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Structural Perfo_rmance of Perforated· 
PVC Pipe 

SHAD M. SARGAND, GAYLE F. MITCHELL, ROBERT KASTNER, AND 

JULIAN RUEDA 

Plastic pipes are being used increasingly in transportation facilities 
and for other infrastructural applications. However, limited in-. 
formation is available on the performance of these pipes under 
live load. Furthermore, little is known about total deflections and 
their relationship to corresponding strains induced on the outside 
and inside surface of the pipe. Since laboratory tests cannot ef
fectively model these variables, a field facility must be used to 
study these pipes. This paper presents information on the response 
and performance of a small-diameter pipe under field conditions. 
Unique instrumentation, developed for small-diameter pipes by 
the lead author, provided a means for installing strain gauges on 
the interior surface of the pipe. Analysis of the strains and de
flections for 10 'incremental loads up to a total load of 187 tons 
showed that the strains caused by the backfill and live load were 
not very large. However, at a total load exceeding about 80 tons, 
large changes occurred in the strain, particularly the transverse 
strain. Deflections during the application of the live load were 
small. However, deflections caused by the backfill alone were 
large, and the backfill process had an influence on the subsequent 
performance under application of load. · 

Plastic pipes, such as high-density polyethylene (HDPE) and 
polyvinylchloride (PVC), have become widely employed for 
infrastructure applications, for example, highway drainage, 
municipal sewers, water supply systems, and underground 
telephone conduit. They offer advantages in durability, ap
plication under various aggressive environments, ease of han
dling, and economics. 

In design of these plastic pipes, the following factors are 
considered: deflection, ring bending moment, ring compres
sion force, and buckling. None of the present procedures used 
for de'sign considers the long-term performance of the plastic 
pipe. Generally, the strength of these pipes is determined by 
short-term tests, such as the parallel plate test. Janson suggests 
that long-term response be determined by deflecting pipes to 
strain values from 0.8 to 3.7 percent for 10,000 hr (J). As a 
short-term test he recommends testing to 5 percent strain in 
3 min. In addition, when these pipes are employed in an 
undrained system they generally would have circular or slotted 
holes. It is obvious that this modification of the pipe wall will 
result in a severe stress concentration around the perforations. 
Also, most information about the performance of these pipes 
has been provided by the manufacturers, and not all manu
facturers are familiar with loading conditions that occur in the 
field. 
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PIPE PERFORMANCE 

The current· equations that are used in design of plastic pipe 
are summarized by Chambers et al. (2). Standard procedures 
that are currently in use do not incorporate the true properties 
of plastic pipe, such as viscoelasticity. No data are available 
as to whether small- and large-diameter pipe respond the same 
and so can be designed by identical procedures. Design pro
cedures are not verified with sufficient field data. Also,, in
vestigators have suggested that d.esign parameters, such as 
modulus of elasticity of the pipe material (E) in the Iowa 
culvert design formula, may be too conservative. The follow
ing discussion summarizes the major literature on the subject. 

Adams et al. fully instrumented a 24-in.-diameter corru
gated polyethylene (PE) pipe and buried it under a 100-ft
high embankment (3). They did not see any distress under 
95 ft of embankment, noting that change in the horizontal 
diameter was less than 0.5 percent and the vertical diameter 
was reduced 3 to 5 percent. Gabriel investigated the perfor
mance of 4-, 6-, 8-, and 12-in.-diameter perforated HDPE 
pipe under simulated backfill 42 ft high ( 4). He predicted that 
pipe placed under poorly compacted fill would sustain an 
embankment exceeding 42 ft. · 

Horn reported on one study of three types of plastic pipe 
(PVC, PE, ABS) with diameters of 10, 12, and 15 ·in. and 
another dynamic test of slotted 4- and 6-in.-diameter PVC 
and PE pipe (5). The pipes were buried under shallow cover 
and tested under static and dynamic wheel loads. The loads 
were to simulate the type of conditions that would exist on 
runways at airports. The 10- and 12-in. PVC pipes performed 
well for all depths of cover tested in both pea gravel and lean 
clay. Two 6-in.-diameter PVC pipes installed 6 in. deep had 
permanent deflections greater than 5 percent but less than 8 
percent. Under 12 and 18 in. of cover, 6-in. PVC had per
manent deflections less than 3 percent; a 4-in. PVC pipe in
stalled at 12 in. of cover depicted about 2.5 percent permanent 
deflection. 

Watkins and Reeve investigated four specimens of 6-in.
diameter HDPE pipe in the Utah ·state University small soil 
cell to determine the performance under deep cover; this 
study was conducted for King County Solid Waste (6). One 
of these pipes was unperforated, one was perforated, and two 
were slotted. Under the load condition for this experiment, 
they reported that when the 6-in. pipe was buried in washed 
gravel it performed satisfactorily under 200 ft of fill simulated 
at 50 lb/ft3 . Deflection was less than 3.3 percent. They re
ported that there was no cracking or tearing close to the 
perforations, concluding that stress concentration in the per-
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foration region is not very serious. The instrumentation em
ployed in this study was very crude, particularly in determin
ing the stress concentration and bending moment. Also, the 
loading condition was very close to a hydrostatic situation. In 
addition, Watkins et al. tested 24-in. corrugated PE pipes 
under compacted granular backfill and live load (7). On the 
basis of this study, he concluded that the ring compression . 
should be the primary design parameter, and the effect of the 
ring deflection should also be included. 

Since these pipes are generally very flexible, special atten
tion should be given to their installation procedure. Field 
observations reported by Hurd indicated that there are several 
installations in Ohio in which flattening (15 percent deflec
tion) and buckling (25 percent deflection) have occurred (8). 
He suggests installation procedures as the cause and recom
mends higher pipe stiffness as the remedy to this problem. 
Prevost and Kienow discussed buckling of six pipes-two 
thermoplastic, three thermoset, and one metal (9). They said 
that the principal buckling factor for low-stiffness pipe may 
be the result of the change of shape that occurs during the 
installation procedure. They recommended that to minimize 
changing the shape of the pipe, great care should be taken 
during installation. 

Because various types of materials and wall profiles of plas
tic pipe are available, knowledge of strain and stress fields is 
necessary for proper application and analysis of these pipes. 
Strain is an essential part of design of plastic pipes, because 
stress is difficult to determine. Furthermore, little is known 
about total deflections and their relationship to corresponding 
strains induced on the outside and inside surface of the pipe. 
A limited number of studies have been conducted to compute 
the strain in small-diameter plastic pipe. Moore and Donald
son developed a profile meter to monitor the deflection of 
pipe having a diameter range of 0.6 to 1.5 m (10). The results 
recorded by this device were used to compute the strain. Some 
of the major concerns of this technique are that computed 
strains cannot indicate the local distress. In the profile of some 
of the plastic pipes there is discontinuity through the depth. 
Again, the predicted strains are not necessarily the actual 
interior strains. Furthermore, a profile meter will not operate 
properly when the deflection of the pipe exceeds 10 percent. 
Alternately, the procedure that is commonly used for com
puting the strain in small-diameter plastic pipe is an empirical 
technique such as the modified Iowa Formula. 

This paper presents results from the performance of a small
diameter plastic pipe (PVC) installed in a field facility. Be
cause a new technique was developed by Sargand et al. to 
install strain gauges inside of small-diameter pipe (J J), perfor
mance is presented in terms of measured interior and exterior 
strains in conjunction with deflections. 

PIPE DESCRIPTION, INSTRUMENTATION, AND 
INSTALLATION 

Pipe Description 

A 6-in.-diameter Schedule 80 PVC perforated pipe, 20 ft in 
length, was selected for the study. The perforations in the 
pipe are circular of diameter 0.5 in. spaced at intervals of 5 
in., and the wall thickness is 0.436 in. Two lines of perforations 
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are separated by an angle of 110 degrees. Laboratory testing 
of the pipe indicated that the average stiffness factor would 
be about 2,774 in. 3-lbf/in.-in. for 5 percent vertical deflection 
and 2,227 in. 3-lbf/in.-in. for 10 percent vertical deflection. 

Instrumentation 

A unique method of surface preparation and gauge installa
tion, developed by Sargand et al. (11), was used to install 
eight biaxial strain gauges at the pipe interior midsection (10 
ft from the pipe end). The interior of the pipe was cleaned, 
conditioned, and neutralized using an adapted method of sur
face preparation from Measurements Group, Inc. (12)., for a 
PVC surface. A 10-ft-long piece of %-iil.-diameter steel tub
ing, fitted with ~ chuck on one end (so that an electric drill 
could be used to rotate the shaft) and a metal piece at the 
other end that secured an engine cylinder hone, was used to 
clean, hone, and prepare the inside of the pipe. 

Eight biaxial strain gauges (KFG Series, KFG-5-120-D16-
65 L3M 3S, 120 ± 0.8 ohms, Kyowa Electronic Instruments 
Co., Tokyo, Japan) were placed on the pipe interior surface 
using Type 10 curing agent mixed witp Type AE ·adhesive 
resin. A 10-ft-long piece of copper tubing with a shutoff air 
valve on one end and a round disk with eight plungers·on the 
other end was employed to install the strain' gauges. The air 
hose was attached to the copper tubing applicator, and a 
pressure of 41 lb/in. 2 was applied to provide a clamping pres
sure on the gauges while the adhesive was hardening. These 
gauges were located at the crown and invert, and at 45, 90, 
and 135-degree positions clockwise and counterclockwise on 
the crown gauge. Eight biaxial strain gauges. (Micro Measure
ments, CEA-06-125WT-350, 350 ± 0.5% ohms, Raleigh, N.C.) 
were also adhered to the exterior of the pipe in the same 
locations as the interior gauges. 

The deflection was monitored at the 20-ft pipe midsection 
with a profile meter that used a remotely triggered linear 
variable differential transducer (L VDT), secured to the end 
of an aluminum I-beam, which was held in position by a 
special holding stand. Voltage output from the counterclock
wise rotating L VDT provided a determination of the angle 
of rotation, and a photoelectric eye, attached to the L VDT, 
detected each of eight tape marks on the inside circumference 
of the pipe during each sweep. Deflection, as well as the 
strain, were monitored concurrently using a portable data 
acquisition system. 

Pipe Installation Procedure 

At the field installation site, the pipe was installed in a rec
tangular trench that was excavated in the original soil, a lean 
clay. The trench dimensions were 26 in. wide x 240 in. long 
x 18 in. deep. A 20-ft-long geotextile (Trevira Spunbond 
nonwoven type 1125, Hoechst Celanese Corp., Spartanburg, 
S.C.) was placed on the bottom and sides of the pipe instal
lation trench. Crushed limestone (AASHTO No. 3) was spread 
in the bottom of the trench for a 4-in.-thick bedding layer. 
The pipe was then positioned on this layer, and additional 
limestone material was placed on the sides and over the pipe 
to a depth of 18 in. A mound about 5 in. high at the top of 
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Original Soil 

Load Frame I-Beam 
Frame 

FIGURE 1 Schematic of test pipe setup. 

the trench was made with river gravel (AASHTO No. 8 stones). 
Then, the geotextile was wrapped over this material with an 
overlap of 12 in. Finally, river gravel material was placed over 
the pipe in an area 10 by 20 ft to a depth of 24 in. The 
schematic of the profile is shown in Figure 1. 

TEST FACILITY AND LOADING 

The field facility used for testing the pipe is located on the 
Ohio University campus in Athens. This unique facility con-

Concrete Ba.se 
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Original Soil 

sists of four concrete columns, spaced approximately 25 ft 
from center to center, that serve as a support for a structural 
I-beam frame. The structural I-beam frame is tied to bedrock 
through a total of eight grouted tension rock anchors. Two 
230-ton-capacity hydraulic cylinders, attached to the frame, 
apply the load. For this test a loading platform, covering an 
area 6 ft square, was assembled under the two hydraulic cyl
inders. The platform, weighing about 2. 7 tons, applied an 
initial stress of 1.16 lb/in. 2 over the backfill material. During 
the test, incremental hydraulic pressures of 200 lb/in. 2 were 
used up to a maximum of 1,200 lb/in. 2 • (The hydraulic power 

Hydraulic Cylinders 

FIGURE 2 Schematic of loading profile with deflection measurement device. 
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FIGURE 3 Load application to pipe system (hydraulic power 
system on right and loading platform at center). 

FIGURE 4 Hydraulic cylinders and loading platform with 
data acquisition system. 

system can develop up to a 2,200-lb/in. 2 pressure in each 
loading cyclinder.) 

The schematic shown in Figure 2 illustrates the loading and 
deflection measurement device. The photographs in Figures 
3 and 4 depict the loading of the pipe system during the test ; 
the load was applied in an incremental process up to a total 
of 187 tons. 

FIELD RESULTS 

Deflection 

At each load sequence, five sweeps or rotations of the LVDT 
system were performed. Results from the five sweeps were 
then averaged to arrive at the shape and dimensions of the 
pipe at each load condition. The data indicated antisymmetric 
behavior of the pipe , which was caused by the initial change 
in shape during the backfill process. This occurrence can be 
reduced by utilizing a pipe of higher stiffness or modifying 
the backfill process. 

165 

Figure 5 illustrates the change in diameter of the pipe from 
application of the backfill and the live load . The measured 
displacement is the vertical dimension and not necessarily the 
maximum value of the shortening of the diameter. Also , the 
change in shape was measured to an accuracy of 0.03 in. The 
diameter in the vertical direction decreased by 3.14 percent 
because of the backfill , whereas in the horizontal direction it 
increased by 1.57 percent. Moreover, due to the application 
of 157 tons loading the vertical and horizontal diameters changed 
7.90 and 3.13 percent , respectively. This behavior indicates 
that a large amount of deformation can occur because of the 
construction sequence. When the load was removed at the 
end of the test , a permanent change in shape was noted. 

Bending Moment and Thrust 

The moment and the thrust were computed from the strains 
that were recorded in both the transverse and longitudinal 
directions during the application of live load. Table 1 presents 
the values obtained for the strains at the crown of the pipe 
at selected load increments. (The sign convention is positive 
for tension and negative for compression.) All the strains are 
calculated using as the initial conditions the completion of the 
backfill with the loading platform. 
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FIGURE S Vertical deflection versus total load curve. 

TABLE 1 Strains at Crown of Pipe 

Total Load Transverse Strain 
(tons) (micros train) 

Outer Inner 

33.5 -1646.42 1454.48 
48.9 -2098.36 1781.76 
64.3 -2758.30 2225.89 
79.7 -3369.85 2686.83 
95.1 -4674.19 3988.36 

110.5 -5947.56 4805.12 

Longitudinal Strain 
(microstrain) 

Outer Inner 

8.47 137.73 
6.72 214.03 
8.36 332.08 

10.60 385.68 
25.37 442.89 
25.67 781.52 

160 
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The strains in the transverse as well as the longitudinal 
directions generally were reasonable numbers. Most of the 
strains were very small compared with the limitations of the 
strain gauges. The strain values confirm the change in the 
shape of the pipe during the application of the load, as illus
trated in Figure 6. The high values of transverse strain occur 
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FIGURE 6 Deflection and transverse strain for 
64.28-ton load. 
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at the crown and invert of the pipe. The same antisymmetric 
trend noted in the deflection was observed also for the strain. 

Figure 7 presents the values for the moment calculated from 
field data using the value for modulus of elasticity of 400,000 
lb/in. 2 and Poisson's ratio of 0.38. A significant increase in 
·the moment at the crown is noted for ·each incremental load 
increase. At the high level of loading, only two data points 
are shown for the moment, since the wires connected to some 
of the gauges were damaged by the backfill material before 
this loading sequence. Figure 8 presents the values of thrust 
for the upper half of the pipe. Surprisingly, the thrust was in 
tension on the left side of the spring. This thrust could be 
attributed to the initial distortion of the pipe caused by the 
installation process or local response to the backfill material, 
or. both. 

The pipe that was tested in this study typically will be used 
in a landfill. Since the material that will be used as backfill 
must have a high permeability value, the crushed limestone 
was applied around the pipe. With this type of backfill ma
terial it is difficult to obtain a uniform distribution of stress 
around the pipe. In addition, when the pipe was excavated, 
it was observed that the aggregate around the pipe was crushed 
by application of the heavy load. Also, numerous dents were 
made on the surface of the pipe, and, despite the fact that 

0 33.49 Tons 
0 79.67 Tons 
A 11 0.46 Tons 

10 

FIGURE 7 Bending moment in upper section of pipe. 
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FIGURE 8 Thrust in upper section of pipe. 
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the gauges and wires were well protected, the wires connected 
to the gauges were damaged by the sharp edges of the stone. · 

SUMMARY AND CON°CLUSIONS 

On the basis of the performance of the pipe for this one test, 
the following statements can be made: 

1. The strains caused by the backfill and live load were not 
very large. 

2. Deflections caused by the backfill were large compared 
with the application of live load. 

3. The change in shape of .the pipe caused by the backfill 
process had an influence on the subsequent performance under 
the application of load. 

4. The deformation of t_he pipe caused by the backfill pro
cess could be controlled by more careful installation proce
dures. Furthermore, deformation could be reduced by con
straining the pipe segment(s) during installation of the backfill. 

5. This pipe, overall, performed well during this test; how
ever, it should be noted that this was the first time a study 
of this type has been conducted, and further verification is 
needed to extrapolate results to field application. 
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