1 600 Corrug. 9.4 1.5 1.7 1.5  

C24E-1 1 600-7 Corrug. 9.4 1.8 1.7 1.8 8.1 1.6 

Note: T = element in tension 
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ultimate strain values and should be reduced by a factor of 
safety-to determine service strain levels. 

HOOP COMPRESSION CAPACITY 
DETERMINED BY TEST 

The testing suggests that the overall hoop compression 
capacity of profile wall thermoplastic pipe sections can be 
determined by a relatively simple stub compression test. Key 
parameters for consideration in testing are the length of the 
specimen and the end conditions. 

Long specimens (large included arc length, L in Figure 7) 
undergo large rotations when subject to compression loads, 
and test fixtures can become somewhat complicated to accom-
modate this rotation. In addition, bending effects will dom-
inate the section response in specimens with long lengths, 
and only the inside wall of the pipe (liner and valley for the 
corrugated profile) will be tested. Both of these facts suggest 
that sections should be relatively short. The minimum length 
of a specimen is governed by the wit ratios of the elements. 
The specimen should allow a full buckling wavelength to 
develop. The testing in Section 2 and analysis above suggests 
that 7 deg was an acceptable length for the PVC pipe and 15 
deg was acceptable for the PE pipe. The ratio of the length 
to the depth of the PVC pipe was 1.3 and of the PE pipes var-
ied from 1.4 to 2.2. This leads to the conclusion that the 
specimen should be at least 1.5 times the depth of the cross 
section. 

In tests with the end plates fixed against rotation (fixed 
ends), the pipe specimens develop positive bending (com-
pression on the outside) at the crest, which led to localized  

crimping of the specimen near the end support. This would 
argue for pinned-end conditions in the test, but the test can 
be difficult to set up and run with rotating ends. A test con-
dition with one end fixed and one pinned is suggested. 

Although the testing was successful in demonstrating the 
capacity of the thermoplastic pipe sections, it is believed to 
be premature at the current time to propose it as a formal test 
for adoption by AASHTO. Additional testing should be con-
ducted on other types of profile walls, with the participation 
of several other laboratories to establish the consistency of 
the test. 

One possible shortcoming of establishing a test method to 
verify capacity of pipe in hoop compression is that tests 
often are set up on a pass-fail basis. That is, all pipe must 
pass a test to be used for a certain application. This may not 
be the best approach for thermoplastic pipe, given that many 
profiles are on the market, and all may have certain applica-
tions for which they would be suitable, yet would have very 
different capacities in the stub compression test. There are 
two alternatives available to address this. One is a test that 
establishes the strength of the pipe based on the test result 
(i.e., pipes that have greater capacity in the test can be buried 
deeper). The second alternative is to evaluate pipe capacity 
by design equations, as is proposed in the next section. In 
this method, a section can be evaluated and the end use 
parameters, such as allowable depth of fill, will be estab-
lished based on the properties of the individual section being 
evaluated. 

The benefit of a test method over a design method is that 
users do not need to get involved in measuring and calculat-
ing 'section capacity for each pipe section as a method of 
quality control. This may be desirable in the long term. 
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TABLE 9 Proposed strain limits for thermoplastic 
pipe 

Material Hoop 
strain 
limit 

Combined 
strain limit 

PE Cell Class 335420C 4.1% 6.2% 

PE Cell Class 334433C 5.6% 8.4% 

PVC Cell Class 12454 2.6% 3.9% 

PVC Cell Class 12364 1.6% 2.4% 

reduce the load on the pipe (See below for discussion 
of possible changes to current AASHTO load calcula-
tion method). 
If the gross area of the section is adequate, then check 
each of the elements of the profile for the effective 
width and compute a reduced effective area. Evaluate 
the section capacity based on the reduced section area. 
If inadequate, take the same actions as recommended in 
Step 3. 
If the section is adequate based on the reduced area, 
compute the allowable deflection based on the remain-
ing capacity of the section and the combined strain limit. 
If the allowable deflection is considered too small to be 
practical, then select an alternate pipe section or redesign 
the installation to reduce the load and/or deflections. 

The calculations for Step 4 include an evaluation of each 
element of the profile using the following steps: 

4.1 Compute slenderness factor, ? based on the strain, wit 
ratio, and edge support coefficient: 

Xz 	>O.673 	 (9) 
.tk 
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4.2 Compute effective width reduction factor, p: 

HOOP COMPRESSION CAPACITY 
DETERMINED BY DESIGN 

The test results suggest that the Winter equations are appro-
priate for use in design of thermoplastic pipe sections for 
hoop compression capacity. A design method using this 
approach would proceed as follows: 

Establish material properties and profile wall section 
properties; idealize section as a series of flat plate ele-
ments (See Figures 1 and 6). 
Establish project design parameters, such as depth of 
cover over pipe, type and density of backfill, and 
ground water level. 
Evaluate section capacity based on gross area. If inad-
equate, then select a pipe with a higher cross-sectibnal 
area or improve the type or density of the backfill to 

- (1 - 0.22/X) 
(10) 

4.3 Compute effective width: 

b=pw 	 (11) 

Equation 9 is a simplification of Equation 2, making the 
assumption that Poisson's ratio is equal to 0.42. This is a rea-
sonable value for the thermoplastics in the long term and has 
an effect of less than 10 percent on the computed value of X. 
Other items to consider in applying the equations include 

A value of the edge support coefficient, k, should be taken 
as 4.0 for all elements that intersect other elements at an 
angle of 90 deg. The intersection of the web and crest is 



considered such an intersection. For free-standing ele- 
ments, k should be taken as 0.43. 	 - 
For elements with stiffeners, such as shown in Figure 9, 
the thickness of the element may be taken as the thick-
ness which provides the correct total area of the element. 
No other effect of the stiffener should be considered. 
In establishing the idealized cross section (Figures 1 and 
6), radii should be ignored and the idealized section 
should be carried to a sharp corner, just as in Figure 1. 

The proposed procedure is demonstrated in the design 
examples in Appendix D. A summary of results of these cal-
culations for pipes subjected to several levels of hoop com-
pression strain is presented in Table 10 for some of the pipes 
that were considered in the testing program. The calculations 
were completed using the load theory discussed in the next 
section. 

Table 10 shows very different results for the various sec-
tions that were included in the testing. The PVC, C24, has the 
largest allowable depth of fill. It has the greatest compressive 
strength (17.9 MPa [2,600 psi] versus 6.2 MPa [900 psi] for 
HDPE). The PVC also has the largest ratio of area to diame-
ter. PVC does have the lowest strain limit of the materials 
investigated and this causes a reduced allowable deflection. 
Of the HDPE sections, the honeycomb pipe, D48, has the 
highest allowable fill, mostly because it is made up of a series 
of elements with low wit ratios. The E36 pipe has the next 
highest allowable depth of fill because it has the largest area 
to diameter ratio of the HDPE pipe. The HDPE pipe with the 
lowest allowable depth of fill actually has a relatively large 
ratio of area to diameter; however, this pipe has elements 
with very high wit ratios.  
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Figure 9. Corrugation with stiffeners. 

The relative safety of the design method is demonstrated 
in Figure 10 which compares factored stress and deflection 
with stress and deflections calculated with all load and resis-
tance factors set to 1.0. The calculations were conducted for 
a 900-mm (36-in.)-diameter, corrugated PE pipe buried in 
soil with a density of 18.8 kN/m3  (120 pcf) with the ground-
water table below the pipe. The figure indicates that the 
intended factors of safety of 1.95 on hoop thrust and 1.5 on 
bending are preserved. 

Load Theory 

Under the proposed design method, the depth of burial 
under which a pipe can be buried and still meet the specified 
design criteria is a function of the effective area of the sec-
tion. The effective area is calculated based on the width-to-
thickness ratios of the elements of the profile wall. Obviously, 

TABLE 10 Results of calculations with proposed design method 

Pipe 
Designation/Type 

Diameter 
(mm) 

Area 
(mm2/mm) 

Area/Diam. 
Ratio 

Soil Type - Sn-I 00 
M = 33 MPa 

Soil Type - Si-90 
M = 14 MPa 

Allowable 
Depth of 

Fill 
(m) 

Allowable 
Deflection 

(Bending only) 
(%) 

Allowable 
Depth of 

Fill 
(m) 

Allowable 
Deflection 

(Bending only) 
(%) 

A24 - HDPE Corrugated 24 7.8 0.33 6.0 3.8 3.6 3.8 

C24 - PVC Corrugated 24 9.3 0.39 16.6 2.8 14.3 2.8 

E36 - HDPE Corrugated 36 14.2 0.39 10.2 3.9 6.4 3.9 

B48 - HDPE Corrugated 48 10.6 0.22 6.5 5.3 3.8 5.3 

D48- HDPE Honeycomb 48 10.9 0.23 11.1 4.9 6.3 4.9 

Notes: 
Sn-i 00 is an SW material compacted to 100% of maximum standard Proctor density, or crushed stone. Si-90 is an ML 
material compacted to 90% of maximum standard Proctor density. 
Allowable deflection is computed on the basis of a Df  = 6.0; higher and lower values are possible. 
All computations completed assuming maximum hoop compression thrust allowed by AASHTO, 6.2 MPa (900 psi) for 
HDPE and 17.9 MPa (2,600 psi) for PVC. 
1 ft=0.305m, 1 in. =25.4mm 
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Figure 10. Design parameters vs. depth offihl, 900-mm (36-in.) -diameter corrugated PE pipe. 

the load that is transmitted from the soil to the pipe is also a 
factor. Research by Hashash and Selig (1990), and McGrath 
(1998, 1999) has shown that some thermoplastic pipe carry 
loads far less than the weight of the soil directly over the pipe 
(the soil prism load) that is assumed in the current AASHTO 
code. The AASHTO Flexible Culvert Liaison Committee has 

been developing this theory for proposal to the AASHTO 
Bridge Committee for incorporation into design standards. 
Current AASHTO standards for loads on some thermoplastic 
pipe are so conservative that the revised load theory should be 
considered at the same time as the proposals developed from 
this project. 
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CONCLUSIONS AND RECOMMENDATIONS 
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A review of past work on the design of thermoplastic cul-
vert pipe revealed little work in the way of design methods. 
Although some testing work has been completed, no design 
method had been documented in the literature. The bulk of 
the research on buckling of thin sections has been completed 
by the light-gauge steel industry. The most commonly cited 
works are those of Bryan and Winter. The principal parame-
ters in these equations are the width-to-thickness ratio and 
the stress level in the plate. 

A preliminary stub compression test has been developed 
to evaluate local buckling and general capacity in compres-
sion. The test is relatively simple to execute; however, ques-
tions remain about end effects that should be investigated 
further before establishing the test as standard. The results of 
the test correlate well with the buckling equations proposed 
by Winter for thin metal sections. This method takes advan-
tage of the post-buckling capacity of the sections. 

Design equations have been developed for implementation 
within AASHTO. These equations are relatively simple to 
apply. The design criteria set for the time being is based on 
current AASHTO strength and stiffness properties for 50 
years. The design equations evaluate the capacity of thin sec-
tions in compression and in combined bending and compres-
sion. The check on combined bending and compression pro-
duces a limiting deflection for the field. The deflection limit 
decreases with increasing depth of fill as the combined bend-
ing and hoop stresses increase. For pipe under 20 or more 
feet of fill, this deflection limit is well under 7.5 percent for 
some pipe. The effect of the design method varies, with the 
individual profiles produced by different manufacturers. 
Some profiles are quite thin and have relatively low allow-
able fill heights. Allowable fill heights depend on the method 
of load computation. This report assumes that parallel work 
on this subject will also be adopted by AASHTO. If this is 
the case, then fill heights for HDPE sections evaluated in this 
report will vary from roughly 6 to 9 in (20 to 30 ft) in dense 
granular material compacted to 100 percent of maximum  

standard Proctor density and from 3.6 to 6.4 in (12 to 21 ft) 
in silty soil compacted to 90 percent of maximum standard 
Proctor density. For the PVC pipe, the allowable depth of fill 
is 17 in (55 ft) in the dense granular material and 14 in (45 ft) 
in the silty soil. 

The subject of local buckling deserves more research. The 
proposed test should be investigated further and developed 
into a standard. This should improve the ability of users to 
conduct quick evaluations of new products. The combined 
tools of a design method and a test will provide powerful 
tools for manufacturers and designers. Users can quickly 
evaluate profile sections for product approval, and new pro-
file shapes can be evaluated without developing expensive 
prototype sections. The test should be developed as a means 
of evaluating capacity, rather than as a pass-fail test. This 
will ensure that all products are treated on the basis of their 
individual qualities. Additional testing should also investi-
gate loading over longer terms than those used in the current 
testing program. 

Strain limits in compression should be investigated. 
Strains computed from the current 50-year strength and stiff-
ness values in AASHTO appear to be suitable; however, 
insufficient data were collected to provide assurance on this 
subject. Criteria for evaluating this parameter should be 
established, because the resins used for thermoplastic culvert 
pipe are subject to change. 

The recommendations in this report for evaluating hoop 
compression strength and local buckling should be imple-
mented simultaneously with parallel research on methods for 
computing loads and for improving HDPE resins. The cur-
rent criteria in AASHTO for loads are known to be overly 
conservative for some types of pipe, and implementation of 
the proposed local buckling criteria would be an additional 
and unnecessary conservatism. The need for improved HDPE 
resins is also important. The application of a design model 
that uses post-buckling capacity demands resins that are not 
sensitive to cracking. 
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APPENDIX A 

LITERATURE REVIEW OF LOCAL WALL STABILITY FOR PROFILE WALL 
PLASTIC PIPE 

INTRODUCTION 

The efficient use of materials to manufacture pipe for non-
pressure applications requires the use of nonsolid or "profiled" 
wall sections. These sections attempt to maximize the moment 
of inertia of the section (I, mm4/mm, in./in.) while minimiz-
ing the cross-sectional area (A, mm2/mm, in.2/in.). This 
approach results in thin elements, whose strength can be con-
trolledby local buckling rather than by general failure modes. 
Local buckling resistance of thin metal sections is addressed 
by the American fron and Steel Institute's Specification for the 
Design of Cold-Formed Steel Structural Members with Com-
mentary (AISI, 1997), but has not been studied extensively for 
plastics. This report presents a review of literature on the 
behavior and design of steel and plastic sections for resistance 
to local buckling. The plastic materials considered in this 
review are polyvinyl chloride (PVC) and polyethylene (PE). 

MATERIAL PROPERTIES 

PE and PVC are plastics, which have no true elastic con-
stants, nor do they have sharply defined yield points (PPI, 
1993). PE and PVC are viscoelastic materials, meaning they 
have time-dependent mechanical and strength properties, 
and they are thermoplastic, which means that properties are 
also affected by temperature. The time dependence of stiff-
ness properties are often characterized by an apparent mod-
ulus based on testing under sustained stress or strain. The 
apparent modulus is the ratio of the applied constant stress to 
the total accumulated strain after a specified time. Often, the 
apparent modulus is also computed using the ratio of the 
stress after being held for a specified time at a constant strain. 
Although the apparent moduli computed in these two ways is 
not identical, they are often used interchangeably in practice. 

Data on strength and stiffness properties of PVC are pre-
sented in Janson (1995) and UniBell (1991). The apparent 
modulus for PVC under a 50-year sustained load is approxi-
mately 33 percent of the short-term modulus. Poisson's ratio 
for PVC is about 0.35 (Janson, 1995). 

Data on strength and stiffness of PE are presented in Janson 
(1995), PPI (1993), and Plexco (1992, Revised 1993). The 
apparent modulus for PE under a 50-year sustained load is 
approximately 20 percent of the short-term modulus. Janson 

conducts all calculations on PE with a Poisson's ratio for PE of 
0.40. Plexco (1992, Revised 1993) reports values for Poisson's 
ratio of PE of 0.35 short term and 0.45 long term. Although 
often neglected in simplified design methods, the modulus of 
PE is also dependent on the stress level (PPI, 1993). 

Strength and stiffness properties of PVC and PE from the 
AASHTO Standard Specifications for Highway Bridges (the 
Standard Specifications, AASHTO, 1996) are presented in 
Table A- 1. The service strain limits apply only to tension 
strain. The same properties are presented in the AASHTO 
LRFD Bridge Design Specifications (the LRFD Specifica-
tions, AASHTO, 1994). 

EXISTING DESIGN PROVISIONS 

AASHTO 

The LRFD Specifications and the Standard Specifications 
recognize that local buckling of thermoplastic pipe may 
occur; however, no design guidance is provided. The LRFD 
requirement is stated as "The buckling resistance of corru-
gated and profile wall pipes shall be verified by testing" (Sec-
tion 12.12.3.8), while the Standard Specification requirement 
is "The manufacturers of corrugated and ribbed pipe should 
demonstrate the adequacy of their pipes against local buck-
ling when designed and constructed in accordance with this 
specification" (Section 18.4.1.7). 

ASCE 

The Structural Plastics Design Manual (ASCE, 1984) 
"was written to provide practical assistance and guidelines to 
structural engineers engaged in the design of plastics and 
reinforced plastics structural components." The manual 
incorporates both local and overall buckling of thin-walled 
sections. Many of the design recommendations presented in 
Chapter 7, Beams and Axially Stressed Members, are based 
on the Bryan (1891) equation that predicts the onset of local 
buckling of an edge-supported plate. For use with plastics, 
these equations have been used mostly with composites with 
relatively high stiffness and low ductility. Very little litera-
ture exists on the application of these equations to design 
with thermoplastics. 



TABLE A-i AASHTO (1996) properties for PE and PVC 

Properties PE PVC 

Smooth Corrugated Ribbed Cell Class Cell Class 
12454C 12364C 
(Note 1) (Note 1) 

Short term 21 21 21 48 41 
Strength MPa  (3,000) (3,000) (3000) (7,000) (6,000) 

(psi) 
Long term 9.9 6.2 7.8 25 18 

(1,440) (900) (1,125) (3,700) (2,600) 

Short term 760 760 550 2,750 3,000 
Stiffness MPa  (110,000) (110,000) (80,000) (400000) (440,000) 

(psi) 
Long term 150 150 138 960 1,100 

(22,000) (22,000) (20,000) (140,000) (158,400) 

Service strain Long term 
limit (%)  5 5 5 5 3.5 

Note: 
1. 	The resin cell classes are based on ASTM D 1784. Both types of resin are allowed for 

smooth or ribbed pipe. 
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Moser Recommendations 

Recently A. P. Moser (1998) has proposed dimensionless 
variables to limit corrugation geometries of polyethylene 
pipe. Moser proposes limits on five dimensionless variables 
presented in Table A-2. All but one of the proposed variables 
incorporate the mean pipe radius. One variable is clearly a 
local buckling limit (tmnieuns). Moser notes that the proposed 
limits are approximate and the actual values need to be cali-
brated for implementation. The criteria are also presented as 
absolute limits and are not dependent on stress levels. The 
proposed values are based on results from soil box testing 
and no theoretical basis is supplied. 

The provision for the parameter fir 3 is essentially a limit 
on the minimum pipe stiffness. The basic equation for pipe 
stiffness is 

El 	 (A. 1) 
Ly 0.1488r3 

TABLE A-2 Moser (1998) recommendations for geometric 
design limits for profile wall HDPE 

Dimensionless 
Parameter 

Proposed Value for 
HDPE 

tminiT a 0.005 

min euns 2! 0.02 

1r3 ~ 4 x iO 

Air ;, 0.02 

L/r < 0.3 
Note: t,,,, = minimum thickness of profile element 

= radius to centroid of pipe wall 
= unsupported width of profile element 

A 	= area of pipe wall per unit length 
I 	= moment of inertia of pipe wall per unit length 
LP = length of profile section 

where 

PS = pipe stiffness, kN/m/m (lb/in/in.) 
F = load on pipe in parallel plate test, kN/m (lb/in.) 

i.y = change in vertical diameter in parallel plate test, m 
(in.) 

E = modulus of elasticity, kPa (psi) 
I = pipe wall moment of inertia per unit length, mm4/mm 

(in.'/in.) 
r = radius to centroid of pipe wall, mm (in.) 

Equation A. 1 can be rearranged to 

I _0.1488PS 
E 
	 (A.2) 

Thus, assuming values of E based on Table A-2, the Moser 
criteria require that the pipe stiffness be greater than about 
200 kN/m/m (30 lb/in./in.) or 150 kN/m/m (22 lb/in./in.) for 
E = 760 MPa (110,000 psi) or 550 MPa (80,000 psi), respec-
tively. AASHTO standards currently allow pipe with lower 
stiffnesses than permitted by Equation A.2. 

The overall approach proposed by Moser could be appro-
priate for AASHTO specifications. Dimensional limits are 
used in cold-formed steel design. As stated in the commen-
tary on the Cold-Formed Steel Specification (AISI, 1997), 
such limitations are intended to set practical ranges and "the 
upper limits will generally keep noticeable deformation to 
reasonable limits." Dimensionless parameters are desirable, 
especially when converting between SI and imperial units. 

AISI 

The American Iron and Steel Institute (AISI, 1997) has 
historically designed light-gauge steel members based on the 
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work of Winter (1946). Winter's approach empirically took 
advantage of the post-buckling capacity of thin elements. 
Current AISI procedures are discussed below, but are still 
based on the same design philosophy. 

TESTING FOR LOCAL BUCKLING CAPACITY 
OF THERMOPLASTIC PIPE 

Tests on local bucking in PE pipe have been reported by 
several researchers, including Li and Donovan (1994), 
DiFrancesco et al. (1994), Moore and Laidlaw (1997), and 
Moser (1998). This work (excluding Moser's) used a test 
procedure developed by Selig et al. (1994) called the hoop 
compression test. 

The hoop compression test apparatus consists of a stiff 
outer cylinder lined with an inflatable bladder. The test pipe 
is set into the cylinder and the annulus between the pipe out-
side diameter and the bladder is filled with soil. When the 
bladder is inflated, the soil and pipe are compressed. This test 
results in a pure hoop compression stress on the pipe. The 
magnitude of deformation (hoop compression strain) is mon-
itored by measuring the change in diameter. Because of load 
sharing between the pipe and the ring of soil, the stress state 
in the pipe is uncertain, but has been estimated for some tests 
based on pipe relaxation data (Selig et al., 1994). 

Li and Donovan (1994) performed hoop compression tests 
on 600-mm (24-in.)-diameter corrugated PE pipes. They 
observed local buckling of a liner with a width-to-thickness 
ratio (wit) of approximately 21 at approximately 1.7 percent 
change in diameter at a bladder pressure of 205 kPa (30 psi). 
The liner buckling increased with time and pressure, and 
most of the inner liner was buckled at about 2.8 percent 
change in diameter. 

DiFrancesco et al. (1994) tested 600-mm (24-in.)-diameter 
corrugated pipe composed of three different resins and 
observed local buckling in the inner liner during the tests. At 
the conclusion of one test, local buckling of the corrugation 
web was observed, as well as buckling at the intersection of 
the crest and web (see Selig et al., 1994). Also, the liner por-
tion of the corrugation began to ripple at a radial pressure 
between 139 and 172 kPa (20 and 25 psi) when the diametral 
shortening was between 11 and 12 mm (0.43 and 0.47 in.). 
They observed 50 to 60 inward and outward bulging surfaces 
(inward and outward being away and toward the pipe center, 
respectively) around the pipe circumference. The average 
measured pipe wall strain in the hoop compression test for 
the three tests was 2.2 percent at a bladder pressure of 172 
kPa (25 psi). 

Moore and Laidlaw (1997) tested unlined corrugated HDPE 
pipe in a hoop compression testing cell. In six tests, local 
buckling in the web and valley was observed. They also esti-
mated the local buckling strength of the profiled pipe using 
local buckling solutions from the ASCE Structural Plastics 
Design Manual (ASCE, 1984). Instead of evaluating stresses  

and determining a value of the modulus of elasticity, they 
evaluated strains. Their procedure is based on the following 
assumptions: 

The profile is composed of flat plate segments. The 
curved components are ignored. 
The segments can be modeled as having uniform thick-
ness and width. 
The support conditions at the edges of the segments can 
be modeled as free, simple, or clamped. 
Intermediate soil support normal to the segments is 
negligible. 

The predicted strains at which local buckling occurred are 
lower than what was observed. During testing, local buckling 
in the crest (wit = 16 to 18) occurred at strains ranging from 
2.2 to 3 percent. The valleys (wit =5) buckled at strains rang-
ing from 2.5 to 4 percent (this was observed in tests where 
the liner was removed from the pipe). One test indicates that 
the soil in the corrugations increases the local buckling 
capacity of the section. 

Moore and Hu (1995) investigated whether the regularly 
spaced ripples observed in the liner of corrugated pipe tested 
by DiFrancesco et al. (1994) were the result of local shell 
buckling. Moore and Hu used a linear three-dimensional 
buckling solution of thin cylindrical shells to determine the - 
radial contraction necessary to cause buckling. The analysis 
indicated that elastic buckling occurs in the liner (wit = 28) 
at a radial contraction of 1.8 percent, and with 40 buckles 
developing around the pipe circumference. Moore and Hu 
concluded that the ripples observed in the pipe appeared to 
be the result of local buckling in the pipe liner. 

In addition, Moore (1996) analyzed the test data from Li 
and Donovan (1994), DiFrancesco et al. (1994), and Moser 
(1996). Local buckling of the inner liner was reported in pipe 
under large earth loads. Four tests used corrugated HDPE 
pipe and three (Moser) used helically wound tubular profile 
PE pipe. The corrugated pipes were tested under hoop com- 
pression, while the tubular pipe was tested with a combina-
tion hoop compression and ovalling. Moore used linear buck- 
ling theory to examine the buckling of the liner. Comparison 
with the tests indicate that local buckling deformations were 
observed at anywhere from 0.5 to 1.5 times the critical hoop 
contractions predicted by linear buckling theory. 

Gabriel and Goddard (1999), at California State Univer-
sity, Sacramento, are conducting compression tests on 90-deg 
pipe segments. The segments are supported on steel angles 
to prevent lateral displacement and allow end rotation. Com-
pression is applied through hydraulic cylinders. Currently, 
the test is being conducted primarily to investigate charac-
teristics of pipe stiffness, but it is also applicable to investi-
gating local buckling behavior. The test uses 90-deg segments 
and, thus, does not evaluate the pipe performance of the cor-
rugation crest in compression because of the high tensile 
bending strains at this location. 
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RECENT DEVELOPMENTS IN LOCAL 
BUCKLING DESIGN PROCEDURES FOR STEEL 

The cold-formed steel design approach changed in 1986 to 
the unified approach. Pekoz (1987) explains the development 
of the unified approach for the design of cold-formed steel 
structural members. All compression elements subject to local 
buckling are designed using a generalized effective width 
approach. For member design, the approach "treats members 
that are made up of elements that may or may not be in the 
post-buckling range." Failure modes for members include 
flexural, lateral, and torsional buckling. The nominal load-
carrying capacities of the member are determined instead of 
ultimate stresses. These nominal capacities can be used in 
interaction equations to determine the effects of combined 
load actions like bending moments and compressive loads. 

Schafer (1997) found that the current specification for deal-
ing with multiple longitudinal intermediate stiffeners in the 
compression flange are inadequate. He developed a simple 
design method that determines a buckling coefficient for 
overall buckling of the entire stiffened element as a unit and 
for local buckling of the subelement plates between stiffen-
ers. The minimum buckling coefficient from the two modes 
(local and overall) is used to calculate the critical buckling 
stress for the element. The overall buckling mode dominates 
the behavior. Using the equation from the current AISI cold-
formed steel specification, the effective width of the element 
is determined. The effective width is distributed as two strips 
at the corners, in a manner similar to elements without inter-
mediate stiffeners. 

In addition, Schafer reports that the existing AISI specifi-
cation is flawed for webs where the entire web is in com-
pression. The existing procedure is adequate for most cases, 
but problems may develop for members with deep webs, or 
members with web stiffeners. Schaefer reports that another 
approach proposed by Cohen (1987), which was adopted by 
the Canadian cold-formed steel code, is also adequate. The 
Cohen approach is simpler to use and would be a good basis 
for web provisions for thermoplastic pipe. 

Cylinders 

Cold-formed steel section design is based on modeling the 
behavior of flat plate segments. However, compared with cold- 

formed steel members, plastic pipe and culverts have cross 
sections that have corners with a large radius and resemble 
cylinders. Curved elements and cylinders are treated dif-
ferently in the AISI Specification for the Design of Cold-
Formed Steel Structural Members (1997) and the Aluminum 

Design Manual (1994). The commentary for the AISI spec-
ification, Clark and Rolf (1964), and Weingarten et al. (1965), 
all state that the capacity of thin-walled cylindrical mem-
bers must be determined by experimental methods. Testing 
is required to determine the effect of the large-radius curved 
segments of the plastic pipe. The basis for this conclusion 
is that buckling of circular elements appears to be con-
trolled by geometric flaws, which tend to be unpredictable. 
This is a significant issue for plastic pipes that have mold-
parting lines and other geometric features that will affect 
the capacity. 

Ductility 

In cold-formed steel, Dhalla et al. (1971) distinguish 
between uniform ductility and local ductility. "Uniform duc-
tility is characterized by the ability of a member made of the 
subject material to undergo sizeable plastic deformations 
over significant portions of its length, prior to failure" while 
"local ductility is the ability to undergo plastic deformation 
in a localized area." 

Dhalla and Winter (1974) suggest the following ductility 
requirements for cold-formed steel: 

Uniform elongation outside the fracture greater than or 
equal to 3 percent, 
Local elongation in a-in. gauge length across the frac-
ture greater than or equal to 20 percent, and 
Tensile strength to yield strength ratio greater than or 
equal to 1.05. 

Similar requirements may be necessary for thermoplastic 
pipe and culverts to prevent crack propagation; however, the 
above recommendations were developed in part to ensure 
that the sections, which are cold-formed, could be fabricated. 
Thermoplastics are extruded and fabrication deformations 
should not be an issue. 
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APPENDIX B 

TESTS TO EVALUATE LOCAL WALL STABILITY OF PROFILE 
WALL PLASTIC PIPE 

INTRODUCTION 

This appendix presents procedures used to test profile wall 
thermoplastic pipe sections in compression. Goals of the effort 
were to develop a simple test that may be conducted rela-
tively quickly to verify that a given section meets require-
ments being developed to control local buckling. The test 
program investigated the effect of the arc length of the spec-
imen, but all tests included three corrugation cycles or peri-
ods (Figure B- 1)  of whatever pipe was under test. Several test 
configurations were evaluated. 

TEST SPECIMENS 

Test specimens were cut from pipe samples using a recip-
rocating saw. Each specimen consists of three corrugation 
cycles (periods) of pipe (Figure B-i). The ends of each speci-
men were cut plane with a band saw and then further smoothed 
with a belt sander. Sample ends were not milled to achieve 
truly parallel ends. This is an option for future testing. 

Corrugation cross sections were measured with calipers 
at specimen ends (Figure B-2). Average corrugation dimen-
sions are used to compute section properties using an ideal-
ized corrugation cross section as shown in Figure B-3. The 
idealization for the honeycomb or "D" profile is shown in 
Figure B-4. 

Pipe from different manufacturers were identified by letter. 
Width-to-thickness ratios of the various pipe sections tested 
are summarized in Table B-i, 

TEST APPARATUS AND PROCEDURES 

The testing was conducted in a controlled environment of 
23°C (73°F) and 50 percent relative humidity. 

Tests were conducted with a Zwick, Model 1474, tension/ 
compression machine with a maximum capacity of 100 kN 
(22,500 lb). End load plates could be free to rotate or be 
fixed. A dial gauge was placed at midheight on the exterior 
surface of the center corrugation to measure the lateral 
deflection of the specimen. 

Specimens were typically compressed between the two 
end plates at a rate of 1.3 mm/minute (0.05 in./minute) until  

an ultimate load condition was reached. Load and vertical 
end displacement were continuously recorded on a paper 
chart. Lateral displacement was recorded regularly from the 
dial gauge reading. 

Various end conditions were experimented with to reduce 
failure resulting from discontinuous support. These included 

Neoprene bearing pads; 
Plaster encasement; 
Plywood bracing of crest; and 
No special provisions (i.e., direct bearing on end plate). 

Most of the means of end support were time consuming or 
ineffective. The condition of no special provisions proved 
most reliable. 

GENERAL TEST SERIES 

Most tests were conducted with the samples and instru-
mentation as noted above. Table B-2 chronologically sum-
marizes these tests, including test parameters, peak forces 
developed during the test, and observations of buckling 
behavior and other test features. Notes pertaining to Table 
B-2 include 

All tests used neoprene loading pads between specimen 
and loading device unless otherwise noted; 
Arc lengths varied and are noted in degrees; 
(PE) indicates polyethylene; (PVC) indicates polyvinyl 
chloride; 
End restraints: 
A 	= gypsum caps, 
B 	= no end restraint, 
C(X) = plywood reinforcement flush with loading sur-

face(s) (number of ends), and 
D(X) = plywood reinforcement near loading surface(s) 

(number of ends); 
When used, plywood reinforcement extended over neg-
ative moment region was attached using four screws per 
crest and spanned the width of the specimen; and 
Support conditions: 
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Several methods used 
to restrain ends 	* Peru 

Profile wall pipe 
sample - length varies Corrugation 

interior 

Crest Liner 

oncentrated load - 
Applied at ends of specimen Section A - Three corrugations 

included in test section 

3 thickness 
measurements 
crest, liner 
and each 
web 

Figure B-i. General test arrangement and corrugation terminology. 

free 	= specimen unrestrained against rotation at 	ent end conditions and to verify that linear elastic theory for 

both ends, 	 curved beams could be used to evaluate test results. A corru- 

one end free = specimen restrained against rotation at 	gated PVC and corrugated HDPE specimen were instru- 

one end only, and 	 mented with strain gauges and tested with three end condi- 

fixed 	= specimen restrained against rotation at 	tions: fixed-fixed, fixed-free, or free-free. 

both ends. 

Table B-3 presents estimated strain levels for all tests. 
These strains are calculated assuming that all elements of the 
cross section are fully effective. 

COMPRESSION TESTS WITH STRAIN-GAUGED 
SPECIMENS 

A second set of tests was conducted to further investigate 
the pipe behavior in the stub compression tests under differ- 

Specimens 

One HDPE and one PVC specimen were instrumented. 
Each specimen included three full corrugations (See Figure 
B-i) and had a 35-deg arc length. Eight strain gauges were 
bonded to each specimen: four gauges at the specimen mid-
height and four at the quarter point, as illustrated in Figure 
B-5. At each location, one gauge each was bonded to the crest 
and liner of the middle corrugation, and one gauge was bonded 
to each of the valleys on either side of the middle corrugation. 

3 depth and width 
measurements 

Zy 	 _,I 

tkness 	 width 

Figure B-2. Measurement locations to document corrugation 
geometry. 
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Figure B-4. Idealized profile for honeycomb (D) profile. 

Initial specimen preparation was the same as reported 
above. To prepare the specimen surface for strain gauge 
application, the surface was first cleaned with Ajax cleanser 
and paper towels and thoroughly rinsed with distilled water. 
After rinsing, 220 grit silicon-carbide paper was used to 
lightly abrade the surface, which was then washed and rinsed  

as before. The surface was then scrubbed with isopropyl 
alcohol to remove any grease or oils and swabbed with 
Micro-Measurements M-Prep Neutralizer 5A to remove any 
acidic surface material. The surface was warmed with a heat 
gun and the gauges were bonded using Micro-Measurements 
M-Bond 200 Adhesive. 

Test Apparatus and Procedures 

Tests were conducted on the same Zwick universal com-
pression test machine and with the same general procedures 
reported for the general test series. Data from the strain gauges, 
load cell, and crosshead were recorded using a computer-
based data acquisition system. The system includes a Vishay 
strain conditioner and amplifier, an analog-to-digital conver-
sion board, and LABTECH Notebook data acquisition soft-
ware. Readings from each input were recorded every 20 sec. 
After testing, the raw data files were imported into Microsoft 
Excel for analysis and comparison. 

TABLE B-i Width/thickness ratios for all tested specimens 

Diameter 
mm (in.) 

I Material 

Testing 
Designation 

Width I Thickness ratio, wit 

Crest Web Liner Valley 

300 (12) I PE Al2 40.1 8.3 30.1 1.0 

450 (18)! PE B18 23.1 13.4 28.4 5.2 

450 (18) / PE B18 21.3 10.7 24.5 5.4 

600 (24) / PE A24 27.1 18.9 24.2 2.2 

900 (36) / PE B36 20.0 11.1 21.3 6.3 

900 (36)! PE B36 30.1 13.5 27.0 3.6 

900 (36)! PE E36 16.9 10.9 22.0 5.8 

1200 (48)! PE B48 25.5 13.0 29.7 6.5 

Maximum 40.1 18.9 30.1 6.5 

Minimum 16.9 8.3 21.3 1.0 

Average 25.5 12.5 25.9 4.5 

1200 (48) / PE D48 9.6* 8.0* 75* NA 

600 (24) / PVC - - 	C24 10.4 5.5 9.4 1.7 
w/t ratios are for Elements 6, 4, and 7, respectively 
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TABLE B-2 Summary of test parameters/observations 

Arc Loading Compr. Moment Moment @ 
Test No. 
(Material 

Diam. 
mm 

Length! 
End 

Restraint 
Rate Load @ End Mid-Height Observations 

Type) (in.) 
Support 

Condition 
(see Text) 

mm/mm 
(in/mm) 

kN 
(Ib) 

N-rn 
(in.-Ib) 

N-rn 
(in.-lb)  

Insufficient end restraint and 

Al2A-1 300 
1.3 1.35 0 71 confinement. 	Large lateral deflection. 

(PE) (12) 
90/free A (0.05) (304) (0) (627) Moment does not account for lateral 

deflections 

Load applied at centroid of cross 
Al2A-2 300 90/free B 

1.3 0.854 0 49 section at mid-height of specimen. 
(PE) (12) (0.05) (192) (0) (435) Large lateral deflection. 

Load applied 3/4 in. away from centroid 
Al2A-3 300 

90/free B 
1.3 1.04 0 52 of cross section at mid-height of 

(PE) (12) (0.05) (234) (0) (464) 
specimen. 

Load applied 9/16 in. away from 
Al2A-4 300 90/free B 

1.3 1.29 0 63 centroid of cross section at mid-height 
(PE) (12) (0.05) (290) (0) (556) of specimen. 

Al2A-5 300 1.3 1.88 0 44 Local crushing of corrugation developed 

(PE) (12) 
45/free B (0.05) (423) (0) (393) at load bearing ends of specimen. 

Load applied approximately at centroid 

A24A-1 600 1.3 8.19 0 186 of cross section at specimen ends. 

(PE) (24) 
45/free B 

(0.05) (1,840) (0) (1,430) Local crushing of corrugation developed 
at load bearing ends of specimen. 

Load applied approximately at centroid 

A24A-2 600 1.3 7.60 0 136 of cross section at specimen ends. 

(PE) (24) 
45/free B (0.05) (1,709) (0) (1,200) Local crushing of corrugation developed 

at load bearing ends of specimen. 

Al2A-6 300 45/one A 
1.3 4.80 -69 70 Local buckling developed in 

(PE) (12) end fixed (0.05) (1,080) (-607) (621) corrugations at mold line. 

Load applied approximately at centroid 

A24A-3 600 45/one 1.3 7.20 78 -94 of cross section at specimen spring 

(PE) (24) end fixed 
A (0.05) (1,619) (686) (-834) line. Local buckling developed in crest 

and webs of corrugations. 

A2413-1 600 45/one 1.3 12.0 -263 190 Local buckling developed at base of 

(PE) (24) end fixed 
A (0.05) (2,707) (-2,329) (1,678) corrugation webs. 

A24C-1 600 1.3 15.8 267 231 Local buckling developed in webs of 

(PE) (24) 
45/fixed A 

 (0.05) (3,543) (-2,389) (2,046) corrugations. 

A24D-1 600 1.3 32. 8 
Back-to-back specimens. 	Difficult to 

A24E-1 
(24) 

45/fixed A 
(0.05) (7,374) 

NA NA observe behavior of corrugations. 	Local 

(PE)  buckling developed in corrugation webs. 

Well-defined local buckling developed 
B48A-1 1200 45/fixed A 

1.3 29.2 -953 549 in liner. 	Local buckling developed in 
(PE) (48) (0.05) (6,564) (-8,433) (4,859) 

corrugations at ends. 

B4813-1 1200 
35/fixed A 	C(2) 

1.3 NA 
1,137 Liner buckling at 49.2 kN 

(PE) (48) 
, 

 (0.05) (11,060)  (10,059)  

B48C-1 1200 1.3 44.8 456 523 Local buckling in liner developed at 

(PE) (48) 
25/fixed A  (0.05) (10,071) (-4,032) (4629) 41 kN 

B18A-1 450 35/free B 
1.3 6.96 

NA 
120 Large end rotations. 	No buckling 

(PE) (18) (0.05) (1,565) (1,060) observed 

Gypsum inside corrugations only. 	Liner 
B18B-1 450 

35/free A 
1 .3 8.30 

NA 
149 

buckles developed after peak load. 
(PE) (18) (0.05) (1,865) (11 319) 

Large end rotations 

No buckling; liner separated from 
C24A-1 600 

25/free B 
1.3 36.4 

NA 
637 corrugations at top, stress cracks 

(PVC) (24) (0.05) (8,183) (5638) developed at all liner/web connections 
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TABLE B-2 (Continued) 

Test No. Diam. 
Arc 

End 
Loading Cornpr. Moment Moment @ 

(Material mm 
Length/ 

Restraint Rate Load @ End Mid-Height 
Observations 

Type) (in.) 
Support 

(see Text) 
mm/mm kN N-rn N-rn 

Condition (in/mm) (Ib) (in.-lb) (in.-lb) 

B36C-1 900 35/one 1.3 24.8 371 Buckles in web developed at base (free 

(PE) (36) end fixed 
C(1) 

(0.05) (5,575) NA 
(3,285) end) of specimen. Test stopped when 

load curve became nonlinear. 

B36D-1 900 35/one 
D(1) 1.3 32.0 

NA 
528 No buckling observed 

(PE) (36) end fixed (0.05) (7,194) (4,671) 

D48A-1 1200 35/one 1.3 17.1 289 High frequency ripples from 

(PE) (48) end fixed D(1) 
(0.05) (3,844) 

NA 
(2,556) manufacturing observed in liner at 

beginning of test. 

B36E-1 900 35/one 1. 3 39 2 . 694 Well-developed buckling at 37 kN. 

(PE) (36) end fixed A , C(1) 
(0.05) (8,813) 

NA 
(6,141) Severe end crushing at peak load. 

Reinforcement pushed downward. 

Buckling developed at edges of 
D48D-1 1200 35/one 

C(1) 
1.3 17.0 

NA 
276 specimen at 16 kN. 	Well-defined crimp 

(PE) (48) end fixed (0.05) (3,822) (2,444) in end tube at peak. 	End tube split 
from scratch made during prep. 

E36A-1 900 35/one 
B 1.3 49.9 -1,020 1,375 Well-developed local buckling in webs. 

(PE) (36) end fixed (0.05) (11,222) (-9,026) (12,169) 

E36C-1 900 35/one 
C(1) 1.3 53.2 

NA 1,276 Well-developed web buckling at 52 kN. 
(36) end fixed (0.05) (11,960) (11,294) Buckling at ends in web and crest. 

C248-1 600 25/one 
B 

1.3 31.8 -240 441 No buckling observed. 
(PVC) (24) end fixed (0.05) (7,149) (-2,122) (3,899) 

C24B-2 600 7/one 1.3 44.1 -25 12 Moment does not account for lateral 

(PVC) (24) end fixed 
B 

(0.05) (9,914) (-218) (107) deflections. 	Local buckling in liner at 
42 kN. 

E36D-1 900 15/one 
B 

1.3 62.0 -245 231 No neoprene pads. 	Well-defined liner 
(PE) (36) end fixed (0.05) (13,938) (-2,165) (2,040) buckling at 61 kN. 

No neoprene pads. Moment does not 
C24C-1 600 7/one 

B 
1.3 59.1 -33 16 account for lateral deflections. 	Local 

(PVC) (24) end fixed (0.05) (13,286) (-292) (144) buckling in liner at 48 kN. 	Crushing at 
ends. 

C24D-1 600 7/one 1.3 49.6 -28 14 No neoprene pads. 	Moment does not 

(PVC) (24) end fixed 
B 

(0.05) (11,150) (-245) (120) account for lateral deflections. 	Liner 
buckling at 48 kN. 

No neoprene pads. Moment does not 
C24E-1 600 7/one 

B 
1.3 58.4 -33 16 account for lateral deflections. 	Liner 

(PVC) (24) end fixed (0.05) (13,129) (-289) (142) buckling at 52 kN. 	Buckling in fixed 
end crest at 58 kN. 

E36E-1 900 35/one 1. 3 54 6 . 1046 No neoprene pads. 	Additional plywood 

(PE) (36) end fixed 
C(1) 

(0.05) (12,275) NA 
(9,260) 

reinf. on inside crest. 	Slight web 
buckling observed at 41 kN. 

No neoprene pads. 	Slight bulging in 
E36F-1 900 15/one 

B 
0.13 56.7 -224 557 end of web at 40 kN. Well-defined web 

(PE) (36) end fixed (0.005) (12,747) (-1,980) (4,925) buckling at 50 kN. 	Slight ripples in liner 
at 48 kN. 

No neoprene pads. 	Specimen loaded 
E36G-1 900 15/one 

B 
13 104.0 -410 651 too fast to make detailed observations. 

(PE) (36) end fixed (0.5) (23,380) (-3,632) (5,759) Web and crest were bulging at end of 
test. 

No neoprene pads. Moment does not 
C24F-1 600 7/one 

B 
0.13 64.0 -36 18 account for lateral deflections. 	Slight 

(PVC) (24) end fixed (0.005) (14,388) (-316) (155) bulging in crest at 60 kN. 	Small 
dimples in liner at 62 kN. 



31 

TABLE B-2 (Continued) 

Arc Loading Cornpr. Moment Moment @ 
Test No. 
(Material 

Diam. 
mm 

Length/ 
End 

Restraint 
Rate Load © End Mid-Height Observations 

Type) (in.) 
Support 

Condition 
(see Text) 

mm/mm 
(in/mm) 

kN 
(lb) 

N-rn 
(in.-Ib) 

N-rn 
(in.-lb)  

No neoprene pads. Moment does not 

C24G-1 600 7/one 13 76.0 -42 21 account for lateral deflections. 

(PVC) (24) end fixed 
B 

(0.5) (17,085) (-376) (185) Crushing of crest at 65 kN. 	Bottom of 
specimen shifted 1/4 in. towards liner. 

No neoprene pads. 	Buckles in crest at 
A24F-1 600 15/one B 

1.3 19.0 -26 17 kN. 	Web and liner bulging at 18 
(PE) (24) end fixed (0.05) (4,271) (-227) (387) kN. 

A24G-1 600 15/one 
B 

1.3 22.6 -31 52 
No neoprene pads. 	Bulging in crest at 
17 kN. 	Web buckling at 18.5 kN. 

(PE) (24) end fixed (0.05) (5,080) (-270) (460) Waves observed in crest at peak. 

No neoprene pads. Specimen loaded 

A24H-1 600 15/one B 
13 31.8 -43 65 too quickly to make detailed 

(PE) (24) end fixed (0.5) (7,138) (-379) (575) observations. 	Severe bulging in web 
and crest at peak. 

No neoprene pads. 	Buckling developed 

A241-1 600 15/one 0.13 15.9 -21 33 in crest at 11.3 kN. 	Local buckling of 

(PE) (24) end fixed 
B 

(0.005) (3,572) (-190) (288) crest and web at 11.8 kN and 14.3 kN 
respectively. 

D48C - 1200 15/one 
B 

1.3 37.8 -91 257 
No neoprene pads. 	High frequency  
ripples in liner at 30 kN. 	Liner buckling 

1 (28) end fixed (0.05) (8,498) (-868) (2,276) and crushing of crest at 37 kN. 

No neoprene pads. 	Minor 

D48D - 1200 15/one 1.3 31.6 -82 191 crushing/buckling at ends at 24 kN. 

2 (48) end fixed 
B (0.05) (7,104) (-726) (1,689) End cell liner developed waves at end 

of test. 

D48E - 1200 15/one 1.3 28.4 -73 139 No neoprene pads. 	Slight crushing at 

1 (48) end fixed 
B 

(0.05) (6,362) (-650) (1,227) ends at 26 kN. 

The specimens were tested to a maximum strain level of 
about 1 percent. The strain conditioner contained only four 
inputs, thus each test was repeated two or three times to col-
lect the midheight and quarter-point data (three times for the 
fixed-free condition and two times for the fixed-fixed and 
free-free conditions). Specimens were allowed to recover for 
15 to 30 min after each test before the next test began. 

Results 

Strain levels from the tests are summarized in Tables B-4 
and B-S. Test results were evaluated using linear elastic curved 
beam theory. Axial loads and moments were calculated and 
superimposed to determine the total stresses along the length 
of the specimen. Strains were estimated by dividing the total 
stresses by the AASHTO short-term modulus of elasticity 
values. 

The researchers noted the following trends: 

For PE, all end conditions induce compression in all ele-
ments of the cross section. For the PVC, tension is 

induced at the crest for the pinned-pinned setup and the 
fixed-pinned setup. 
In the PE specimen, the strains achieved in the liner/ 
valleys were generally less than predicted. 
For PE, the strains in the crest were generally less than 
predicted, except for the pinned-pinned condition; how-
ever the crest exhibited more linear behavior than the 
other elements. 
Slight crippling of the crest and web were observed at 
the fixed ends of the PE fixed-fixed and fixed-pinned 
tests at approximately 75 percent of total test load. 
PVC strains were much closer to prediction than PE. 
Strains measured in valley of the PVC pipe were within 
10 percent of predicted values, with the exception of the 
pinned-pinned test, which were as much as 25 percent 
less than predicted. 
All PVC strains followed the same trends as predicted, 
except for the liner/valley values for the fixed-pinned test. 
The interior gauges (valley 1, valley 2, and liner) in the 
PVC tests followed consistent patterns (i.e., the mea-
sured strain in the liner is always less than valley 2). Val-
ley 2 always achieved less strain than valley 1. However, 



TABLE B-3 Estimated maximum material strain levels in compression tests 

Test No. 
(Material 

Type) 
Location 

E 

(%) 

Combined 
Strains 

Comments 

(%)  (MPa) 

r 

psi 
c, 

Al2A-1 
PE 

midheight 525 76134 0.33 1.51 -0.85 Does not account for 
lateral deflections 

ends 525 76,134 0.33 033 0.33 

Al2A-2 
(PE) 

midheight 531 77,011 0.21 1.02 -0.95 

ends 531 77,011 0.21 021 0.21 

I Al2A-3 

L (PE)  
midheight 538 78,036 0.25 1.10 -0 99 

ends 538 78,036 0.25 1 	0.25 0.25 

Al2A-4 
(PE) 

midheight 525 76,134 0.32 1.36 -1 22 

ends 525 76,134 0.32 032 032 

Al2A-5 
(PE) 

midheight 568 82,370 042 111 -0 85 

ends 568 82,370 0.42 042 042 

A24A-1 
(PE) 

midheight 553 80,145 0.89 1 71 -0 38 

ends 553 80,145 089 089 0,89 

A24A-2 
(PE) 

midheight 562 81540 0.81 1.49 -0.23 

ends 562 81,540 0.81 0.81 I 	0.81 

{ Al2A-6 

L (PE)  
midheight 538 78,036 1.15 2.29 -0.98 

fixed end 538 78,036 1.15 003 3.22 

A24A-3 
(PE) 

midheight 568 82,370 0.76 0.30 1.48 

fixed end 568 82,370 0,76 114 0.17 

A24B-1 
(PE) 

midheight 553 80,145 1.31 227 	1 -0 18 

fixed end 553 80,145 1.31 -002 337 

A24C-1 
(PE) 

midheight 540 78,266 1.78 295 -0 10 

fixed end 540 78266 1.78 039 388 

A24D-1 
A24E-1 

(PE) 

midheight 502 72,740 1.97 1.97 1.97 

fixed end 502 72,740 1.97 1.97 1.97 

B48A
- 

 1 
(PE) 

midheight 525 76,134 1.35 2.36 0.01 Mid-height strains 
based on reduced 
cross section. fixed end 525 76,134 1.35 -0 19 332 

134813-1 
(PE) 

midheight 509 73,751 2.69 5.29 -0 51 Mid-height strains 
based on reduced 
cross section. fixed end 509 73,751 2,69 2.03 2.03 

1348 C-1 
(PE) 

midheight 519 75,224 1.81 2.57 -0.62 Mid-height strains 
 based on reduced 

cross section. fixed end 519 75,224 1.81 115 2 85 

1318A-1 
(PE) 

midheight 549 79,547 0.93 2.24 -0.96 

ends 549 79,547 0.93 0.63 0.93 

131813-1 	1 

(PE) 

midheight 551 79,897 111 2.73 -1 24 

ends 551 79,897 111 111 111 

C24A-1 
(PVC) 

midheight 2,759 400,000 1.01 3.08 -1 61 

ends 2,759 400,000 1,01 1.01 1,01 
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TABLE B-3 (Continued) 

Er  Combined 

Test No. 
E Strains 

(Material Location Comments 

Type) 
(MPa) psi (%) (%) (%)  

midheight 541 78,500 1.58 3.23 -0.72 Fixed end reinforced. 

B36C-1 _______ _______ _______ Mid-height strains 

(PE) based on reduced 
fixed end 541 78,500 1.58 NA NA cross section. 

midheight 523 75,815. 2.26. 3.68 0.25 Fixed end reinforced. 

B36D-1 ________ _______ _______ _______ Mid-height strains 

(PE) based on reduced 
fixed end 523 75,815 226 NA NA cross section. 

D48A-1 midheight 530 76,822 1.40 2.32 0.49 Fixed end reinforced. 

fixed end 530 76,822 1.40 NA NA (PE) 

midheight 521 75,512 2.89 5.25 -0.62 Fixed end reinforced. 

B36E-1 ________ _______ _______ _______ Mid-height strains 

(PE) based on reduced 
fixed end 521 75,512 2.89 NA NA cross section 

midheight 532 77,200 1.39 2.51 0.27 Fixed end reinforced. 
D48D - 1 Strains based on 

fixed end 532 77,200 1.39 NA NA (PE) reduced cross section 

midheight 521 75,512 1.69 3.62 -0 94 Mid-height strains  
E36A-1 based on reduced 

fixed end 521 75,512 1,69 036 338 (PE)  cross section. 

T midheight 521 75,512 1.62 3.22 -0.57 Fixed end reinforced. 

E36C-1 _______ _______ _______ Mid-height strains 

I (PE) based on reduced 
fixed end 521 75,512 1.62 NA NA cross section. 

midheight 2,484 360,186 1.00 2.64 -1 03 Mid-height strains 
C24B-1 based on reduced 

fixed end 2,484 360,186 1.00 0.11 1.87 cross section 

Does not account for 
midheight 2,498 362,152 1.36 1.40 1.30 lateral deflections. 

C24B-  2 - Mid-height strains 
based on reduced 

fixed end 2,498 362,152 1 36 115 1.33 
cross section 

midheight 609 88,322 2.06 2.37 1.57 All strains based on  
E360-1 reduced cross section. 

fixed end 609 88,322 2.13 1.79 272 (PE)  

midheight 2,705 392,274 1.68 1.73 1.61 Does not account for 

C24C-1 _______ _______ _______ lateral deflections. All 

(PVC) strains based on 
fixed end 2,705 392,274 1.68 1.57 1.82 reduced cross section. 

midheight 2,633 381,739 1.45 1.49 1.39 Does not account for 

C24D-1   _______ ______ lateral deflections. 	All 

(PVC) strains based on 
fixed end 2,633 381,739 1.45 1.35 1.57 reduced cross section. 

midheight 2,621 380,060 1.71 1.76 1.64 Does not account for 

C24E-1  _______ ______ lateral deflections. 	All 

(PVC) strains based on 
fixed end 2,621 380,060 1.71 1.60 1.85 reduced cross section.. 

midheight 545 79,002 1.78 3.18 -0.15 Fixed en d reinforced. - E36E 1 All strains based on 
fixed end 545 79,002 1.78 NA NA (PE) reduced cross section 

E36F-1 midheight 466 67,585 2.29 3.22 0.94 All strains based on 
reduced cross section. 

fixed end 466 67,585 2.50 2.10 1 	3.22 (PE) 



TABLE B-3 (Continued) 

Test No. 
(Material 

Type) 
Location 

E 
CC 

- 

(%) 

Combined 
Strains 

Comments 

(%)  (MPa) psi (%) 

E36G-1 
'PE' 

midheight 679 98466 3.22 4.06 1.88 All strains based on 
reduced cross section. 

fixed end 679 98,466 342 2.86 448 

C24F-1 
(PVC) 

midheight 2,250 326,302 220 2.27 2.11 Does not account for 
 lateral deflections. All 

strains based on 
reduced cross section. 

fixed end 2,250 326,302 2.18 2.04 2 

C24G-1 
(PVC) 

midheight 2759 400,000 2.12 2.19 2,04 Does not account for 
 lateral deflections. 	All 

strains based on 
reduced cross section. 

fixed end 2,759 400,000 2,11 1 98 2.29 

A24F-1 
PE 

midheight 611 88,664 348 390 281 All strains based on 
reduced cross section. 

fixed end 611 88,664 350 3.26 393 

A24G-1 
'PE' 

/ 

midheight 611 88,664 4.52 5.06 3.62 All strains based on 
reduced cross section. 

fixed end 611 88,664 455 424 513 

A24H-1 
'PE' 

/ 

midheight 736 106771 571 630 467 All strains based on 
reduced cross section. 

fixed end 736 106,771 574 5.35 649 

A241-1 
'PE' 

midheight 502 72,740 3.59 3.97 2.96 All strains based on 
reduced cross section. 

fixed end 502 72,740 361 3.35 405 

Notes: 
All strains based on fully, effective section unless noted otherwise. 
NA = strains cannot be accurately computed in locations of plywood reinforcement. 
Positive strain indicates compression. 
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Section X: Horizontal distribution 
of gauges at each location. 

Figure B-S. Strain gauge locations on corrugation profile. 
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TABLE B-4 Polyethylene (PE) test results 
Linear Prediction Measured  

Axial . 
Strain-in . 

Strain-out 
. Strain-in Strain-in Strain-out 

Location on Load Deflection A (I) Moment 
Stress 

Stress-in Stress-out valley, 
. crest valley (2) liner crest 

Test (4) . 
Specimen (kN) (mm) (mm) (N-rn) 

(MPa) 
. 

(MPa) (MPa) liner (0/ 

____ ____ ___ (%)  

3.22 8.98 0.42 1.18 fixed end 9.12 - 0.00 -80.82 5.48 

1/4 point 9.12 0.381 9.91 9.51 5.48 5.75 . 	5.07 0.76 0.67 0.58 - 0.27 

-- F - F mid height 9.12 0.508 13.21 39.62 5.48 6.59 3.77 0.87 0.50 0.40 - 0.19 

3/4 point 9.12 0.381 9.91 9.51 5.48 5.75 5.07 0.76 0.67 0.58 - 0.26 

fixed end 912  000 8082 548 322 898 042 1 it "'•' 

pinned end 10.50 - 0.00 0.00 6.31 6.31 6.31 0.83 0.83 
0.48 0.32 1/4 point 10.50 0.381 9.91 103.99 6.31 9.21 1.81 1.21 0.24 

F - F mid height 10.50 0.508 13.21 138.65 6.31 10.18 0.31 1.34 0.04 0.75 0.26 0.29 

3/4 point 10.50 0.381 9.91 103.99 6.31 9.21 1.81 1.21 0.24 0.48 - 0.27 

inned end 10.50 - 0.00 0.00 6.31 6.31 6.31 0.83 0.83 

11.18 0.29 1.47 0.00 -126.02 5.72 2.20 flxed end 9.52 - 

1/4 point 9.52 0.381 9.91 -0.22 5.72 5.72 5.73 0.75 0.76 0.58 - 0.28 

F . P mid height 9.52 0.508 13.21 62.72 5.72 7.47 3.01 0.99 0.40 0.60 0.24 0.19 

3/4 point 9.52 0.381 9.91 62.79 5.72 7.47 3.00 0.99 0.40 0.57 - 0.30 

pinned end 952 000 000 572 572 572 075 075 AAWUA 

SpecImen: 	 600-mm (24-in.)-Diameter Polyethylene (PE) Corrugated Pipe 

Section PropertIes: longitudinal width: 224 mm I of section: 932358 mm4  

profile height: 66 mm x bar: 26 mm 
Area of section: 1664 mm2  eccentricity 13mm 

Arc length of sample: 188 mm chord length: 186 mm 
Modulus of Elasticity (3): 759 MPa 

Notes: 	1. A = distance from chord passing through N.A. at specimen ends to the N.A. at location of calculation 
"Strain-in (Valley)' strain values are an average of the two (2) valley strain gauge outputs 
Modulus of Elasticity is from AAS)-ITO published values. 
F = fixed-end condition, P = pinned-end condition 
1 in. = 25.4 mm, 1 kN = 224.8 Ib, IMPa = 145 psi 

the difference in the PVC valley strain gauge readings 
was less than in the PE tests. 

Discussion 

As shown in Tables B-4 and B-5, the predicted strain dif-
fers from the measured strain to varying degrees. Uncertainty 
in the modulus of elasticity contributes to some of this vari-
ation. In addition, the actual restraint at the ends is unlikely 
to match the assumed condition precisely, particularly the 
pinned-pinned condition. Also, the specimen ends were not 
machined, and thus slight deviations from the plane and par-
allel condition can introduce additional errors. The data for 
the PVC matches the predictions more closely than the PE. 

Strain gauging of PE is known to be difficult. The modulus 
of elasticity of PE is so low that the gauge can have a rein-
forcing effect and modify the strain field. In this case, strain 
gauges on the thin elements could also contribute to increased 
variability. 

For the fixed-pinned tests, the measured strain trends 
more closely resemble the predicted fixed-fixed trends. A  

possible reason for this similarity is in the test setup. The 
rotation of the spherical head needed to be loosely restrained 
so the steel plate could be held in place without causing a 
safety hazard. This restraint created a degree of fixity in the 
"pinned" end. In addition, the point of rotation of this setup 
is approximately 5 in. below the end of the specimen. The 
spherical head is approximately 100 mm (4 in.) in diameter 
and has a 19-mm (Y4-in.)-thick platen on top of the socket. 
On top of the platen is the 25-mm (1-in.)-thick steel loading 
plate. This condition also creates a degree of fixity in the 
setup, therefore, the "free end" is not allowed to rotate 100 
percent freely. 

Based on these results, the research team suggests that 
further testing be conducted with 15-deg specimens in the 
fixed-pinned condition. For testing shorter stub specimens 
(i.e., 35 deg and less), any of the three end conditions can 
be used to achieve good results. For PE, all end conditions 
induce compression in all elements of the cross section 
when the length of the specimen is less than 45 deg. 
Because of PVC's shallower corrugation height, tension is 
induced at the crest for the pinned-pinned setup and the 
fixed-pinned setup. 



36 

TABLE B-S Polyvinyl chloride (PVC) test results 

Linear Prediction 	 Measured 

Location on Deflection t(1) Moment 
Axial 

Stress-in Stress-out 
Strain-in 
valley, 

Strain-out Strain-in Strain-in Strain-out 
Test (4) 

Specimen 
Load (kN) 

(mm) (mm) (N-m) 
Stress 

(MPa) (MPa) liner 
crest valley(2) liner crest 

lbbv 
_. 

000 17315 

(MPa) 

1427 120 

/ 

3390 004 123 

 /0/\ 
01 

- 

(o/' - -- (/) - 

r nxedend 
1/4 point 18.59 1.143 10.41 20.48 14.27 16.10 11.94 0.58 0.43 0.52 0.41 0.29 - 

F mid height 18.59 1.524 13.97 86.60 14.27 22.00 4.45 0.80 0.16 0.84 - 0.03 
3/4 point 18.59 1.143 10.41 20.48 14.27 16.10 11.94 0.58 0.43 0.60 0.48 0.23 
fixed end 18.59 0.00 -173.15 14.27 -1.20 33.90 -0.04 1.23 T'- 

pinned end 1392 000 000 1068 1068 1068 039 u39 
- . 1/4 point 13.92 2.464 10.41 144.99 10.68 23.63 -5.76 0.86 -0.21 0.62 -0.19 

P - P mid height 13.92 3.302 13.97 194.50 10.68 28.06 -11.38 1.02 -0.41 0.88 0.83 -0.48 
T 3/4 point 13.92 2.464 10.41 144.99 10.68 23.63 -5.76 0.86 -0.21 0.71 - -0.30 

pinned end 13.92 0.00 

0.00 

0.00 

-212.37 

10.68 

11.71 

10.68 

-7.26 

10.68 

35.79 

0.39 

-0.261 

0.3 

1.30 . 
I 

fixed end 15.26 
4I 

1/4 point 15.26 1.346 10.41 -0.39 11.71 11.67 11.75 0.421 0.43 0.45 0.35 0.18 
P - P mid height 15.26 1.778 13.97 106.96 11.71 21.26 -0.42 0.771 -0.02 0.78 0.66 -0.13 

3/4point 15.26 1.346 10.41 105.80 11.71 21.16 -0.29 0.77 -0.01 0.61 0.50 -0.06 
pinned end 1526 000 000 1171 1171 1171 042 042 Je' 

-, 	•: 

Specimen: 	 600-mm (24-in.)-Diameter Polyvinyl Chloride (PVC) Corrugated Pipe 

Section Properties: longitudinal width: 140 mm 1, of section: 136441 mm4  
profile height: 28 mm x bar: 12 mm 

Area of section: 1303 mm2  eccentricity: 14 mm 
Arc length of sample: 186 mm chord length: 183 mm 

Modulus of Elasticity (3): 2759 MPa 

Notes: 	1. A= distance from chord passing through N.A. at specimen ends to the N.A. at location of calculation 
'Strain-in (Valley)" strain values are an average of the two (2) valley strain gauge outputs 
Modulus of Elasticity is from AASHTO published values. 
F = fixed-end condition, P = pinned-end condition 
1 in. = 25.4 mm, 1 kN = 224.8 Ib, 1MPa = 145 psi 
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INTRODUCTION Mc 
Lb 

EI 
 (C.5) 

Design for resistance to local buckling in profile wall 
thermoplastic pipe is based on limiting strain levels. For an 
understanding of how any proposed design criteria for local 
buckling might affect current practice, it is useful to estimate 
strain levels in product tests and in ground. 

During product development (and possibly during routine 
production), pipe should be tested to demonstrate the capacity 
to carry load in the field-installed condition. In current prac-
tice, such evaluation is primarily through the parallel plate 
test. The strain levels achieved in the parallel plate test in the 
pipe that were tested in compression (see Appendix B) as part 
of this project are investigated in the section below. Strain lev-
els that might be anticipated under actual installed conditions 
are evaluated in the "In-Ground Conditions" section. 

PARALLEL PLATE TEST 

The principal quality control test for thermoplastic pipe is 
the parallel plate test. In this test, a pipe is compressed between 
two diametrically opposed plates. AASHTO M294 (HDPE) 
and M304 (PVC) require that all pipe 

Demonstrate a specified pipe stiffness at a deflection of 
5 percent and 
Reach a deflection (reduction of vertical diameter) of 20 
percent for HDPE pipe and 60 percent for PVC pipe 
without evidence of wall buckling, cracking, splitting, or 
delamination. 

The equations that govern the parallel plate test are 

F=Ay 
EI 	 (C.1) OlR3  

F = LX01R 
EI 

3 	
(C.2) 

M = FR [0.3183 — 0.50 sin(0)] 	 (C.3)  

where 

F = load applied in parallel plate test, kN/m, lb/in. 

Ly = change in vertical diameter under load F, m, in. 
E = modulus of elasticity of pipe material, kPa, psi 
I = moment of inertia of pipe wall per unit length of pipe, 

m4/m, in.4/in. 
R = centroidal radius of pipe, m, in. 

Lx = change in horizontal diameter under load F, m, in. 
M = bending moment per unit length of, pipe, kN-m/m, 

in.-lb/in. 
8 = angle from crown, degrees 
N = compressive thrust per unit length of pipe, kN/m, 

lb/in. 
Lb = bending strain in pipe wall 
c = c1 , c0  distance from centroid of pipe wall to inside 

or outside extreme fiber, m, in. 

The above equations assume linear material behavior and 
linear geometric behavior, which are both violated at deflec-
tion levels of 20 percent. This means that load and stress pre-
dictions will overestimate actual test values; however, strain 
values are reasonably accurate, even if the nonlinearities are 
ignored. Given that the focus of the design method for local 
buckling is on strain levels, the linear equations are consid-
ered sufficiently accurate. An additional issue with the par-
allel plate test is the local deformatiOn of the profile cross 
section where the pipe is in contact with the plates. This is 
also ignored in this analysis because the deformation varies 
with each profile geometry. The significance of this is dis-
cussed further below. 

Equations C. 1, C.3, and C.5 can be combined to predict 
bending strain as a function of pipe geometry and vertical 
deflection 

0.3183 - 0.5 sin(0) I c 
Lb = 	0.0744 	

(C.6) 

where 

N = —0.5 F sin(8) 	 (C.4) 	D = diameter to centroid of pipe wall, m, in. 
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Using Equation C.6, the strains achieved in the parallel 
plate test may be investigated. Table C-i presents such cal-
culations for several of the pipes included in the test program 
described in Appendix B. The table shows strains computed 
at the invert and springline and on the inner and outer sur-
faces of the pipe at a vertical deflection of 20 percent. Table 
C-i indicates the following behavior at this deflection level: 

The parallel plate test produces relatively modest com-
pression strains on the inside surface of most corrugated 
HDPE profiles-a maximum of 4 percent strain for the 
sections tested. This is because the centroidal axes of 
these pipes are relatively close to the inside surface (see 
c15  and co,,t  in Table C- ib). 
The compressive strain levels in the outside surface of 
the pipe are much higher than on the inside surface, up 
to 9 percent; however, these strains occur where the pipe 
is in contact with the load plates. This contact undoubt-
edly influences the behavior, thus the test may not truly 
evaluate the pipe capacity in compression at the calcu-
lated strain levels. 
Strains in the PVC pipe are smaller than the HDPE pipes 
because of the higher ratio of pipe diameter to profile 
depth. Given that M304 requires that PVC be deflected 
to a 60 percent deflection, the strains achieved during 
quality control testing would be higher than in the table; 

TABLE C-i Expected strain levels in parallel plate test 

however, the effect of the loading plate on the outside 
surface compression strains is still not known. 
The material strain rates that occur in the test are sub-
stantially lower for larger diameters. This is because the 
strain rate is specified in absolute terms (mm/minute) 
while the deflection is specified as a percentage of diam-
eter. The ratio of diameter to profile depth also influ-
ences the strain rate, but to a lesser extent. 
The honeycomb profile is the only one that is symmetric 
about the centroidal axis, thus the strain levels are bal-
anced between the inside and outside surface. 

IN-GROUND CONDITIONS 

In-ground strain levels are generally dominated by flexural 
strains, which result from pipe deflection. Deflection can be 
estimated in two ways: (1) theoretical predictions based on 
soil-structure interaction or (2) by assuming pipes are deflected 
to limiting deflection levels. Total strain is computed by 
adding flexural strains to hoop compression strains due to 
applied load. Both approaches to estimating flexural strain 
are used in the analysis reported below. 

A small parametric study was conducted to investigate 
in-ground strain levels. The study considered pipe type, 
depth of fill, and backfill condition as variables. As suggested 
above, deflection levels are estimated both by theoretical pre- 

a. General pipe details and geometry 	 b. Profile section properties 

Diameter 	Corr. 	Manuf. 	-------------------------- wit ratios --------------------------Total 	Diam to 
Style 	 Element 1 Element 2 Element 3 Element 4 Element 5 	Profile 	Profile 

(Crest) 	(Web) 	(Valley) 	(Liner) 	 Depth 	Depth 	R 	I 	A 	c-in 	c-out 
mm 	 mm 	Ratio 	mm mm"41mm mmA2imm mm 	mm 
457 	Corr. PE 	B 	20.26 	11.43 	5.22 	28.44 	 41.5 	12 	246 	1428 	6.0 	15.6 	25.9 
610 	Corr. PE 	A 	34.79 	16.59 	2.19 	24.24 	 66.4 	10 	331 	5021 	7.8 	29.1 	37.3 
914 	Corr. PE 	B 	30.19 	13.51 	3.60 	27.03 	 66.5 	14 	482 	6076 	9.9 	24.5 	42.0 
914 	Corr. PE 	E 	16.89 	10.94 	5.85 	21.96 	 83.2 	12 	490 	12311 	14.2 	32.7 	50.5 

1219 	Corr. PE 	B 	22.77 	12.98 	6.48 	29.67 	 74.4 	17 	644 	8475 	10.5 	28.8 	45.6 
610 	Corr. PVC 	C 	8.09 	5.32 	1.72 	9.41 	 27.7 	22 	310 	977 	9.3 	12.2 	15.5 

1219 	Hnycmb PE 	0 	20.00 	20.00 	4.29 	8.62 	8.62 	66.1 	19 	644 	6961 	10.9 	33.0 	33.0 

HDPE - E= 620100 kPa 
PVC - E = 2756000 kPa 

c. Strains In Parallel Plate Test 
20.0% Deflection 	 Time 	max 

Diameter 	Corr. 	Load Stiffness 	Bending Moment ----- Bending Strains --------------- -to reach 	strain 
Style 	 Springline Invert spnrigiln springline invert 	iri.ert deflection rate 

t2. 

	

ide 	outside inside 	Lit I 
mm 	 kN/m kN/m/m kN-mim kN-mim 4. % 	% 	 (mm.) %imin. 
457 	Corr. PE 	36.5 	370.9 	1.63 	2.86 	9%4.8% 	5.0% 	 7.2 	0.70% 
610 	Corr. PE 	70.5 	533.2 	4.24 	7.430%5.1% 	6.9% 	tt 	9.6 	0.72% 
914 	Corr. PE 	41.4 	215.0 	3.63 	6.35 	4% 	4.0% 	4.1% 	1 	14.4 	0.29% 
914 	Corr. PE 	79.8 	407.3 	7.10 	12.45 	 4.7% 	5.3% .-P 	 14.4 	0.37% 

1219 	Corr, PE 	32.3 	125.3 	3.77 	6.61 	 3.3% 	3.6% 	-1L7T 	19.2 	0.19% 
610 	Corr, PVC 	73.9 	596.1 1  4.17 	7.30 	-19% 	2.4% 	3.3% 	-22--. 	9.6 	0.34% 

1219 	Hnycmb PE 26.5 	102.9 1 3.10 i  5.43 	 2.4% 	4.2% 	 .. 	19.2 	0.22% 
*based on a load rate of 

12.7 	in/mm. 
Notes: 

These calculations are made assuming linear elasticity. This likely significantly overpredicts load and bending moment; however, strains are reasonably accurate. 
1 psi = 6.89 kPa, 1 lb/in = 0.175 kNim, 1 in. = 0.0254 m, 1 lb = 0.0044 kN 
Deflection computed on the basis of inside pipe diameter 
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dictions based on the Spangler equation (Tables C-2 and C-3) 
and by assuming pipes are deflected to a specific deflection 
level of 7.5 percent (Tables C-4 and C-5). Flexural strains are 
estimated based on the shape factor concept used in fiber-
glass pipe design (AWWA, 1995). Using a shape factor of 6 
provides allowance for non-elliptic deformations in the pipe: 
The shape factor for the parallel plate test is 4.28. Soil cover 
depths of 3 in, 6 in, and 9 in (10 ft, 20 ft, and 30 ft) and con-
strained soil modulus values of 7 MPa and 21 MPa (1,000 psi 
and 3,000 psi), representing silty soil at about 90 percent of 
maximum density per AASHTO T-99 and sand at about 95 
percent of maximum, respectively, were evaluated. Deflec-
tion was computed using the Spangler Iowa formula with the 
soil prism load, a deflection lag factor of 1.5, and a bedding 
factor of 0.083. Hoop compression was computed using 
the Bums and Richard theory (full-slip) as simplified by 
McGrath. The study used the long-term modulus of elastic-
ity. Two example spreadsheets (one each for PVC and PE) 

used for these calculations are attached. Calculations were 
completed for 600-mm (24-in.)-diameter corrugated PE and 
corrugated PVC pipe. 

Comparison of the four tables indicates the following: 

When installed to current specifications, theoretical 
deflections are much smaller than 7.5 percent; in good 
backfill conditions (M. = 3,000 psi), predicted deflection 
levels are under 3 percent even at a depth of 9 in (30 ft). 
When the deflection level is fixed (Tables C-4 and C-5), 
the peak tensile strain decreases with increasing depth 
of fill; however, when deflections are calculated (Tables 
C-2 and C-3), the peak tensile and compressive strains 
increase with depth. 
For the two profiles evaluated, the outside compression 
strain is always greater than the inside compression strain. 
Hoop compression strains do not affect the total strain 
level in PVC as significantly as in HDPE. 

TABLE C-2 Strain in 600-mm (24-in.)-diameter corrugated polyethylene (Spangler 
Deflection) 

M. 
MPa 
(psi) 

VAF Soil 
Depth 
m (ft) 

L/D 
(°"°) 

E, 
(%) 

Es, 
(outside) 

(%) 

Combined strains 

Outside Inside 

€n + € en  - es.o  en  - 
(%) (%) (%) 

3 (10) 2.2 -0.9 ±1.6 0.6 -2.5 -1.8 
7 

(1,000) 
0.55 6 (20) 4.4 -1.8 ±3.1 1.2 -4.9 -3.5 

9 (30) 6.6 -2.8 ±4.6 1.9 -7.4 -5.3 

3 (10) 0.8 -0.5 ±0.5 0.0 -1.0 -0.8 
21 

(3,000) 
0.30 6(20) 1.5 -1.0 ±1.1 0.1 -2.1 -1.6 

9 (30) 1 	2.2 -1.5 ±1.6 1 	0.1 -3.1 -2.4 

TABLE C-3 Strain in 600-mm (24-in.)-diameter corrugated PVC (Spangler Deflection) 

M, 
MPa 
(psi) 

VAF Soil 
Depth 
m (ft) 

A/D 
(%) 

c, 
(%) (outside) 

(%) 

Combined strains 

Outside Inside 

Eh  + €5. €h - € €h 	EBI 
(%) (%) (%) 

3 (10) 2.2 -0.2 ±0.7 0.5 -0.9 -0.7 
7 

(1,000) 
0.89 6 (20) 4.3 -0.4 ±1.4 1.0 -1.7 -1.4 

9 (30) 6.5 -0.6 ±2.0 1.5 -2.6 -2.1 

3 (10) 0.8 -0.2 ±0.2 0.1 -0.4 -0.3 
21 

(3,000) 
0.70 6 (20) 1.5 -0.3 ±0.5 0.2 -0.8 -0.7 

9 (30) 1 	2.2 1 	-0.5 ±0.7 1 	0.2 -1.2 -1.0 
Notes for Tables C-2 and C-3: 

Positive strain indicates tension. 
Bending and combined strains are computed at outside surface. 
For PE, inside bending strains will be 55 percent of outside bending strains. 
For PVC, inside bending strains will be 74 percent of outside bending strains. 
All loads are long-term service loads. 
Pipe stiffness is computed as 	PSB  = E 1/(0.149 R3) 
Bending strain is computed as: c0  = D (C, / R) ( / D) with Df  = 6 
K. = 0.110, and D = 1.50 



TABLE C-4 Strain in 600-mm (24-in.)-diameter corrugated polyethylene (7.5 
percent deflection) 

M 
MPa 
(psi) 

VAF Soil 
Depth 
m (ft) 

E, 
(%) 

€B 0  

(outside) 
(%) 

Combined Strains 

€h + €5. 

(%) 

€h - 
(%) 

€5 	€Bi 

(%) 

7 
(1,000) 

0.55 

3 (10) -0.9 ±5.3 4.3 -6.2 -3.8 

6 (20) -1.8 ±5.3 ________  3.4 -7.1 -4.7 

9 (30) -2.8 ±5.3 2.5 -8.0 -5.6 

21 
(3,000) 

0.30 
3 (10) -0.5 ±5.3 4.8 -5.8 -3.4 

6 (20) -1.0 ±5.3 4.3 -6.3 -3.9 

9 (30) 	1  -1.5 	1  ±5.3 	1  3.8 -6.8 -4.4 

TABLE C-S Strain in 600-mm (24-in.)-diameter corrugated PVC (7.5 percent 
deflection) 

M, VAF Soil € € Combined Strains 
MPa Depth (%) (outside) 
(psi) m (ft) (%) €5  + €B.o €5 - € €h - €5.j 

(%) (%) (%) 

3 (10) -0.2 ±2.4 2.2 -2.6 -2.0 
7 

(1,000) 
0.55 6 (20) -0.4 ±2.4 2.0 -2.8 -2.2 

9 (30) -6 ±2.4 1.8 -3.0 -2.4 

3 (10) -0.2 ±2.4 2.2 -2.6 -1.9 
21 

(3,000) 
0.30 6 (20) -0.3 ±2.4 2.1 -2.7 -2.1 

9 (30) 	1 -0.5 ±2.4 1.9 -2.9 -2.3 
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At 7.5 percent deflection, total compression strain in PE 
pipe is on the order of 5 to 8 percent, regardless of the 
installation type. 

DISCUSSION 

The analysis presented in this section indicates that, at cur-
rently allowed deflection levels of 7.5 percent, the in-ground 
compression strain levels are on the order of 7 to 9 percent 
for corrugated HDPE and on the order of 2.5 to 3 percent for 
corrugated PVC and always occur on the outside. This will 
vary as a function of the actual profile geometry. Using the 
shape factor method to estimate strains, the estimated bend-
ing strain levels should be conservative, but the method used 
to complete the calculations has been successfully used for 
other types of pipe for many years. These strain levels are  

comparable with the outside strain levels in the parallel plate 
test at a deflection level of 20 percent; however, the peak 
compression strains on the outside of the pipe occur at the 
location of the load plates. The influence of the plate on the 
pipe performance is not clear. 

Inside compression strains at 7.5 percent deflection are on 
the order of 3.5 to 5.5 percent for corrugated HDPE and on 
the order of 2.0 to 2.5 percent for corrugated PVC. For 
HDPE, these values are generally less than achieved in the 
parallel plate test at 20 percent deflection. 

The parallel plate test was developed to evaluate flexural 
properties of pipe and it does not appear to be suitable for 
evaluating the compression behavior of profile wall pipe. 

Table C-i also indicates that the strain rates are substan-
tially different for the various profile geometries and diame-
ters that were evaluated. It may be more appropriate to select 
parallel plate load rates that produce consistent strain rates. 
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EXAMPLE CALCULATIONS 

This appendix contains sample calculations of the pro-
posed design method. The first two examples are detailed, 
step-by-step calculations—one for an HDPE pipe and one for 
a PVC pipe. These calculations show all steps in evaluating 
a design for local buckling effects. Both designs are for pipe 
embedded in crushed stone at a depth of 6.7 m (20 ft) with 
ground water over the top of the pipe (1.5 m for the HDPE 
pipe and 3 m for the PVC pipe). 

Included are spreadsheet calculations for five different 
pipes in two different soil conditions. Each pipe is subjected 
to several levels of hoop compression stress. The section is  

then evaluated using the design method and the allowable 
depth of fill and allowable deflections level are then back-
calculated on the basis of the reduced cross-sectional area. 
The two soil conditions considered are a compacted crushed 
stone (M. = 33 MPa 4,800 psil) and a dense silty backfill 
(M = 13.8 MPa [2,000 psi]). 

All of the calculations determine the allowable deflection 
by relating strain to deflection through the use of a shape fac-
tor. The shape factor is described in the body of the report. All 
of the calculations made herein were completed with D f  = 6. 
Lower values will be applicable in many design situations. 
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Design Example: 	 900 mm Corrugated PE, 	SnlOO Backfill 

DESIGN INPUT 

Pipe Geometry, Pipe Section and Material Properties, Soil Properties 

Inside diameter ............................................. ..= 914.4°mm 50-year modulus..................... E = 151.58°MPa 

Centroidal diameter....................................... D C = 979.9°mm 50-year strength ..................... F 	= 6.20oMPa 

Outside diameter .......................................... D0  = 1081.00mm Earth load factor ..................... ..= 1.95 

Pipe wall area per inch length......................... A= 14.1°mm2 mm'Bending combined factor ......... YB = 1.50 

Pipe wall mom. of inertia per in. length ............ 
mm4  

I= 12290.3 Shape factor ........................... D = 6.00 
mm 

Edge support coefficient.......... k = 4.00 
Total depth of fil over top of pipe ...................... H=6.71 m 

Resistance factor for the pipe... p 	1.00 

Depth of water above springline....................... Hs = 2.06°m Resistance factor for the soil.... 4 	= 0.90 

Unit weight of wet soil .................................... y=  18.85okN.m3 

Unit weight of bouyant soil ............................. ' b = 	.78=kNm 3  

Soil type (Sn, Si or Cl) ............................... 	soiltype = "Sn" 

Compaction (100, 95, 90 or 85). Note that 100 
is not available for Si and Cl soils)................comp = 100 

Additional properties for global behavior of pipe wall 

Centroidal radius of the pipe ......................................... 	R c 	0.5D  c 	 R c = 490.0°mm 

Distance to extreme inside fiber of the pipe wall.............c in  0.5 (D C  - D 	 c in = 32.80mm 

Distance to extreme outside fiber of the pipe wall...........c out  :0.5.(D0 — D 0) 	c out = 50.50mm 

Strain Limits 

Factored hoop compression strain at yield strength 	F 
(computed from long term modulus and strength) ........... .hc 

	E 	 6  hc = 4.09°0/o 

Limiting total compression ........................................... 	.tc 	1.5€ hc 	 I tc 	6.14°0/o 

Limiting total tension strain .......................................... 	c 	:= 1.55.0% 	 & 	= 7.500% 

Notes Tension strain is based on a factor of safety times the allowable strain. 
The sign convention for strain assumes that tension is negative. 
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Design Example: 	 900 mm Corrugated PE, 	SnlOO Backfill 

Detailed pipe geometry (for local buckling calculation) 

Crest (Element 1) 	 Width (b 

Web 
(Element 2) 	r Valley 

(Element 3) 	Height (h) 

Liner 
(Element 4) 

Period 

Idealized Corrugation 

Pipe element dimensions 

Index for defining the four section elements ..... i =1,2.. 4 

	

Element 	Total 	Element Effective 	Element 	 Width / Thickness: 

	

Number: 	Width: 	Buckling Width: 	Thickness: 

= 	 wi  = 	 tj 	 w. t.\ = 

	

1.00 	mm 	 mm 	 -= 	 I I) 

	

2.00 	91.24 
10.94 

	

3.00 	71.15 
5.85 

	

_4.00 	25.20 	 _ 	 21.94 

 

b1 t1  p 2b2 t2 + 2b3't3 s b4t4 	mm2 
Area of idealized geometry (compare to actual) 	 = 14.2°— 

b3 i-t2 i-b4 i-t2 ,-b3 	 mm 

Period of the corrugations ..... ....................................... 	Period : 	.t- 2 .t2 .- 2 	 Period = 136.50°mm 

Overall area of each period...........................................A g  :Period•A 	 Ag = 1931.17°mm2 

Note: Full section properties include 2 each of elements 2 and 3. 
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Design Example: 	 900 mm Corrugated PE, 	Sn100 Backfill 

SOIL PRESSURES AND CONSTRAINED MODULUS 

Pressure due to soil above the water tableP SPS [H_ (Hs_ 4..D )] yPsps = 98°kN.m 2 

Pressure due to soil below the water table...........P spb :oy b(HS_ 71 •D 0 i- 0.11.D 0) 	P spb = 19kNm 2 

Total vertical soil pressure .................................. 	.....(P sps I- P spb) 	 P sp = II 7°kPa 

Hydrostatic water pressure at springline 	 Hs•9.80.kNm 3 P = 20°kPa 

Soil stiffness (interpolate from Table 18.1.4.3.1 on the basis of P, note that 
hydrostatic pressure does not contribute to increasing effective soil stress) 

k I :type 	 k i = 1.00 

k2:=igcomp>97,1,if(comp>92,2,if(comp>87,3,4))) 	k 2 = 1.00 

Defining row number to be selected.......... 

r:oif(Psp< 35.kPa 1 if(Psp<69.kPa2,if(P sp<l38.kPa,3,if(P sp<275.kPa,4,if(P sp>4l3.kPa,6,5 

= 3.00 
Defining column number to be selected..... 

n 	1< 1.5,k 2 ,if{k 1<2.5, (3 fk 2) (6.i- k 2)]] 	 n = 1.00 

Vertical Soil 	Matrix of M values (MPa) for various soils at selected soilStress levels 

Stress (kPa) 	 SnlOO Sn95 Sn90 Sn85 Si95 Si90 Si85 C195 C190 C185 

7 16.2 	13.8 8.8 	3.2 9.8 	4.6 	2.5 	3.7 	1.8 	0.9 
35 23.8 	17.9 10.3 	3.6 11.5 	5.1 	2.7 	4.3 	2.2 	1.2 
69 29.0 	20.7 11.2 	3.9 12.2 	5.2 	2.8 	4.8 	2.4 	1.4 Pmet := Kniet := 
138 37.9 	23.8 12.4 	4.5 13.0 	5.4 	3.0 	5.1 	2.7 	1.6 
275 51.7 	29.3 14.5 	5.7 14.4 	6.2 	3.5 	5.6 	3.2 	2.0 
413 64.1 	34.5 17.2 	6.9 15.9 	7.1 	4.1 	6.2 	3.6 	2.4 

q :if(r5.5,6,(r.- 1)) 	 Pmetr = 69 	Pmetq = 138 

Kmet15 = 29.0 Kmetq = 37.9 

warnl :rigr>5.5, I,if(n>4.5,ign<7.5,igr>4.5, 1,0),0),0)) 

warn2 : if(waml> 0.5, "VERTICAL PRESSURE EXCEEDS RANGE OF DATA - STOP ANALYSIS" ."Ms OKAY") 

(; p~. 
_ Pmet ) 

M5 	
(Pmetq_ Pmetr) 

(}etq n_ Kmet ) Kmetrnj.MPa 	M 5 = 35.2°MPa 

Is the computed value valid? warn2 = "Ms OKAY" 



VAF = 0.34 

kN 
T s = 62.77— m 

° ch = 4.43 OMPa 

= 2.92% 
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Design Example: 	 900 mm Corrugated PE, 	SnlOO Backfill 

HOOP COMPRESSION CAPACITY (ignoring local buckling) 

.R 
Hoop stiffness factor ........................ s H : 	EA 	

S H = 7.235 

SH— 1.17 
VeicaI arching factor ...................... VAF 	0.76— 0.71 ( H 2.92) 

Ultimate thrust ................................ 	T 5 	y E05D O.(VAF.P  sp 1 P  w) 

T 5  
Ultimate hoop compression stress.... o ch A 

° ch 
Ultimate hoop compression strain ..... . c  

Check hoop compression capacity 

Status : if( .F ,> c ch' OK 'NO') 	Status = "OK" 

Adequacy h :=- 	 Adequacy h = 1.40 

° ch 
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Design Example: 	 900 mm Corrugated PE, 	SnlOO Backfill 

CAPACITY OF SECTION (considering local buckling) 

0.5 
WI  fE c  

= 2.92°% 	k :=i_. _j 	P :=it[X1>O.673±.J1 - 0.22 
xi 

1= 	 P1= 
1.00 	 [1 	 r0.59 i 

	

Slenderness factors: 	 Fractional 
Effectiveness of F0.82 -1 
each element: 	

iTö5j 

1 	 2 Effective wall area ......................... Aeff:=
.peFrMoU  .{A

g _(1_ p).w.t_ (1_p2).w2.t21 	
Aeff 11.06!_ 

mm 

Is 
0 bck A 	 0 bck = 5.67MPa 

Recheck the hoop 
compression with 	 Status:if($ •F >° bck, 	 Status = 'OK' the reduced area 	 \ f )' 	C 	 / 

Adequacy bck :=__......._.. 	 Adequacy bck = 1.09 
0 bck 

SUMMARY OF HOOP COMPRESSION CALCULATIONS 

Ultimate Hoop 	Ratio of ultimate applied hoop 
Compression 	 compression stress to ultimate 
Stress 	 hoop compression capacity 

Based on gross area 	 a ch = 643 psi 	 Adequacy h = 1.40 

Based on local buckling 	 ° bck = 823 psi 	Adequacy bck = 1.09 

Effective Area (% of gross area) 

A eff 
A%eff:. 	

A%effr78% 
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Design Example: 	 900 mm Corrugated PE, 	SnlOO Backfill 

CHECK ALLOWABLE DEFLECTION BASED ON AVAILABLE STRAIN CAPACITY 

° bck 
Hoopstrain: .............. .....................................................  

Allowable tension strain capacity for bending ..................... .bt : 
'1 E1 Y B 

Allowable compression strain capacity for bending............. E  be := 	p• tc C 

YE! YB 

Use AWWA Manual M45 Manual of Water Supply Practices 
Fiberglass Pipe Design Eq. 5-6 to relate strain to deflection: 	Eb = Df * dR * AID 

Case One - Positive bending with crest in compression 
I /Rc 

Limiting allowable deflection based on tension on inside................A i : 	bf fi 

/ R 
Limiting allowable deflection based on compression on outside.....A 2 : c bc 	- f C0fl 

Case Two - Negative bending with valley in compression 

Limiting allowable deflection based on compression on inside........A :e bc(D--j) 

Limiting allowable deflection based on tension on outside ............. A 4 : 	bf(D)-) 

A 1  

Determine the service level deflection by extracting the
A  2 

minimum factored deflection from the above two cases................. A  SLD —ml 
A 3  

A 4  

DESIGN SUMMARY: 

Depth of fill.................................................H = 6.71 m 

Density of fill ................................................ 	y S = 18.85*kNm 

Hoop Thrust Evaluation................................Adequacy bck = 1.09 

Allowable bending deflection ........................ A SLD = 

A hoop :=' c1 E 	 A hoop = 1.9*% 

Total allowable change in vertical diameter.... A SLD  A  hoop = 

= 3.74% 

6.28 

E 
be = 2.110*/* 

A I = 15.6'% 

A 2  = 3.51*0/6 

A = 5.42*% 

A 4 = 10.1**/o 

A SLD 
= 350*/a  
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Design Example: 	 600 mm Corrugated PVC, 	SnlOO Backfill 

DESIGN INPUT 

Pipe Geometry, Pipe Section and Material Properties, Soil Properties 

Inside 	diameter ............................................. ID i= 609.6mm 50-year modulus..................... E = 1088.62oMPa 

Centroidal diameter ....................................... D C = 634.0mm 50-year strength ..................... F 	= 17.9IoMPa 

Outside diameter .......................................... D0  = 665.0°mm Earth load factor ..................... YE = 1.95 

Pipe wall area per inch length ......................... A=9.3°mm2'mm 1  Bending combined factor ......... .B  = 1.50 

Pipe wall mom, of inertia per in. length............ I = 983.2 mm —_-- Shape factor............. 	............. D = 6.00 
mm 

Edge support coefficient.......... k = 4.00 
Total depth of fil over top of pipe ...................... H= 6.71 m 

Resistance factor for the pipe... 4) P = 1.00 

Depth of water above springline....................... Hs = 1.86°m Resistance factor for the soil.... 4) 	= 0.90 

Unit weight of wet soil.... ................................ ..= 1 8.85°kNm 3  

Unit weight of bouyant soil ............................. .Yb = I 1.78°kN'm 3  

Soil type (Sn, Si or Cl) ............................... 	soiltype = "Sn" 

Compaction (100, 95, 90 or 85). Note that 100 
is not available for Si and Cl soils) ................ 	comp = 100 

Additional properties for global behavior of pipe wall 

Centroidal radius of the pipe ......................................... R 	:=0.5.D = 317.0°mm 

Distance to extreme inside fiber of the pipe wall............. c in : 	0.5.(D C  - Di) c in = 12.2mm 

Distance to extreme outside fiber of the pipe wall ........... 00ut  :=0.5.(D0 - D) c out = 15.5°mm 

Strain Limits 

Factored hoop compression strain at yield strength F 
(computedfrom long term modulus and strength) 

hc :- hc = 1.65'0/6 

Limiting total compression ........................................... .tc 	15t hc E tc 	2.470/o 

Limiting total tension strain.......................................... .. : 	1.53.5% C 	= 5.25o0/o 

Notes: Tension strain is based on a factor of safety times the allowable strain. 
The sign convention for strain assumes that tension is negative. 
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Design Example: 	 600 mm Corrugated PVC, 	SnlOO Backfill 

Detailed pipe geometry (for local buckling calculation) 

	

Crest (Element 1) 	 I Width (b 
--------------------- 

	

I 	I 

- Web 

	

(Element 2) A0 	Valley 

/ 	(Element 3) 	Height (h) 

Liner 
(Element 4) 

Period 

Idealized Corrugation 

Pipe element dimensions 

Index for defining the four section elements ..... i:r 1,2.. 4 

Element 	Total 	Element Effective 	Element 	 Width / Thickness: 
Number: 	Width: 	Buckling Width: 	Thickness: 

= 	 b1 := 	 w1:; 	 t1 := 	 w1.(t1)- ' = 

EIII1 	1.351in 	 1.053in 	10J30'in 	 iIi10  L1 
[] 	0.959in 	 0.764in 	0.149in 	 5.13 

3.00 	0.168in 	 0.336in 	0.1951n 	 1.72 

4.00 	1.267in 	 1.267in 	0.1351n 	 939 

mm2  

	

Area of idealized geometry (compare to actual) 	 9.3°— 
b3 i-t2 i-b4 j-t2 +b3 	mm 

Period of the corrugations............................................Period :=b4+ 242 i- 2b3 	Period = 48.29°mm 

Overall area of each period ........................................... 	A g  :rPeriod.A 	 A g  = 450.11°mm2  

Note: Full section properties include 2 each of elements 2 and 3. 
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Design Example: 	 600 mm Corrugated PVC, 	SnlOO Backfill 

SOIL PRESSURES AND CONSTRAINED MODULUS 

Pressure due to soil above the water table ........... p sps : [H_ (Fis - 4..D ) }y 	 98kNnc2 

Pressure due to soil below the water table........... 	spb :y b(HS - 
1. 
	+ 0.11 Do) 	spb = 19°kNm 2 

Total vertical soil pressure..................................P sp 	(P sps t- P spb) 	 ' s 	116.4kPa 

Hydrostatic water pressure at springline .............. 1' := Hs9.80kN•m 3 P = I 8°kPa 

Soil stiffness (interpolate from Table 18.1.4.3.1 on the basis of P, note that 
hydrostatic pressure does not contribute to increasing effective soil stress) 

k 1 :=type 	 k i = 1.00 

k 2 :=igcomp>97,1,itcomp>92,2,igcomp>87,3,4))) k 2 = 1.00 

Defining row number to be selected.......... 

r:if(Psp< 35.kPa 1 if(Pspz69.kPa2if(P sp<138.kPa3if(P sp<275.kPa4if(P sp>413.kPa,6,5))))) 

r= 3.00 
Defining column number to be selected..... 

n :=if[k l <1.5,k 2,if{k 1 2.5(31k 2),(6i-k 2)]J 	 n = 1.00 

Vertical Soil 	
Matrix of M5 values (MPa) for various soils at seiected soil Stress ieveis 

Stress (kPa) 	 SnlOO Sn95 Sn90 Sn85 Si95 Si90 Si85 C195 C190 C185 

7 16.2 	13.8 8.8 	3.2 9.8 	4.6 	2.5 	3.7 	1.8 	0.9 

35 23.8 	17.9 10.3 	3.6 11.5 	5.1 	2.7 	4.3 	2.2 	1.2 

69 29.0 20.7 11.2 	3.9 12.2 	5.2 	2.8 	4.8 	2.4 	1.4 
Pmet := Kmet 

138 37.9 23.8 12.4 	4.5 13.0 	5.4 	3.0 	5.1 	2.7 	1.6 
275 51.7 	29.3 14.5 	5.7 14.4 	6.2 	3.5 	5.6 	3.2 	2.0 

413 64.1 	34.5 17.2 	6.9 15.9 	7.1 	4.1 	6.2 	3.6 	2.4 

q :=igr>5.5,6,(r.s 1)) 	 Pmetr = 69 	Pmetq 138 

Kmetrn = 29.0 Kmetq5 = 37.9 

warni 	igr>5.5, 1, if(n>4.5, ifn<7.5, if(r>4.5, 1 ,0),0),0)) 

warn2 := igwaml> 0.5, "VERTICAL PRESSURE EXCEEDS RANGE OF DATA - STOP ANALYSIS" ,'Ms OKAY") 

Pmet 
(;~a - 	

) 

	

I
.MPa M5 :rPmetq_ Pmetr) .(IC.metq,5_ fetr ) ~ Kmetrn 	Ms = 35.1"a 

Is the computed value valid? warn2 = "Ms OKAY" 
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Design Example: 	 600 mm Corrugated PVC, 	Sf100 Backfill 

HOOP COMPRESSION CAPACITY (ignoring local buckling) 

Hoop stiffness factor ........................ S H : 	EA c 
	

S H = 0.987 

SH— 1.17 
Vertical arching factor ...................... VAF :O.76_ 0.71.(S292) 	 VAF = 0.79 

kN 
Ultimate thrust ................................ .T s :y E05D 0 (''AF'P sp1  Pw) 	

T s =71.71 

T 5  
Ultimate hoop compression stress.... a ch ch 

	

° ch = 7.69°MPa 

a 
Ultimate hoop compression strain ..... t =-- 	 0.71/ 

Check hoop compression capacity 

Status :rrif( 	.Fy>a ch,  OK ,NG) 	Status = 'OK' 

Adequacyh :=_.- 	 Adequacy h = 2.33 

° ch 
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Design Example: 	 600 mm Corrugated PVC, 	Sn100 Backfill 

CAPACITY OF SECTION (considering local buckling) 

0.5 
W1 	 I 	O.22\ 1 

)1I E c = O.71°% 	) 	 P :=i 	>O673 ,. 
	xi  i 	j 

Pi 

F

fl 	 [1 	 1.00 

1 	
Slenderness factors 	 Fractional 

Effectiveness of IThi 
each element: 	H-1 

Effectivewall area ......................... A eff P [A_ 	(i_ p1).w.t_ (i_ p2).w2.t21 	
Aeff 9.32°f 

mm 

T 5  
0 bck 

	

	 0 bck = 7.69MPa 
eff 

Recheck the hoop 
compression with 	 Status if(0 P  .F>o bck,  'OK,NG) 	 Status = OK 
the reduced area 

Adequacy bck :r________ 	 Adequacy bck = 2.33 
' bck 

SUMMARY OF HOOP COMPRESSION CALCULATIONS 

Ultimate Hoop 	Ratio of ultimate applied hoop 
Compression 	 compression stress to ultimate 
Stress 	 hoop compression capacity 

Based on gross area 	 a ch = 1116°psi 	 Adequacy h = 2.33 

Based on local buckling 	 a bck = 11 16°psi 	Adequacy bck = 2.33 

Effective Area (% of gross area) 

A eff 
A%eff: 	 A%eff 1000/o 
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Design Example: 	 600 mm Corrugated PVC, 	SnlOO Backfill 

CHECK ALLOWABLE DEFLECTION BASED ON AVAILABLE STRAIN CAPACITY 

Hoopstrain: ................................................................... 	C C := __E__ 
°bck 

Allowable tension strain capacity for bending ..................... 	bt : 	
( 	

C C)  
I bt = 3.744'o 

E bc := Allowable compression strain capacity for bending ............. 
lB 

P 	tC 	C 

I 

bc = 1.28 0/6 

Use AWWA Manual M45 Manual of Water Supply Practices 
Fiberglass Pipe Design Eq. 5-6 to relate strain to deflection: Eb - -  D * C JR * 	/D 

Case One - Positive bending with crest in compression 

Limiting allowable deflection based on tension on inside............... A i := 	bt()(-) c in 
A i = 16.2001*  

Limiting allowable deflection based on compression on outside ..... A 2 :=rbc()- out ) 
A 2 = 4.38° % 

Case Two - Negative bending with valley in compression 

Limiting allowable deflection based on compression on inside ....... A 	:=c bc()j) 
I /R 

A 	= 5.56 00/o 

Limiting allowable deflection based on tension on outside .............. . 4  :=c  bt(D)(Z) out 
12.8/* 

 

hA 

minimum factored deflection from the above two cases................. 
Determine the service level deflection by extracting the 	A SLD .- mmj A 

	
A SLD = 4.1e° 

[[A 4]] 
DESIGN SUMMARY: 

Depth of fill ................................................. 	H= 6.71 m 

Density of fill ............................................... 	..= 18.85'kNm 

Hoop Thrust Evaluation................................Adequacy bck = 2.33 

Allowable bending deflection........................A SLD = 4400/ 

A hoop :=c CY E 	 A hoop = 

Total allowable change in vertical diameter.... A SLD  A  hoop = 4.74 



Section: 	A24 Corrugated HDPE 24 in. Inside Diameter 
Element 1 Element 2 	Element 3 Element 4 

(Crest) (Web) 	(Valley) (Liner) 	 E = 22000 psi 
I (in.) 	2.62 1.94 	0.24 2.31 	 k = 4 

(in.) 	0.08 0.10 	0.22 0.10 	 Ag = 0.92 in12 
w (in.) 	2.42 1.71 	0.47 2.31 	 lg = 0.58 in4 

w/t 	32.14 16.59 	2.19 24.24 	 h = 2.02 in 

Installation Conditions 
c-in (y-bar) = 0.87 in. 

Ms = 2000 psi c-out (y-bar) = 1.15 in. 
Soil density = 120 pcf R-centr. = 12.87 in. 

Design Factors Df = 6.00 
Earth load factor = 2 	Limiting total compressive strain = -6.14% 

0mb str. load factor = 1.5 Limiting tensile strain = 7.50% 
Phi-soil = 0.9 
Phi-pipe 1.00 

0.308 in.2Iin. 
0.195 in.MIin. 

	

c-inh(c-in+cout)= 	0.43 

	

EAJR= 	525.9 

SI 
7.815811 area 
13.7931 Ms 

3.6 depth 
3.83% defi 

6.206897 
17.93 103 

Example Calculations 

Positive moment is compression on the liner side. 
Evaluate elements 1,3, and 4 on combined strain, evaluate Element 2 based on hoop compression strain 
Positive stress/strain = Tension 

A. Check on Basis of Maximum Possible Deflection 
Positive moment region (Bending causes tension on inside surface) 
Factored Factored Available for Factored 

Comp Comp Bending Bending Vert. Total Total - 
Stress strain Strain-in Strain-out DefI. Strain-in Strain-out Elem. I 
(psi) (%) (%) (%) (%) (%) (%) 

0 0.00% 7.50% -6.14% 11.5% 4.67% -6.14% 0.237 
-200 -0.91% 8.18% -5.45% 10.2% 3.24% -6.36% 0.233 
-400 -1.82% 8.86% -4.77% 8.9% 1.81% -6.59% 0.229 
-600 -2.73% 9.55% -4.09% 7.7% 0.38% -6.82% 0.226 
-655 -2.98% 9.73% -3.90% 7.3% -0.01% -6.88% 0.225 
-800 -3.64% 10.23% -3.41% 6.4% -1.04% -7.05% 0.222 
-900 -4.09% 10.57% -3.07% 5.7% -1.76% -7.16% 0.221 

Negative moment region (Bending causes tension on outside Surface) 
Available for Factored 

Comp Comp Bending Bending Vert. Total Total - 
Stress strain Strain-in Strain-out Defi. Strain-in Strain-out Elem. I 
(psi) (%) (%) (%) (%) (%) (%) 

0 0.00% -6.14% 7.500% 14.0% -5.70% 7.50% 1.000 
-200 -0.91% -5.45% 8.18% 13.4% -6.36% 6.26% 1.000 
-400 -1.82% -4.77% 8.86% 11.7% -6.59% 4.46% 1.000 
-600 -2.73% -4.09% 9.55% 10.1% -6.82% 2.65% 1.000 
-655 -2.98% -3.90% 9.73% 9.6% -6.88% 2.16% 1.000 
-800 -3.64% -3.41% 10.23% 8.4% -7.05% 0.85% 1.000 
-900 -4.09% -3.07% 10.57% 7.5% -7.16% -0.06% 1.000 

Factored 
Load 

rho Effective Effective Area I Carrying 
Elem. 2 Elem. 3 Elem. 4 Area I Reduction Reduction Capacity 

(inA2/in.) (mM/in.) (%) (%) (lbs/in.) 
1.000 1.000 1.000 0.26 0.121 16% 38% 0 
0.913 1.000 1.000 0.25 0.109 20% 44% 98 
0.718 1.000 1.000 0.22 0.089 29% 54% 175 
0.613 1.000 1.000 0.20 0.080 33% 59% 246 
0.591 1.000 1.000 0.20 0.079 34% 60% 264 
0.544 1.000 0.664 0.17 0.068 45% 65% 273 
0.518 1.000 0.537 0.16 0.063 49% 67% 283 

Factored 
Load 

rho Effective Effective Area I Carrying 
Elem. 2 Elem. 3 Elem. 4 Area I Reduction Reduction Capacity 

(ln2/ln.) (mM/In.) (%) (%) (lbs/in.) 
1.000 1.000 0.319 0.26 0.154 16% 21% 0 
0.913 1.000 0.304 0.24 0.143 20% 27% 98 
0.718 1.000 0.299 0.22 0.126 29% 35% 175 
0.613 1.000 0.294 0.20 0.119 34% 39% 245 
0.591 1.000 0.293 0.20 0.118 35% 39% 263 
0.544 1.000 0.290 0.19 0.116 37% 40% 311 
0.518 1.000 0.287 0.19 0.115 38% 41% 343 

Hoop VAF 	Allowable lAllowable 
Stiffness 	 Depth Deflection 
Factor 	 I of Fill 

(psi) (It) 
3.42 0.51 0.0 
3.42 0.51 4.1 
3.42 0.51 7.4 
3.42 0.51 10.3 
3.42 0.51 11.1 
3.42 0.51 11.5 
3.42 0.51 11.9 

Hoop VAF AllowabI 
Stiffness Depth 
Factor of Fill 

(psi) (It) 
3.42 0.51 0.0 
3.42 0.51 4.1 
3.42 0.51 7.4 
3.42 0.51 10.3 
3.42 0.51 11.1 
3.42 0.51 13.1 
3.42 0.51 14.5 

(%) 
7.65% 

5.1 

(%) 
7.0 
6.7 

4.19% 



Hoop 	VAF Allowable Ailowat 
Stiffness Depth Deflect 
Factor of Fill 

(psi) (if) (%) 
4.93 	0.42 0.0 10.6 
4.93 	0.42 3.8 9.4 
4.93 	0.42 7.3 8.3 
4.93 	0.42 10.3 7.1 
4.93 	0.42 10.9 6.7 
4.93 	0.42 11.7 5.9 
4.93 	0.42 12.5 5.3 

Hoop 	VAF Allowable Allowable 
Stiffness Depth Deflection 
Factor of Fill 

(psi) (if) (%) 
4.93 	0.42 0.0 9.78% 
4.93 	0.42 3.8 10.40% 
4.93 	0.42 7.1 9.10% 
4.93 	0.42 10.0 7.80% 
4.93 	0.42 10.8 7.45% 
4.93 	0.42 12.8 6.50% 
4.93 	0.42 14.1 5.85% 

Example Calculations 

Section: 	B48 	Corrugated HDPE 48 in. Inside Diameter 
Element 1 Element 2 	Element 3 Element 4 

(Crest) 	(Web) 	(Valley) 	(Liner) E = 22000 psi 
I (in.) 	3.50 	2.56 	0.91 	3.56 k = 4 
(in.) 	0.14 	0.19 	0.28 	0.12 Ag = 2.40 in2 0.417 in.2/in. 

w(in.) 	3.12 	2.28 	1.82 	3.56 lg= 2.65 mM 0.459 mM/in. 
w/t 	22.29 	12.00 	6.50 	29.67 h = 2.70 in 

Installation Conditions SI 
c-In (y-bar) = 1.10 in. c-in/(c-in+cout)= 	0.41 10.58157 area 

Ms = 	2000 psi c-out (y-bar) = 1.60 in. EA/R = 	365.2 13.7931 Ms 
Soil density = 	120 pcf R-centr. = 25.10 in. 3.8 depth 

Design Factors Df = 6.00 5.34% defi 
Earth load factor = 	2 	Limiting total compressive strain = -6.14% 

omb str. load factor = 	1.5 	 Limiting tensile strain = 7.50% 
Phi-soil = 	0.9 
Phi-pipe 	1.00 

Positive moment is compression on the liner side. 
Evaluate elements 1,3, and 4 on combined strain, evaluate Element 2 based on hoop compression strain 
Positive stress/strain = Tension 

A. Check on Basis of Maximum Possible Deflection 
Positive moment region (Bending causes tension on inside surface) Factored 
Factored Factored Available for Factored Load 

Comp Comp Bending Bending Vert. Total Total rho Effective Effective Area I Carrying 
Stress strain Strain-in Strain-out Deft. Strain-in Strain-out Elem. I Elem. 2 Elem. 3 Elem. 4 Area I Reduction Reduction Capacity 
(psi) (%) (%) (%) (%) (%) (%) (ifl2/ifl.) (mM/in.) (%) (%) (lbs/in.) 

0 0.00% 7.50% -6.14% 16.0% 4.20% -6.14% 0.333 1.000 1.000 1.000 0.36 0.305 14% 34% 0 
-200 -0.91% 8.18% -5.45% 14.2% 2.82% -6.36% 0.328 1.000 1.000 1.000 0.36 0.303 14% 34% 144 
-400 -1.82% 8.86% -4.77% 12.4% 1.44% -6.59% 0.323 0.900 1.000 1.000 0.34 0.274 18% 40% 274 
-600 -2.73% 9.55% -4.09% 10.7% 0.07% -6.82% 0.318 0.785 1.000 1.000 0.32 0.246 23% 47% 387 
-655 -2.98% 9.73% -3.90% 10.2% -0.31% -6.88% 0.316 0.761 1.000 0.890 0.31 0.236 26% 49% 406 
-800 -3.64% 10.23% -3.41% 8.9% -1.31% -7.05% 0.313 0.706 1.000 0.513 0.27 0.208 . 35% 55% 436 
-900 -4.09% 10.57% -3.07% 8.0% -1.99% -7.16% 0.311 0.675 1.000 0.427 0.26 0.198 37% 57% 469 

Negative moment region (Bending causes tension on outsIde surface) Factored 
Available for Factored Load 

Comp Comp Bending Bending Vert. Total Total rho - Effective Effective Area I Carrying 
Stress strain Strain-in Strain-out Deft. Strain-in Strain-out Elem. I Elem. 2 Elem. 3 Elem. 4 Area i Reduction Reduction Capacity 
(psi) (%) (%) (%) (%) (%) (%) (ifl2/in.) (mM/in.) (%) (%) (lbs/in.) 

0 0.00% -6.14% 7.500% 19.6% -5.13% 7.50% 1.000 1.000 0.953 0.278 0.36 0.388 14% 16% 0 
-200 -0.91% -5.45% 8.18% 20.8% -6.36% 7.07% 1.000 1.000 0.892 0.252 0.35 0.378 16% 18% 141 
-400 -1.82% -4.77% 8.86% 18.2% -6.590A 5.16% 1.000 0.900 0.882 0.247 0.33 0.352 20% 23% 267 
-600 -2.73% 4.09% 9.55% 15.6% -6.82% 3.26% 1.000 0.785 0.873 0.244 0.31 0.328 25% 29% 376 
-655 -2.98% -3.90% 9.73% 14.9% -6.88% 2.73% 1.000 0.761 0.870 0.242 0.31 0.323 26% 30% 404 
-800 -3.64% -3.41% 10.23% 13.0% -7.05% 1.35% 1.000 0.706 0.864 0.240 0.30 0.314 28% 32% 478 
-900 -4.09% -3.07% 10.57% 11.7% -7.16% 0.40% 1.000 0.675 0.859 0.238 0.29 0.309 30% 33% 527 



Example Calculations 

SectIon: 	C24 Corrugated PVC 24 in. Inside Diameter 
Element 1 Element 2 	Element 3 Element 4 

(Crest) (Web) 	(Valley) (Liner) E = 158000 psi 
I (in.) 	1.35 0.96 	0.17 1.27 k= 4 
(in.) 	0.13 0.15 	0.20 0.14 Ag = 0.70 in2 0.367 in.2/in. 

w(in.) 	1.05 0.79 	0.34 1.27 1g = 0.11 mM 0.060 mM/in. 
w/t 	8.09 5.32 	1.72 9.41 h = 1.09 in 

Installation Conditions 
c-in (y-bar) = 0.48 in. c-in/(c-mn+cout)= 

Ms = 2000 psi c-out (y-bar) = 0.61 	in. EAIR = 
Soil density = 120 pcf R-centr. = 12.48 in. 

Design Factors Of = 6.00 
Earth load factor = 2 Limiting total compressive strain. = -2.47% 

omb str. load factor = 1.5 Limiting tensile strain = 5.25% 
Phi-soil = 0.9 
Phi-pipe 1.00 

Positive moment is compression on the liner side. 
Evaluate elements 1, 3, and 4 on combined strain, evaluate Element 2 based on hoop compression strain 
Positive stress/strain = Tension 

A. Check on Basis of Maximum Possible Deflection 
Positive moment region (Bending causes tension on inside surface) 
Factored Factored Available for Factored 

Comp 	Comp Bending 	Bending Vert. Total 	Total rho 
Stress 	strain Strain-in 	Strain-out Deft. Strain-in 	Strain-out Elem. I 	Elem. 2 Elem. 3 Elem. 4 
(psi) 	(%) (%) 	(%) (%) (%) 	(%) 

0 	0.00% 5.25% 	-2.47% 8.4% 1.94% 	-2.47% 1.000 	1.000 1.000 1.000 
-600 	-0.38% 5.53% 	-2.18% 7.5% 1.34% 	-2.56% 1.000 	1.000 1.000 1.000 

-1000 	-0.63% 5.72% 	-1.99% 6.8% 0.94% 	-2.63% 1.000 	1.000 1.000 1.000 
-1222 	-0.77% 5.83% 	-1.89% 6.4% 0.71% 	-2.66% 1.000 	1.000 1.000 1.000 
-1800 	-1.14% 6.10% 	-1.61% 5.5% 0.13% 	-2.75% 1.000 	1.000 1.000 1.000 
-2200 	-1.39% 6.29% 	-1.42% 4.9% -0.27% 	-2.82% 0.996 	1.000 1.000 1.000 
-2600 	-1.65% 6.48% 	-1.23% 4.2% -0.67% 	-2.88% 0.990 	1.000 1.000 1.000 

Negative moment region (Bending causes tension on outside surface) 
Available for Factored 

Comp 	Comp Bending 	Bending Vert. Total 	Total rho 
Stress 	strain Strain-in 	Strain-out Deft. Strain-in. 	Strain-out Elem. 1 	Elem. 2 Elem. 3 Elem. 4 
(psi) 	(%) (%) 	(%) (%) (%) 	(%) 

0 	0.00% -2.47% 	5.250% 10.7% -2.47% 	3.13% 1.000 	1.000 1.000 0.950 
-600 	-0.38% -2.18% 	5.53% 9.5% -2.56% 	2.39% 1.000 	1.000 1.000 0.940 

-1000 	-0.63% -1.99% 	5.72% 8.6% -2.63% 	1.90% 1.000 	1.000 1.000 0.933 
-1222 	-0.77% -1.89% 	5.83% 8.2% -2.66% 	1.62% 1.000 	1.000 1.000 0.930 
-1800 	-1.14% -1.61% 	6.10% 7.0% -2.75% 	0.91% 1.000 	1.000 1.000 0.920 
-2200 	-1.39% -1.42% 	6.29% 6.2% -2.82% 	0.42% 1.000 	1.000 1.000 0.914 
-2600 	-1.85% -1.23% 	6.48% 5.4% -2.88% 	.0.08% 1.000 	1.000 1.000 0.908 

Si 
0.44 
	

9.328244 area 
4650 
	

13.7931 Ms 
14.3 depth 

2.81% deft 

Factored Hoop VAF Allowable Allowable 
Load Stiffness Depth Deflection 

Effective Effective Area I Carrying Factor of Fill 
Area I Reduction Reduction Capacity 

(in2Iin.) (mM/in.) (%) (%) (lbs/in.) (psi) (ft) (%) 
0.37 0.060 0.0% 0.0% 0 0.39 0.93 0.0 5.62% 
0.37 0.060 0.0% 0.0% 441 0.39 0.93 10.9 4.97% 
0.37 0.060 0.0% 0.0% 735 0.39 0.93 18.1 4.54% 
0.37 0.060 0.0% 0.0% 898 0.39 0.93 22.2 4.30% 
0.37 0.060 0.0% 0.0% 1322 0.39 0.93 32.7 3.67% 
0.37 0.059 0.1% 0.2% 1614 0.39 0.93 39.9 3.24% 
0.37 0.059 0.3% 0.5% 1905 0.39 0.93 47.0 2.81% 

Factored Hoop VAF Allowable Allowable 
Load Stiffness Depth Deflection 

Effective Effective Area I Carrying Factor of Fill 
Area I Reduction Reduction Capacity 

(in2/in.) (mM/in.) (%) (%) (lbs/in.) (psi) (ft) (%) 
0.36 0.059 1% 1% 0 0.39 0.93 0.0 5.35% 
0.36 0.059 1% 2% 434 0.39 0.93 10.7 4.73% 
0.36 0.059 2% 2% 722 0.39 0.93 17.8 4.32% 
0.36 0.059 2% 2% 882 0.39 0.93 21.8 4.09% 
0.36 0.058 2% 2% 1296 0.39 0.93 32.0 3.50% 
0.36 0.058 2% 2% 1582 0.39 0.93 39.1 3.09% 
0.36 0.058 2% 2% 1866 0.39 0.93 46.1 2.68% 



Example Calculations 

Section: 	D48 	Honeycombed HDPE 	 48 in. Inside Diameter 
Element 1 Element 2 Element 3 Element 4 Element 5 
(Liner 1-top Liner 2-bot (Web ic) Web 2trto Web 3trbo 	E = 22000 psi 

I (in.) 	2.53 	2.53 	1.00 	1.00 	1.00 	k = 4 

t(in.) 	0.09 	0.09 	0.10 	0.10 	0.10 	Ag = 1.09 in2 0.430 in.2/in. 

w (in.) 	1.88 	1.88 	0.88 	1.00 	1.00 	Ig = 1.12 inA4 0.444 in.MIin. 

w/t 	20.00 	20.00 	4.29 	8.62 	8.62 	h = 2.66 in. 

Installation Conditions 
c-in (y-bar) = 1.332 in. c-in/(c-in+cout) 	0.50 

Ms = 	2000 psi 	 c-out (y-bar) = 1.332 in. EA/R = 	373.4 

Soil density = 	120 pcf 	 R-centr. = 25.33 in. 

Design Factors 	 Df = 6.0 

Earth load factor = 	2 	Limiting total compressive strain = -6.14% 

Comb str. load factor = 	1.5 	 Limiting tensile strain = 7.50% 

Phi-soil = 	0.9 
Phi-pipe 	1.00 

Positive moment is compression on the liner side. 
Evaluate elements 1 and 2 on combined strain, evaluate other elements based on hoop compression strain 
Positive stress/strain = Tension 

St 
10.91 939 area 

13.7931 Ms 
6.3 depth 

4.86% defl 

A. Check on Basis of Maximum Possible Deflection 
Positive moment region (Bending causes tension on insIde surface) 

Factored Factored Available for Factored 
Comp Comp Bending Bending Vert. Total Total rho 

Stress strain Strain-in Strain-out Defi. Strain-in Strain-out Elem. 1 Elem. 2 Elem. 3 Elem. 4 Elem. 5 

(psi) (%) (%) (%) (%) (%) (%) 

0 0.00% 7.50% -6.14% 19.5% 6.14% -6.14% 0.368 1.000 1.000 1.000 1.000 

-200 -0.91% 8.18% -5.45% 17.3% 4.55% -6.36% 0.362 1.000 1.000 1.000 1.000 

-400 -1.82% 8.86% -4.77% 15.1% 2.95% -6.59% 0.356 1.000 1.000 1.000 1.000 

-600 -2.73% 9.55% -4.09% 13.0% 1.36% -6.82% 0.351 1.000 1.000 0.971 0.971 

-655 -2.98% 9.73% -3.90% 12.4% 0.93% -6.88% 0.349 1.000 1.000 0.947 0.947 

-800 -3.64% 10.23% -3.41% 10.8% -0.23% -7.05% 0.346 1.000 1.000 0.891 0.891 

-900 4.09% 10.57% -3.07% 9.7% -1.02% -7.16% 0.343 0.774 1.000 0.858 0.858 

Negative moment region (Bending causes tension on outside surface) 
Available for Factored 

Comp Comp Bending Bending Vert. Total Total rho 

Stress strain Strain-in Strain-out Defi. Strain-in Strain-out Elem. 1 Elem. 2 Elem. 3 Elem. 4 Elem. 5 

(psi) (%) (%) (%) (%) (°,b) (%) 

0 0.00% -6.14% 7.500% 19.5% -6.14% 6.14% 1.000 0.368 1.000 1.000 1.000 

-200 -0.91% -5.45% 8.18% 17.3% -6.36% 4.55% 1.000 0.362 1.000 1.000 1.000 

-400 -1.82% -4.77% 8.86% 15.1% -6.59% 2.95% 1.000 0.356 1.000 1.000 1.000 

-600 -2.73% -4.09% 9.55% 13.0% -6.82% 1.38% 1.000 0.351 1.000 0.971 0.971 

-655 -2.98% -3.90% 9.73% 12.4% -6.88% 0.93% 1.000 0.349 1.000 0.947 0.947 

-800 -3.64% -3.41% 10.23% 10.8% -7.05% -0.23% 1.000 0.348 1.000 0.891 0.891 

-900 -4.09% -3.07% 10.57% 9.7% -7.16% -1.02% 0.774 0.343 1.000 0.858 0.858 

Factored Hoop VAF Allowable Allowable 
Load Stiffness Depth Deflection 

Effective Effective Area I Carrying Factor of Fill 
Area I Reduction Reduction Capacity 

(in21in.) (in.MIin.) (%) (%) (lbs/in.) (psi) (ft) (%) 
0.37 0.33 14% 25% 0 8.04 0.32 0.0 9.73% 
0.37 0.33 14% 25% 148 8.04 0.32 5.3 8.65% 
0.37 0.39 14% 12% 295 8.04 0.32 10.6 7.57% 
0.36 0.38 15% 14% 437 8.04 0.32 15.6 6.49% 
0.36 0.38 16% 15% 472 8.04 0.32 16.8 6.19% 
0.35 0.38 18% 18% 581 8.04 0.32 20.0 5.409A 
0.32 0.33 25% 25% 583 8.04 0.32 20.8 4.869A 

Factored Hoop VAF Allowable Allowable 
Load Stiffness Depth Deflection 

Effective Effective Area I Carrying Factor of Fill 
Area I Reduction Reduction Capacity 

(in2fin.) (mM/in.) (%) (%) (lbs/in.) (psi) (It) (%) 
0.37 0.22 14% 51% 0 8.04 0.32 0.0 9.731A 
0.37 0.22 14% 51% 148 8.04 0.32 5.3 8.659A 
0.37 0.42 14% 5% 295 8.04 0.32 10.6 7.579A 
0.36 0.41 15% 7% 437 8.04 0.32 15.6 6.489A 

0.36 0.41 16% 8% 472 8.04 0.32 16.8 6.1991 
0.35 0.39 18% 11% 561 8.04 0.32 20.0 5.4091 
0.32 0.36 25% 20% 583 8.04 0.32 20.8 4.8691 



SectIon: 	E36 Corrugated HDPE 36 in. Inside Diameter 
Element 1 Element 2 	Element 3 Element 4 

(Crest) (\Neb) 	(Valley) (Liner) E = 22000 psi 
I (in.) 	3.59 2.80 	0.99 2.94 k = 4 
(in.) 	0.19 0.23 	0.34 0.13 Ag = 2.99 in2 

w(in.) 	3.14 2.46 	1.98 2.94 Ig = 4.00 in4 
w/t 	16.89 10.94 	5.85 21.96 h = 2.99 in 

Installation Conditions 
c-in (y-bar) = 1.28 in. 

Ms = 2000 psi c-out (y-bar) = 1.71 	in. 
Soil density = 120 pcf R-centr. = 19.28 in. 

Design Factors Df = 6.00 
Earth load factor = 2 	Limiting total compressive strain = -6.14% 

0mb str. load factor = 1.5 Limiting tensile strain = 7.50% 
Phi-soil = 0.9 
Phi-pipe 1.00 

0.557 in.2Jin. 
0.745 n.M/in. 

	

c-in/(c-in+cout)= 	0.43 

	

EAJR = 	635.9 

SI 
14.15725 area 
13.7931 Ms 

5.5 depth 
3.86% defi 

Example Calculations 

00 

Positive moment is compression on the liner side. 
Evaluate elements 1, 3, and 4 on combined strain, evaluate Element 2 based on hoop compression strain 
Positive stress/strain = Tension 

A. Check on Basis of Maximum Possible Deflection 
Positive moment region (Bending causes tension on Inside surface) 
Factored Factored Available for Factored 

Comp Comp Bending Bending Vert. 	Total Total - 
Stress strain Strain-in Strain-out Dell. 	Strain-in Strain-out Elem. 1 
(psi) (%) (%) (%) (%) 	(%) (%) 

0 0.00% 7.50% -6.14% 11.6% 	4.61% -6.14% 0.428 
-200 -0.91% 8.18% -5.45% 10.3% 	3.19% -6.36% 0.421 
-400 -1.82% 8.86% -4.77% 9.0% 	1.77% -6.59% 0.414 
-600 -2.73% 9.55% -4.09% 7.7% 	0.35% -6.82% 0.408 
-655 -2.98% 9.73% -3.90% 7.4% -0.04% -6.88% 0.407 
-800 -3.64% lo.23r/o -3.41% 6.4% 	-1.07% -7.05% 0.402 
-900 -4.09% 10.57% -3.07% 5.8% 	-1.78% -7.16% 0.399 

Negative moment region (Bending causes tension on outside surface) 
Available for Factored 

Comp Comp Bending Bending Vert. 	Total Total - 
Stress strain Strain-in Strain-out Dell. 	Strain-in Strain-out Elem. I 
(psi) (%) (%) (%) (%) 	(%) (%) 

0 0.00% -6.14% 7.500% 14.1% 	-5.64% 7.50% 1.000 
-200 -0.91% -5.45% 8.18% 13.7% -6.36% 6.35% 1.000 
-400 -1.82% -4.77% 8.86% 12.0% 	-6.59% 4.530A 1.000 
-600 -2.73% -4.09% 9.55% 10.3% 	-6.82% 2.71% 1.000 
-656 -2.98% -3.90% 9.73% 9.8% -6.88% 2.21% 1.000 
-800 -3.64% -3.41% 10.23% 8.5% 	-7.05% 0.90% 1.000 
-900 -4.09% -3.071/. 10.57% 7.7% 	-7.16% -0.01% 1.000 

Factored 
Load 

rho Effective Effective Area I Carrying 
Elem. 2 Elem. 3 Elem. 4 Area I Reduction Reduction Capacity 

(inA2Jin.) (mM/in.) (%) (%) (lbs/In.) 
1.000 1.000 1.000 0.49 0.532 13% 29% 0 
1.000 1.000 1.000 0.49 0.529 13% 29% 194 
0.951 1.000 1.000 0.47 0.504 15% 32% 378 
0.837 1.000 1.000 0.45 0.455 20% 39% 535 
0.812 1.000 1.000 0.44 0.446 21% 40% 576 
0,756 1.000 0.709 0.40 0.407 27% 45% 647 
0.724 1.000 0.580 0.39 0.387 31% 48% 697 

Factored 
Load 

rho Effective Effective Area I Carrying 
Elem. 2 Elem. 3 Elem. 4 Area I Reduction Reduction Capacity 

(1n2/In.) (ln.4/ln.) (%) (%) (lbs/In.) 
1.000 0.984 0.351 0.51 0.665 9% 11% 0 
1.000 0.951 0.332 0.50 0.656 10% 12% 201 
0.951 0.942 0.327 0.49 0.632 12% 15% 391 
0.837 0.932 0.322 0.46 0.587 17% 21% 553 
0.812 0.930 0.321 0.45 0.579 18% 22% 596 
0.756 0.923 0.317 0.44 0.561 21% 25% 705 
0.724 0.919 0.315 0.43 0.552 22% 26% 778 

Hoop 	VAF Allowable Allowable 
Stiffness Depth Deflection 
Factor of Fill 

(psi) (ft) (%) 
2.83 	0.55 0.0 7.71% 
2.83 	0.55 5.0 6.85% 
2.83 	0.55 9.7 6.00% 
2.83 	0.55 13.8 5.14% 
2.83 	0.55 14.8 4.90% 
2.83 	0.55 16.7 4.28% 
2.83 	0.55 17.9 3.86% 

Hoop 	VAF Allowable Allowable 
Stiffness Depth Deflection 
Factor of Fill 

(psi) (ft) (%) 
2.83 	0.55 0.0 7.07% 
2.83 	0.55 5.2 6.84% 
2.83 	0.55 10.1 5.98% 
2.83 	0.55 14.2 5.13% 
2.83 	0.55 15.3 4.89% 
2.83 	0.55 18.2 4.27% 
2.83 	0.55 20.0 3.85% 



APPENDIX E 

RECOMMENDED BALLOT ITEMS TO INCORPORATE FINDINGS 
INTO AASHTO SPECIFICATIONS 

This section of the report contains recommended specification language to incorporate the findings of this project into 

AASHTO Specifications. 

NCHRP Project 20-7, Task 89 
LRFD Specifications for Plastic Pipe and Culverts 

Proposed Revisions to AASHTO LRFD Specifications for Thermoplastic Pipe 
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12.5.3 Strength Limit State 

No proposed changes to specification requirements. 

12.5.5 Resistance Factors 

Add to table 12.5.5-1, under "Thermoplastic Pipe" 

PE and PVC pipe: 
flexure 	 1.0 

12.6.1 Loading 

Add to second sentence: 

Earth surcharge, live load surcharge, downdrag forces 
and external hydrostatic pressure shall be evaluated where 
construction or site conditions warrant. 

12.12.3.1 GENERAL 

Buried plastic pipe shall be investigated at the strength 
limit state for thrust, buckling and combined compression 
strain. 

C12.5.3 

Add: 

Thermoplastic pipe have many profile wall geometries and 
some of these are made up of thin sections that may be lim-
ited based on local buckling. The strength limit state for 
wall area includes evaluating the section capacity for local 
buckling. 

C12.6.1 

External hydrostatic pressure, if present, can add signifi-
cantly to the total thrust in a buried pipe. 

12.12.3.1 

The limit state for combined strain is new. Total com-
pressive strain in an element can result in local buckling 
and total tensile strain can result in cracking. 
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12.12.3.5 WALL RESISTANCE 
	

C 12.12.3.5 

Add: 

If the evaluation for local buckling capacity in Section 
12.12.3.8 results in a reduced total area, then the reduced 
area shall be used in evaluating the factored resistance. 

12.12.3.8 RESISTANCE OF WALL TO LOCAL 
BUCKLING OF PIPE WALL 

Elements of profile wall pipe shall be designed to resist 
local buckling in accordance with the following sections. 

12.12.3.8.1 Idealized Wall Profile 

Profile wall pipe shall be idealized as straight elements. 
Each element shall be assigned width based on the clear 
distance between the adjoining elements and a thickness 
based on the thickness at the center of the element. See 
Fig. 12.12.3.8.1-1 for the idealization of a typical corru-
gated profile. 

Crest 

Web 	 Valley 

j-  Liner / 

t 
Typical 

The local buckling evaluation reduces the capacity of 
pipe wall sections with low ratios of width to thickness. 

w 

web 	liner and crest 

Jr 	
valley 

Idealized 

Figure 12.12.3.8.1-1. Typical and idealized cross-section of profile 
wall pipe. 
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12.12.3.8.2 Slenderness and Effective Width 
	

C12. 12.3.8.2 

To evaluate local buckling, the effective width of each 
element is evaluated as: 

b = pw 	 (12.12.3.8.2-1) 

where: 

= (1— ft22/X) 	 (12.12.3.8.2 -2) 

X = 	> 0.673 	 (12.12.3.8.2-3) 

b = element effective width, mm, in. 
p = effective width factor 
w = total clear width of element between supporting ele- 

ments 
= slenderness factor 

t = thickness of element, in., mm 
E = strain in element 
k = edge support coefficient 

The total effective area is the gross section area reduced 
by the ineffective area which is evaluated using Eqs. 
12.12.3.8-1 to 3. 

The resistance to local buckling is based on the effective 
width concept used by the cold formed steel industry (AISI, 
1997). This theory assumes that even though buckling is ini-
tiated in the center of a plate element, the element still has 
substantial strength at the edges where the element is sup-
ported. This concept is demonstrated in Fig. C12.12.3.8.2-1. 

w 

ii: I 

Ii lneffective 
width of element 

Figure 12.12.3.8.2-1. Effective width concept. 

The strain in the element used to evaluate the effective 
width is based on the total thrust and the total wall area. 
Strain should be computed using the 50-year modulus of 
elasticity. 

With the limitation that total strain is restricted to 50% 
more than the compression strain, the section is limited by 
pure compression. When bending is added, the reduction in 
compression on one side of the section compensates for the 
increased compression on the other side. 



62 

12.12.3.9 COMBINED STRAIN 
	

Cl 2.12.3.9 

Total compressive strain in a pipe wall due to thrust and 
bending shall not exceed the limiting combined compres-
sive strain, E: 

b + [TL /Aeff /E5O ](Y B /Y) 	 (12.12.3.91) 

where: 

= factored limiting combined compressive strain 
= 1.5 F0  /E50  

YB = 1.5, factor of safety on combined strain 

A ff  = Effective area of pipe wall, the lesser of the gross 
area or the reduced area computed based on local 
buckling mm2/mm, in.2/in. 

E50  = 50-year modulus of elasticity, MPa, ksi 

Bending strain at the service limit is 

The criteria for combined compressive strain is based on 
limiting local buckling. A higher strain limit is allowed for 
combined strain because the web elements, which are sub-
jected primarily to bending, are less likely to buckle and 
increase the stability of elements near the crest and valley. 
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12.12.3.9.1 Bending Strain 
	 C12.12.3.9.1 

In the absence of a more detailed analysis, the bending 
strain may be computed based on the empirical relationship 
between strain and deflection: 

Lb = '
y5D1R )D ) 	

(12.12.3.9.1-1) 

where: 

Lb = factored bending strain 

Df = shape factor from Table 12.12.3.9.1-1 

f = distance from neutral axis to extreme fiber, mm 
(in.) 

R = radius to centroid of pipe, mm (in.) 

A = allowable deflection of pipe, reduction of vertical 
diameter due to bending, mm (in.) 

D = diameter to centroid of pipe wall, mm (in.) 

Elements whose centroid is less than c/3 from the centroid 
of the profile wall need not be evaluated for combined strain. 

More detailed analyses must consider the likelihood of 
inconsistent soil support to the pipe in the haunch zone and 
of local deformations during placement and compaction of 
backfill. 

The empirical shape factor is used in the design of fiber-
glass pipe and is presented in AWWA Manual of Practice 
M45 Fiberglass Pipe Design. It demonstrates that bending 
strains are highest in low stiffness pipe backfilled in soils 
that require substantial compactive effort (silts and clays) 
and are lowest in high stiffness pipe backfilled in soils that 
require little compactive effort (sands and gravels). 

One method of using the shape factor and combined 
bending strain is to evaluate the limiting deflection that can 
be allowed in the field with the calculated compressive 
thrust. In this approach, the total compressive strain is 
assumed to be at the limiting value. The bending strain is 
computed as the difference between the limiting compres-
sive strain and the hoop strain, and an allowable deflection 
is computed from Eq. 12.12.3.9.1-1. For example: 

Lb = L _TL /Aeff /E 50 *YB /y 	(C12.12.3.9.1-1) 

A = _J2_()D 	 (Cl 2.12.3.9.1-2) 
YBDf c 

and the total allowable vertical deflection is: 

Aat  = A + TL /Aeff /E 50 /Y 	 (C12.12.3.9.1 3) 

Table 12.12.3.9.1-1 does not cover all possible backfills 
and density levels. Designers should interpolate or extrapo-
late the table as necessary for specific projects. 

TABLE 12.12.3.9-1 Shape Factors Based On Pipe Stiffness, Backfill and Compaction Level 

Pipe 
Stiffness 

(FILy, kPa) 

Pipe Zone Embedment Material and Compaction Level 

Gravel (1) Sand (2) 

Dumped to 
Slight (3) 

Moderate to 
High (4) 

Dumped to 
Slight (3) 

Moderate to 
High(4) 

62 5.5 7.0 6.0 8.0 

124 4.5 5.5 5.0 6.5 

248 3.8 4.5 4.0 5.5 

496 3.3 3.8 3.5 4.5 

GW, GP, GW-GC, GW-GM, GP-GC and GP-GM per ASTM D 2487 (includes crushed rock). 
SW, SP, SM, SC, GM and GC or mixtures per ASTM D 2487. 
<85% of maximum dry density per AASHTO T-99, <40% relative density (ASTM D 4253 and 
D 4254). 
> 85% of maximum dry density per AASHTO T-99, 40% relative density (ASTM D 4253 and 
D 4254). 
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