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EXECUTIVE SUMMARY
The Stormwater Management Academy at the University of Central Florida has completed
laboratory and field tests to evaluate the structural capacity of PIPE-RT M system used for
subsurface drainage. The definition of the PIPE-RT M system for this study is a bundle of corrugated
HDPE pipes bound and wrapped in specially built geotextile. Strength evaluation testing was
performed on a single pipe and pipe bundles (BPUs) in the laboratory, and on the complete system
(PTI PIPE-RT M) underneath a flexible pavement section in the field.
The laboratory test was limited to the determination of the vertical deformation resistance
of the pipe bundles in accordance with the specifications of AASHTO M294 – Load and
Resistance Factor Bridge Design (LRFD) Specifications (following ASTM Standard Test Method
D2412: Determination of External Loading Characteristics of Plastic Pipe by Parallel-P late
Loading). The results from the laboratory testing showed that the single pipe had a pipe stiffness
of approximately 57 psi (396 kPa), which was greater than the AASHTO specified minimum pipe
stiffness of 35 psi (240 kPa). The equivalent BPU stiffness values, depending on the depth and the
number of BPUs, varied from 38 to 232 psi (262 – 1600 kPa) with increasing BPU depth (or
equivalent pipe diameter).
The subsurface field-testing on the PIPE-RT M system was conducted at the PTI field site in
Groveland, Florida. AASHTO LRFD Bridge Design Specifications were used to determine the
combined live load and dead load pressure due to AASHTO HS-20 and HS-25 truck loadings on
the BPU at varying depths below the pavement system. A four-layer-10-bundle section of the PTI
PIPE-RT M system was installed underneath three separate pavement sections and subjected to H20 tandem-axle truck loading (22 kips maximum per axle load). The measurement of vertical
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deformation of the PIPE-RT M system was done using state-of-the-art sensors and instrumenta tio n
to read and record real-time values during the loading.
The percentage deflection relative to the PIPE-RT M depth was less than the 5% minimum
deflection required in AASHTO M292. The approximate range was between 0.2- to 2.0-percent
of the PIPE-RT M system depth. However, the Stormwater Management Academy at the Univers ity
of Central Florida does not recommend the use of cover depths in section #3 in this testing program
because it is less than the AASHTO allowable minimum cover depth paved areas subjected to
traffic loading. The deflection results presented in the study are only for the four-layer 10-bundle
PIPE-RT M system and not for the entire pavement section.
The results from the study were for the specific field-testing performed herein and serves
only as a guide, and not a recommendation, for design engineers. Any PIPE-RT M system design
and installation for subsurface drainage must be in accordance to the AASHTO LRFD Design
Specification and the relevant local regulatory design guidelines. The Stormwater Management
Academy shall not be responsible for any failure due to the incorrect application of the results
presented in the report.
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INTRODUCTION
The Stormwater Management Academy (SMA) at the University of Central Florida
proposed and undertook the study of the structural and hydraulic performance of a buried pipe
system referred to as PTI PIPE-R™ bundles. Plastic Tubing Industries (PTI) Inc. has developed a
corrugated HDPE pipe bundle that can be placed underground to store stormwater runoff, and
either reuse or allow to infiltrate into the ground to replenish the surficial aquifer. The proposed
study was split into three distinct phases to achieve the following goals.
1. Evaluation of the strength of the PTI Multi-Pipe Bundles® in a laboratory setting using the
AASHTO Load and Resistance Factor Bridge Design (LRFD) Specifications as well as the
ASTM Standard 2418-05;
2. Model and perform calculations to develop Reuse, Efficiency, and Volume (REV) curves
for three different harvesting designs;
3. Monitor and perform field-testing at a field site (provided by PTI Inc.) for strength, water
quality, and harvesting efficiency.
The final report presents the findings from the completed phases and deliverables. Thus
far, SMA have completed the laboratory and field strength evaluation on the structural suitability
of PIPE-R™ bundles for subsurface stormwater applications and the development of a Microsoft
Excel based model to produce the Reuse, Efficiency, and Volume (REV) curves of three
stormwater harvesting designs of the PIPE-R™ bundles. The remaining part of Phase #3 (water
quality and harvesting efficiency) has been postponed at the request of PTI Inc. In the future, PTI
Inc. may choose to provide a new design and construct a suitable field application for water quality
and harvesting efficiency at a site of their choice.
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LITERATURE REVIEW
Drought conditions and depleting aquifers reserve are the prevalent problems in cities
around the world. The growing population, increasing irrigation areas, economic growth and water
management exacerbate the shortage of water shortage (Wada et al. 2010; Zarghami and
Akbariyeh 2012).The desire to mitigate the problem calls for innovation on how to store and reuse
available water to meet the ever-increasing demand for clean water. One of the mitiga tio n
measures is the storage of stormwater runoff in subsurface tanks and harvesting of the stored water
for reuse. This mitigation approach is the focus of the study – analyzing the water harvesting
performance of a subsurface drainage and storage tank, and the capacity to support earth loads.
The benefit for the subsurface drainage and storage is that it frees up scarce land for other
development with higher economic benefits while capturing the runoff from such developments.
Water harvesting systems could minimize or eliminate problems related to the excessive
water demand by capturing some of from rainfall events. In addition, the reduction of the amount
of water discharged would lead to corresponding decrease in the transport of sediment, which
eventually would keep the water quality at acceptable standards. The implementation of water
harvesting systems for a wide range of tasks fits into site development plans and that could achieve
targeted pollutant reduction. Wanielista et al. (1991) proposed the reuse of water captured in wet
ponds as an alternative for irrigation instead of downstream discharge. The stormwater reuse
reduces the volume of discharged water and pollutant transport to water bodies, and consequently,
increases the availability of water to meet demands.
Materials used for subsurface drainage and storage include thermoplastic polyethyle ne
(PE) and polyvinyl chloride (PVC) pipes. The material used in this study is the thermoplas tic
polyethylene pipe. Thus, it is important to study the structural integrity and hydraulic performance
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of subsurface storage systems commonly built with bundled thermoplastic PE pipes. The behavior
of bundled pipes buried beneath a roadway pavement and used for non-pressure applications could
help in the development of an effective system. The structural properties of the pipes used as
subsurface drainage and storage should have the capacity to withstand the loads exerted from earth
pressure (vertical and horizontal) and vehicular loading, where necessary. According to AASHTO
(2012), the design and use of thermoplastic pipes must meet the strength (wall area, flexibility,
and buckling) and service (deflections and cracks) limits.
There are two parts of the current study: stormwater harvesting and reuse performance
efficiency, and the investigation of the structural integrity of buried pipes. Understanding of the
backfill conditions and the pipe material are necessary for the investigation of the behavior of
buried PE pipes. Polyethylene pipes are currently used for underground applications in the United
States (Krishnaswamy 2005; Motahari and Abolmaali 2009). The PE pipes are widely used as
replacements for older pipe systems or the construction of new ones (Bilgin 2013), due to the
immunity to corrosion and biological attacks, and reduction of maintenance costs (Reddy 2002).
Polyethylene pipes are made of viscoelastic material, which means that its structural properties are
time-dependent (Bilgin 2013), and often experiences large deformations due to stress relaxatio n.
The definition of large deformation for PE pipes is a severely altered pipe size or shape. The
behavior is typical for viscoelastic materials because of the elastic and viscous properties. A study
showed that 63% of the pipes used in the United States undergo greater degrees of deformatio n
compared to the five percent allowable deflection specified in the AASHTO codes (Barker and
Puckett 2013; Folkman and Moser 2002). The vertical deformations found in pipes could be as
high as 22.5% of the inside diameter of the pipe with an average of 7.2%.
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The relationship between stress and strain for a viscoelastic material is non-linear, and the
properties vary depending on temperature, duration of load applied and the degree of stress applied.
The creep property exhibited by polyethylene pipes reveals the time-dependent permanent
deformation that in the long-term can produce failure in the pipe (O'Connor 2011). Polyethyle ne
pipes in general have a higher susceptibility to temperature changes related to loading stresses. In
other words, these pipes will extract or contract at a higher degree, which can affect the integr ity
of the whole pipe system. Kang et al. (2009) used finite element method (FEM) to study the shortterm and long-term effects of the HDPE pipes, and found that the effect of earth loads on this type
of structure vary greatly due to the time related properties.
Folkman and Moser (2002) conducted a study on the structural performance of buried
bundled HDPE at different depths with geogrid placement between layers, and evaluated the
deflection of the pipes constantly. The test setup had three 36-inch pipes placed side-by-side and
four 10-inch haunch pipes in the upper and lower voids between the larger pipes. The geogrid
supported some of the applied loads and minimized the effect on the buried pipes. Khatri et al.
(2013) showed that bundled pipes performed better than single pipes with vertical deflections of
about 6% and 10%. The vertical deflection was about 1.25 time greater than the horizonta l
deflection. Sargand and Masada (2000) investigated the structural performance of HDPE pipes in
a honeycomb design under 52 feet of backfill and found that that vertical deflection stabilized at
10%. Faragher et al. (2000) performed research studies to investigate the behavior of plastic pipes
under repeated vehicular loads – that is, 1000 rounds of passing trucks over buried pipes under a
paved roadway. The findings showed that the stress in these pipes increased rapidly in the initia l
stages of loading, but later the effects decreased until the stress reached a plateau and stabilized.
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The studies proposed curves that would help understand the long-term effects of plastic buried
pipes.
In addition to tests conducted on the field, researchers (Bilgin 2013; Reddy 2002) have
studied the behavior of polyethylene pipes through the application of finite element methods
(FEM). According to FEM study by Bilgin (2013) PE pipes had less thermal stress than designed
and the performance of an initial material characterization helped the prediction of the buried pipes
subjected to thermal loading. Reddy (2002) found reasonable agreement between analytica l
models and experimental results. Arockiasamy et al. (2006) demonstrated that additional 6-inch
cover would reduce the vertical pressure applied to the crown of pipe in HDPE pipes of large
diameter about 2 to 3 times compared to the smaller ones. The comparison of the deformatio ns
measured in the field with the Spangler equation, the modified Meyerhof formula, and two FEM
software programs (CANDE and ANSYS) revealed that ANSYS created the closest approximatio n
to values found in the field.
The two classifications of buried pipes are flexible or rigid, based on the response of the
pipe to loads. One example of a flexible pipe is the thermoplastic PE pipes. According to Kang et
al. (2009), flexible pipes are light weight, have less amount of joints, much greater resistance to
corrosion and less difficulty during construction stages. Flexible pipes have a greater contact area
with the soil while transferring loads, unlike the rigid pipe that has a concentrated contact area
where the interaction occurs. The interactions present an advantage for flexible pipes because of
the possibility for burial depth much deeper than rigid pipes.
The earliest research projects conducted on buried pipes were by Marston and Anderson
(1913), which served as a foundation for numerous researches. Spangler and Shafer (1938)
published the Iowa formula, which provided fundamental information to model the deformatio n
5

behavior of buried flexible pipes. The three main assumptions on the Iowa formula are that the
distribution of the vertical load is along the width of the pipe, the vertical reaction is equal to the
applied load and distributed throughout the pipe’s width, and the distribution of the horizonta l
pressure applied to the pipe is along an arc length of 100 degrees. Watkins and Spangler (1958)
the modified Iowa formula shown in Equation (1), which signified a great accomplishment for
civil engineering since it became the origin of analytical methods to study the behavior of flexib le
pipes. Researchers have used this formula extensively to develop other methods to quantify the
parameters of pipes installed in the field.
100 DL KP
∆x
=
0.149(PS ) + 0.061E ′
d

(1)

where: Δx = change in horizontal diameter, d = initial pipe inside diameter, P = vertical pressure
on pipe, PS = Pipe Stiffness, E′ = Modulus of soil reaction, K = Bedding constant, and 𝐷𝐷𝐿𝐿 =
Lagging factor.

AASHTO Design is commonly used to model the magnitude of dead and live loads applied
to the pipe buried underground (AASHTO 2012). The calculation for the thrust on the pipe is from
the applied live and dead loads. There are load factors applied on live and dead loads to minimize
potential errors in design. The load factors are multipliers calculated statistically with the purpose
of accounting for any variability of loads and the possibilities of some miscalculations in the
design. Dead loads, or static loads, are typically non-dynamic weights supported by the structure
itself and remain constant over a long period. For the case of a buried pipe, the dead load is the
soil cover laying on top, which includes the pavement layer. Live loads are dynamic loads on the
structure that, in relatively short period, can change locations or not be present in the structure.
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PIPE-R SYSTEMS
Material Properties and Specimen Characteristics
The material used in the study is a full circular cross-section annual corrugated HDPE
drainage pipe (corrugated on both inside and outside surface) with 4-inch inside diameter. Table 1
presents the material properties of the slotted corrugated HDPE pipe.
Table 1 Corrugated HDPE pipe material properties
Property
HDPE Resin

Inside Diameter

Value

Density, Dr (Uncolored resin), gram/cm3 (ASTM D1505)
Density, Dp (Colored resin), gram/cm3 (ASTM D1505)
Melt Index, grams/10 minutes
(ASTM D1238; Condition FR-190/2.16)
Carbon Black Content, % (ASTM D1603)
Nominal Size, mm (AASHTO M-252; Section 7.2.1)
Diameter Tolerance, % (AASHTO M-252; Section 7.2.3)
Class
Appearance
Slot Width, mm

Perforations
(AASHTO M252; Section 7.4)

Slot Length, mm
Water Inlet Area, cm2 /m of Pipe
Slots per Corrugation Valley
Spacing between Slots

Corrugation Valleys, per meter of Pipe
Pipe Stiffness at 5% Deflection [mold seam parallel to loading plates], kPa

(ASTM D2412 modified per M252-09 Section 9.1)
Pipe Flattening at 20% Deflection [mold seam parallel to loading plates]

(ASTM D2412 modified per M252-09 Section 9.2)
Bent Strip ESCR [100% Igepal CO-630 at 50°C], hours

(ASTM D1693 modified per M252-09 Section 9.3)
Cold temperature Brittleness [35 foot/lb. parallel plate impact with mold seam
parallel to plates after conditioning at -4°C for 1 hour] (M252-09 Section 9.4)

>0.949
>0.960
0.47
2.46
101.6 (4.0″)
-0.2 & +0.2
Class 3
Cleanly Cut
Maximum: 1.5 (0.060″)
Average: 1.1 (0.042″)
Maximum: 19.8 (0.778″)
Average: 17.2 (0.678″)
42 (2 in 2 /ft.)
4
90°; Offset 45° in adjacent
valleys
56
403 (58 lb./in 2 )
No wall buckling, cracking,
splitting or delamination
observed. Load did not
decrease with deflection.
No cracking observed after
240 hours
No cracking observed

PTI developed the PIPE-RT M system, a novel approach to underground stormwater storage,
used throughout the country in a variety of climates and locations. The manufacture of PIPE-RT M
pipe uses recycled materials with environmental friendly practices, which are bundled into a
specially made pipe reservoir system, patented as PIPE-RT M. The system provides virtua lly
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unlimited flexibility design uses with storage capacity and reuse capability adaptable to the
available site constraints. The applications of the PIPE-RT M system include water catchment from
residential or commercial lots, agricultural uses such as subsurface irrigation and drainage, cost
saving subsurface stormwater storage areas instead of retention/detention ponds. Each corrugated
HDPE pipe of the PIPE-RT M system has an outer diameter of 4.625 inches and weighs 0.33 lb./ft.
with a storage capacity of approximately 0.65 gallons/ft. The specific gravity of the corrugated
pipe is 0.955 and the wall thickness is 0.047-inch. The standard length of the PIPE-RT M system is
10 feet, with the ability to cut into desired length for use. Figure 1 shows typical cross-sectional
dimensions of a single corrugated HDPE pipe and a single PIPE-RT M system.

4″ ID

4.625″ OD

9.25″
8.63″
13.88″
(a)

2″ Inner radius

2.3125″ Outer radius

0.625″

(b)

(c)

Figure 1 Specimen geometry: (a) single pipe, (b) bundled pipe system, and
(c) corrugation details
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A layer and one bundle of the PIPE-RT M system holds 6.80 cubic feet of water (50.90
gallons) and creates a container of 0.719 ft. high by 10.167 ft. length by 1.156 ft. width. The total
weight of the HDPE PIPE-RT M system plus the weight of water is approximately 445 pounds.

9

PHASE #1 – LABORATORY TESTING OF SINGLE AND BUNDLE PIPES
The study on Phase #1 was on the laboratory evaluation on the structural suitability of PTI
PIPE-R™ bundles for storm water applications using ASTM & AASHTO standard methods for
buried thermoplastic structures. The method used for the evaluation of the strength of the PTI
Bundled PIPE-R™ in a laboratory setting was the AASHTO Load and Resistance Factor Bridge
Design (LRFD) Specifications as well as any within ASTM Standard 2418-05. The standard
testing method was the ASTM D2412-11: Determination of External Loading Characteristics of
Plastic Pipe by Parallel-Plate Loading, which is the recommended testing method by AASHTO
M252 for corrugated polyethylene (PE) pipe. There were two sections in Phase #1 testing: (A)
single pipes of different properties (PTI’s old and new technology); and (B) bundle pipe units
(BPU) of corrugated HDPE pipe of one, two, three, and four bundle layers.

SECTION A OF PHASE #1
There were four different pipe sections evaluated for pipe stiffness at five-percent
deflection. Presented in Table 2 are the classification for the single unit plastic pipes, which were
three of the new technology (differentiated by weight per linear feet of pipe) and one of the old
technology identified as Pipe ID #1, #2, #3, and #4.
Table 2 Classification of plastic pipes evaluated
Pipe ID
#1
#2
#3
#4

Type
New Technology with
precast openings
Old technology

Weight per Length (oz./ft.)
5.3
5.2
5.0
-

The inside diameter of the pipes used for the study was of 4 inches for the four types of
pipes tested. Thus, the allowable deflection according to ASTM D2412 (2011) is 0.2-inch
equivalent to 5% deflection of the pipe diameter. The significance and use of the standard test
10

method (ASTM D2412) is to determine the load-deflection characteristics and pipe stiffness at 5%
deflection and at any of several significant events if they occur during testing. The pipe stiffness
is the magnitude of load per length at 0.2-inch deflection divided by the magnitude of the
deflection, expressed as lb./in/in (N/m/mm). The reason for the choice of 5% deflection limit to
estimate the pipe stiffness is to ensure sufficient stiffness in resisting excessive deformation during
shipping, handling and/or installation. The AASHTO pipe deflection limit is more for quality
check rather than structural integrity in field applications.
The test specimens were one-foot (300 mm) long. Figure 2 shows a single pipe subjected
to loading using the SATEC Universal loading machine located in the Structural Engineer ing
Laboratory at UCF, performed in accordance with ASTM D2412. The specimen loading rate was
0.5 inches per minute (12.5 mm/minute) that continued until the vertical deflection reduced by 30
percent of the inside diameter of the pipe specimen.

Figure 2 Single pipe unit during laboratory testing
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For each pipe ID configuration tested, the minimum number of pipe specimens evaluated
during the laboratory testing was three. The pipe specimen were each subjected to increasing load
at standard loading rate and the corresponding deflection recorded until either the load on the
specimen stopped to increase with increasing deflection or the specimen reached 30-percent of the
average inside diameter. For the current case, the latter was applicable and the discontinuation of
specimen loading was after a recorded vertical deflection of 1.2 inches for each pipe specimen.
The applied loading was from opposite vertical points of the pipe diameter (top and bottom). Table
3 provides the summary results and average values for the four types of pipes evaluated in Section
A of Phase #1.
Table 3 Single pipe stiffness at 5% vertical deflection

Pipe #1
1A
1B
1C
1D
1E

Pipe
Stiffness,
lb./in/in
(N/m/mm)
49.53
(341.51)
34.86
(240.35)
45.44
(313.31)
50.51
(348.24)
54.07
(372.82)

Pipe #2
2A
2B
2C

Pipe
Stiffness,
lb./in/in
(N/m/mm)
36.39
(250.87)
34.54
(238.16)
53.96
(372.07)

Pipe #3
3A
3B
3C

Pipe
Stiffness,
lb./in/in
(N/m/mm)
46.63
(321.52)
51.55
(355.43)
34.79
(239.84)

Pipe #4
(old
tech.)
4A
4B
4C
4D
4E
4F

Mean

46.88
(323.25)

41.63
(287.03)

44.32
(305.60)

Pipe
Stiffness,
lb./in/in
(N/m/mm)
58.22
(401.41)
57.41
(395.81)
58.24
(401.56)
58.58
(403.92)
55.62
(383.50)
57.36
(395.47)
57.57
(396.95)

Note: The values stated in inch-pound units are to be regarded as standard. The values given in parentheses are
mathematical conversions to SI units, provided for information only and should not be considered as standard.

According to AASHTO M252 (2012), the minimum pipe stiffness for Type C corrugated
PE pipe is 35 lbf/in/in (240 N/m/mm). The AASHTO standard specifications provide the
requirement and testing methods for corrugated polyethylene (PE) pipes with nominal size range
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of 75 to 250 mm (3 to 10 in.) used in subsurface drainage systems where the backfill soil provides
support to the flexible pipe walls. All the single pipe sections evaluated in the laboratory testing
had pipe stiffness values higher than the minimum specification. The “new technology” pipes had
an average pipe stiffness of 44.3 psi (305.3 kPa). This was higher than the minimum specificatio n,
but less than the pipe stiffness of the “old technology”, that was 57.6 psi (397 kPa). All four
configurations of PE pipes met the quality check criteria specified in AASHTO M252.

SECTION B OF PHASE #1
Based on the results of the single pipe section testing, PTI Inc. requested that only the Pipe
ID #4 (old technology) be used for further laboratory strength testing on BPUs. Pipe #4 achieved
the highest pipe stiffness value from the single pipe testing when compared to the new technology
with varying weight per linear length of pipe. For Section B, the test specimen was a bundled pipe
unit (BPU), which was five-pipe unit, stacked two over three and held tightly by mechanica lly
powered strips. Thus, the SMA team conducted external loading tests on the following BPU
configurations using the MTS servo-controlled hydraulic actuators at the Structural Engineer ing
laboratory in UCF:
•

Single BPU – six units of 12 inches length (Figure 3)

•

One layer of three BPUs – 18 units of 12 inches length (Figure 4)

•

Two layers of three BPUs – 36 units of 37 inches length (Figure 5)

•

Three layers of three BPUs – 54 units of 37 inches length (Figure 6)

•

Four layers of three BPUs – 72 units of 37 inches length (Figure 7)

For this project, one-layer setup means three BPUs aligned horizontally and two-layer
setup refers to three BPUs laid over another three BPUs orientated perpendicular to each other.

13

Shown in Figure 3 through Figure 7 are the BPU configurations evaluated in the Section B of
Phase #1 testing.
9.25″
8.63″
13.88″

Figure 3 Single BPU

8.63″
37″

Figure 4 One layer of three BPUs

Figure 5 Two layers of six BPUs
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Figure 6 Three layers of nine BPUs

Figure 7 Four layers of twelve BPUs

There are currently no standard test methods for bundle pipes, such as the BPUs. Therefore,
the study adopted the testing procedure of the ASTM D2412-11 Standard Test Methods –
Determination of External Loading Characteristics of Plastic Pipe by Parallel-Plate Loading – for
the single pipe to test the BPUs. The ASTM D2412 is the recommended testing methods for buried
pipes by AASHTO M252 and M294 specifications for corrugated polyethylene pipe. For the
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purpose of this study, there was adjustment made for the calculation of pipe stiffness. Instead of
the inside diameter of the pipe as the initial vertical distance was the height of the BPU tested.
Thus, the displacement was the change in the height of the BPU, and the pipe stiffness plot was
the applied load versus the displacement at 5% deflection of the BPU. In addition, there was a
modification made to determine the applied load on the BPU. The number of pipes in contact with
the loading plate divided the applied load. The value of the applied load changes with the change
in height of BPUs (levels of BPU) and the number of horizontal stacks of BPUs.
Figure 8 presents a picture and schematic of a typical test setup for the all layers of three
horizontally stacked BPUs. The test setup had two steel plates at the top and bottom of the test
specimen (BPU) and placed on a platform of two concrete blocks. The size of the steel plates were
38 × 38 × 0.25 in. (965 × 965 × 6.35 mm) for the BPU test specimen size of 37 × 37 in (940 × 940
mm). Test loading was from MTS servo-controlled hydraulic actuators and applied at a loading
rate of 0.5 inches per minute (12.5 mm/minute). Loading continued until a measured displaceme nt
of 30 percent from the initial BPU height caused by the load and then stopped. A computer attached
to the MTS servo-controlled hydraulic actuators recorded the measured values of the loads and the
corresponding displacements. There were three repetitions of the testing procedure for each set of
BPU tested.
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(a) Picture of test setup
Applied load
Load distribution
block
Top steel plate
3 BPU of 15 Pipes
Bottom steel plate
Base block
(b) Schematic of test setup
Figure 8 Typical test setup for PIPE-RTM system for the ASTM D2412

According to the AASHTO M252 specification, the expression for pipe stiffness is the
force per linear length of pipe divided by the measured deflection. For the BPUs, the measureme nt
for deflection was the distance between the line of contacts of the top and bottom plates on the
pipe. Additionally, the setup of the PTI-Pipe bundles is different in that multiple pipes make
contact with the steel plates. Thus, there was a modification to the expression to accounts for the
contact area of the steel plate on the pipes. However, using the contact area is not directly
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comparable to the minimum value for pipe stiffness recommended in AASHTO M252. Therefore,
the assumptions made in the pipe stiffness calculation of bundle pipes were the use of the vertical
distance between steel plates as an equivalent diameter of larger pipe diameter; and converting the
contact area to show linear length of pipe. Table 4 presents the relevant AASHTO specificatio n
for pipe stiffness from AASHTO M294 (2012) – Standard Specification for Corrugated
Polyethylene Pipe with nominal sizes of 300 – 1500 mm (12 – 60 inches).
Table 4 AASHTO M294 specification of pipe diameters and the corresponding minimum
pipe stiffness

PIPE-RTM system
One layer Single BPU
One layer of three
BPUs
Two layer of three
BPUs
Three layer of three
BPUs
Four layer of three
BPUs

Equivalent
Diameter
(mm/inches)

AASHTO
Maximum
Diameter
(mm/inches)

AASHTO
Minimum
Pipe Stiffness
(kPa)

AASHTO
Minimum Pipe
Stiffness
(lb./in/in)

223/8.79

250/10

240

35

237/9.35

250/10

345

50

454/17.86

525/21

260

38

662/26.07

675/27

205

30

882/34.74

900/35

150

22

Each specimen was subjected to increasing load at standard loading rate and the
corresponding deflection recorded. Loading continued until either the load on the specimen failed
to increase with increasing deflection, or when the specimen reached 30-percent of the average
equivalent diameter. As was in the single pipe testing, loading was discontinued at 30% recorded
deflection, which were different deflection values for the different BPU layers. Table 5 presents
the summary of the average values for the equivalent diameters, five percent deflection and the
corresponding BPU stiffness evaluated for Section B of Phase #1. There were four different sets
of BPU tested and the stiffness determined.
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Table 5 Pipe stiffness for the five PIPE-RTM system BPUs

PIPE-RTM system
One layer Single
BPU
One layer of three
BPUs
Two layer of three
BPUs
Three layer of
three BPUs
Four layer of three
BPUs

Load
lb. (kN)

5-%
Deflection
inches (mm)

Actual Pipe
Stiffness
lb./in/in (kPa)

Minimum Pipe
Stiffness
lb./in/in (kPa)

218 (0.97)

0.44 (11.15)

61 (421)

35 (240)

5195 (23.11)

0.47 (11.85)

232 (1600)

50 (260)

2717 (12.09)

0.89 (27.25)

86 (593)

38 (260)

2237 (9.95)

1.30 (33.10)

58 (400)

30 (205)

1715 (7.63)

1.74 (44.10)

38 (262)

22 (150)

The test results show that the BPU stiffness for the different equivalent diameters tested
were higher than the AASHTO minimum values for pipe stiffness (AASHTO M294 2012). In
addition, the multiple horizontal stacks of BPUs exhibited higher stiffness value than a single BPU.
Nevertheless, the pipe stiffness for the assumed single pipe with a diameter equal to the bundle
height was significantly higher than the recommended value and slightly higher than the pipe
stiffness for a single PTI-pipe of 4-inch (100-mm) diameter, shown in Table 1. The lateral
confinement provided by the adjacent BPU and the string used to hold the pipes as a bundle might
be responsible for the very high value of the calculated BPU stiffness. However, with the vertical
increment of the BPU placement to two or more layers, there was a significant drop in the BPU
stiffness. The drop in stiffness might be due to lack of or inadequate confinement between vertical
layers of BPUs and the alternating placement arrangement of each additional vertical layer, which
may still be a better arrangement.
There is the likelihood of reduction in stiffness as the vertical stack of BPU increases. To
obtain improved BPU stiffness with higher layers of BPU, there needs to be a better confine me nt
to hold tightly all the stacks (vertical and horizontal) as a single unit. The confinement provided
by strings or other materials would not interfere with the hydraulic functionality of the system, but
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would increase the BPU stiffness, which would provide support for heavier vertical loads. The
additional advantage to adequate confinement of layers of BPU stacked alternately on the other is
the improvement of the installation process and time. Tightly confined layers can be easily moved
during installation and provide additional stiffness of the BPU prior to the backfill soil
confinement. In field applications, the conditions and characteristics of backfill materials and soil
bedding of actual buried BPU system would provide the confinement and support needed to
constrain horizontal movement and thus reduce the vertical deflections of the BPU.

LABORATORY TESTS SUMMARY
Laboratory testing results showed that the pipe stiffness of a single pipe was higher than
the minimum value specified in AASHTO M252. For the bundle pipe units, the string used to hold
tightly the single pipes into a single unit of pipes acted as stiffeners that increased the capacity of
the BPU to resist the vertical loads. The results show evidence of the effect of the stiffeners in the
significant increase of the single unit BPU stiffness values. The bundle pipes placed adjacent to
each other in the horizontal direction caused an increase in the stiffness values, which further
suggest that the bundles provided resistance to horizontal deflection and translated into higher
stiffness values. However, the stiffness of the BPU decreased with the placement of vertical BPUs
in alternate direction. The values obtained from the testing were higher than the minimum pipe
stiffness for an equivalent pipe diameter.
The reduction in the stiffness with increasing layers of BPU placement does necessarily
translate into the crushing and deflection of the individual pipe bundles but a rearrangement of the
BPUs to fill up the gaps between the bundles. The individual BPUs move without any observable
crushing of the pipes or the bundles at lower load values. Thus, the displacement due to BPU
rearrangement at lower values of loads seemed to correspond with deflection of the system, which
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would show lower stiffness values. To enhance the stiffness values for the increment vertical
placement of BPU, the introduction of stiffeners that hold the bundles tightly may reduce the
immediate deflection and increase the stiffness values for the BPU. In addition, it is likely that the
compacted backfill soil required in field applications would further enhance the stiffness of the
BPU and reduce the vertical deflection.
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PHASE #2 – PIPE-RTM SYSTEM MODEL
Phase #2 of the study was for the development of a model to provide designers and users
of the PIPE-RT M system with easy to use and readily available design tool. PTI Inc. has developed
an underground water harvesting system called PIPE-RT M system, which is highly versatile and
able to store, harvest, and/or infiltrate stormwater runoff. As a way to promote the use of the
system, PTI, Inc., contracted with the University of Central Florida (UCF) Stormwater
Management Academy to create a Microsoft EXCEL based computer model to simulate and
predict the system performance for any location where hourly precipitation data exists. This model
is a powerful design tool that has many applications in the water resources area. The Academy
designed a model for the PIPE-RT M system in order to simulate storage and redistribution of water
for an average year for any location where hourly precipitation data exists. Presented in the
following sections are brief descriptions of the model and its use. Detailed descriptions are
included in the model user’s manual, which is an attachment to this report.

M ODEL DEVELOPMENT
The PIPE-R Model is a water balance model that uses Microsoft EXCEL interface to
predict hydraulic efficiency for a variety of PIPE-RT M system designs. The model has the
capability to account for groundwater recharge, harvesting, and gray water reuse. The basis for the
development of the model was to provide a design tool that has the capabilities to estimate the
hydraulic performance of a system and quantify the hydraulic benefit of reusing captured
stormwater. The image below shows the main components of the system (see Figure 9).
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Control
Box

Reservoir

Drain-field
“Manual”

Figure 9. Diagram of the system

The model development entailed the subdivision of the overall PIPE-RT M system into three
main components with boundaries clearly defined as Top-Soil-Layer, Reservoir, and Drain-fie ld
(see Figure 10). The Top-Soil-Layer is the upper component, which defines the infiltration of
stormwater into the system, and its main variable is the permeability of the media above the PIPERT M system. Other variables are the precipitation volume (P) and evapotranspiration (ET). The
Reservoir is the system storage component which accounts for inflow and outflow from the PIPERT M system. The variables in the Reservoir components are initial storage (S I ), direct infiltra tio n
(DI), runoff (R), reservoir overflow (O R ); make-up water (Q), and exfiltration (I X ), which are all
in volume terms. The third component, the Drain-field is an optional storage to account for flow
from the Reservoir component into the underlying soil located below the PIPE-RT M system or at
some other suitable location away from the system.
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Figure 10. System model boundaries

Model Approach
The formulation of the PIPE-R model is discussed in this section. The model formula tio n
starts with obtaining historical hourly precipitation data for any city from the National Oceanic
and Atmospheric Administration (www.noaa.gov). The NOAA website is selected because the
format of the data from NOAA matches the weather input format for the model. There is an
automated conversion process built into the model to convert data upload from the NOAA data.
Thus, the model converts the weather data into a usable date and 12-hour time format
(MM/DD/YYYY hh:mm PM). Next, a user interface allows the user to input the relevant
information regarding the characteristics of the PIPE-RT M system, such as size of its multip le
components and properties of surrounding layers and soils (i.e. permeability).
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Subsequent model formulation approach involved the creation of a mass balance sheet
designed to calculate the different features that affect the performance of the system. Some of these
features are precipitation, initial storage, runoff (from adjacent areas), water demand, direct
infiltration, make-up water, reservoir overflow, drain field overflow, and system overflow. The
model has an hourly time step format and so, automatically formats the precipitation values to
correspond with the hourly time/date intervals. The initial storage for each time step is equal to the
final storage from the previous time step. The method adopted for the calculation of runoff was
the rational method with the user required to input the site-specific runoff coefficient. Several of
the remaining variables such as make-up water, reservoir overflow, drain field overflow and
system overflow are functions dependent on the physical properties of the control box.
The physical configuration of the control box is essential for the prediction of the
performance of the PIPE-RT M system. Calculations for the total storage volume depend on the
specified dimensions such as height, width, thickness, and weir height. The model worksheet
provides a clearly labeled drawing to assist with the accurate input of relevant information. The
rate of water demand is also a critical variable that affects the performance of the PIPE-RT M
system. Thus, the creation of a workbook to account for water demand based on weekly or hourly
irrigation or any other purpose. The model can account for a pervious layer over the PIPE-RT M
system, which would contribute water to the system via direct infiltration. Direct infiltra tio n
calculation uses a mass balance approach that isolates the surface layer and, with some required
information about the soil properties (porosity) and location of the project, calculates the volume
added to the system. This calculation is relevant for soils that contain 10% fines or less, i.e. sandy
fill. The model incorporates the losses due to evapotranspiration (ET) for the determination of the
direct infiltration volume.
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The method used to determine the ET losses is the Blaney-Cridell equation, which
considers different evaporation rates based on a particular latitude and month of the year.
Furthermore, the requirement for the make-up water volume to meet a particular irrigation or other
demand is critical in optimizing the performance of the PIPE-RT M system, which relates directly
to cost. The assumption is that water supplied by the PIPE-RT M system replaces a potable source,
which translates to economic benefits (cost savings). The reservoir overflow is the amount of water
that exceeds the storage capacity of the PIPE-RT M system, and can be broken up into two
components: drain field overflow and system overflow, depending on the design.

M ODEL OPERATIONS
The Microsoft Excel based model consists of 11 input worksheets for the user to define the
geometric and hydraulic properties of the PIPE-RT M system. An output worksheet is used to
display the results for the user in designing a site-specific PIPE-RT M system. The first page of the
model is the “Introduction Page” that provides information about the purpose of the model, the
time range of data needed for a performance analysis and links to relevant website. In addition, the
worksheet expounds on the capability of the model to simulate systems of varying dimensio ns;
systems with or without a drain field; and the magnitude for reuse water demands. The user can
navigate through the model by clicking on the “Next” button or reset the program by clicking on
the “Reset” button.
On clicking the “Next” button from the Introduction Page or any of the subsequent pages,
the user can navigate to any of the other 10 input worksheets listed below as:
•

General Instructions

•

NOAA Website Instructions

•

Historical Data

•

Site Characteristics
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•

Soil Properties

•

Typical Control Box

•

System Dimensions

•

Drain field

•

Irrigation

•

Grey Water Demand

Figure 11 is a screenshot of the “Introduction Page” that doubles as the cover sheet for the model.

Figure 11: Cover sheet of the model.

On completion of all relevant input data, the user then navigates to the “Model Output”
worksheet to see the displayed results of the simulation (see Figure 12). On the “Model Output”
page are all the pertinent design information such as the water volumes needed by the system for
secondary use (grey water and/or irrigation water supplied); groundwater recharge; and the
makeup water requirement to meet the specified reuse demand. Other information displayed on
the page are the design dimensions and physical characteristics of the system’s reservoir, drain
field, and control box. A detailed explanation of each worksheet along with some example
problems are provided in the user’s manual of the PIPE-RT M model.
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Figure 12 Model Output worksheet

M ODEL SUMMARY
The model allows for the flexibility of multiple design possibilities, such as the bottom of
the reservoir being permeable with no drain field provided; the bottom of the reservoir being
impermeable with a drain field provided; or the bottom of the reservoir is impermeable and no
provision for drain field. This means that, depending on the design, water can infiltrate directly
into the ground from either the PIPE-RT M reservoir or a drain field, increasing the system
efficiency.
The model uses the Green-Ampt equation to determine the volume of water that infiltra tes
into parent soils. Soil properties, such seasonal high water table elevation and the type of the
underlying soil are required for this determination. There are input cells in the model where the
user must specify the soil information. If the user opts for the selection of a drain field, the drain
field overflow is the amount of water that exceeds the PIPE-RT M system volume, enters the control
box, overflows the weir and infiltrates into the underlying soil. If the volume of water into the
drain field exceeds its capacity, then there will be no inflow water. The resultant effect is the
28

buildup of water inside the control box until it rises above the height of the top outlet pipe and
drains to conventional stormwater infrastructure, referred to as system overflow. The efficiency of
the PIPE-RT M system is based on the system overflow value in relation to the total rainfall for the
given area.
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PHASE #3 – FIELD EVALUATION OF BUNDLE PIPE-RTM SYSTEM
The purpose of the third phase of the study was to study the field performance of the PIPERT M system at a field-testing site in Groveland, Florida using simulated traffic loading. The results
of the strength testing to evaluate the effect of AASHTO H-20 truck loading on the PIPE-RT M
system are presented for varying depths of pavement and soil covers.

STRENGTH TESTS
The field-scale testing for the buried pipes required field instrumentation to monitor
deformation responses of the products as the truck passes over the pavement. Presented are detailed
descriptions of the design, construction and installation, instrumentation, loading, and the outcome
of the testing results.
Design of Field-Scale Test Site
The purpose of the field-scale testing was to evaluate the response (deflection – stiffness
characteristic) of the PIPE-RT M system subjected to vehicular loading and the overburden soil
loading. To perform the evaluation, the SMA team proposed a design plan for the pavement
sections based of the results of laboratory-testing results in Phase #1. In discussion with the PTI
team, the site in Groveland was selected because of the availability of ample space and ability to
construct, install and conduct testing with large trucks in a convenient manner. The testing section
design included three different pavement sections. One was aimed at replicating an existing
pavement section in California and, the other two sections, to evaluate shallower pavement depths
subjected to the same tandem-axle traffic loading of 66 kips with design axle load of 22 kips on
the front axle and on each of the tandem axles. Presented in Figure 13 is the AASHTO H-20
loading arrangement used in the study.
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11 kip

11 kip

6 ft.

14 ft.

11 kip

11 kip

4 ft.
6 ft.
11 kip

11 kip

(b)

(a)
Figure 13 AASHTO H-20 truck loading (a) plan view and (b) rear view

The design using the three pavement sections was used to evaluate the effect of AASHTO
H-20 truck loading on the PIPE-RT M system with different cover depths and a combination of two
media types used as cover. The dimensions of all three sections, namely PS#1, PS#2 and PS#3,
were 10.2 feet wide and 20.3 feet long. Figures 14 (a) and (b) show the plan and section views of
the separate pavement sections at the test site. The three separate pavement sections have differe nt
subgrade elevation to account for the differences in the cover depths. However, the top elevatio ns
were kept the same to ensure smooth and level riding surface for traffic during testing.
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20.3′

PS#3
Recycled Asphalt Millings
PIPE-R System

PS#2
Recycled Asphalt Millings
PIPE-R System

PS#1
Recycled Asphalt Millings
PIPE-R System

6′

20.3′
72.9′

6′

20.3′

(a)
Compacted Asphalt Millings

Compacted Subgrade

Compacted Subgrade

(b)
Figure 14 Plan and sectional views of the pavement test site at Groveland, Florida
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Compacted Subgrade

Sensor #6 Box

Sensor #4 Box
Sensor #5 Box

4 Layers of BPUs

Sensor #2 Box
Sensor #3 Box

4 Layers of BPUs

Sensor #1 Box

Compacted Coarse Sand Subbase layer

4 Layers of BPUs

#57 Stone base layer

Figure 15 through Figure 17 show the sections of the three separate pavement sections and
the materials and depths for each layer, including the PIPE-RT M system. Displayed on each of the
sections are the AASHTO H-20 design truck loadings and the direction of traffic. Each of the stone
base layers had a geogrid placed at mid-depth to cushion and redistribute the live load from
vehicular traffic. The geogrid caused a reduction of the load that was transmitted to the PIPE-RT M
system.
Pavement section #1 (PS#1) had two layers below the surface asphalt milling – 24-inch
#57 stones base and 12-inch compacted coarse sand subbase layers. This is replica section for
existing PIPE-RT M system installations used by PTI. Thus, the effective cover from below the
flexible pavement to the crown of the PIPE-RT M system is 36-inch deep, which is greater than the
minimum allowable cover (AASHTO 2012). The minimum allowable cover is 𝐼𝐼𝐼𝐼 ⁄8 ≥ 12.0 𝑖𝑖𝑖𝑖.

under unpaved areas and 𝐼𝐼𝐼𝐼 ⁄2 ≥ 24.0 𝑖𝑖𝑖𝑖. under paved roads, where ID is the internal diameter of

the pipe. For purposes of the study, ID is equivalent to the depth of the PIPE-RT M system (35
inches); and the minimum cover required for the study was 24 inches.

For PS#2, there was no coarse sand subbase layer. Thus, the cover depth was 24-inch of
#57 stone base – equal to the allowable minimum cover for paved roads. The purpose for the
elimination of the sand subbase layer was to evaluate the use of only stone base layer and compare
the deflection responses of the PIPE-RT M systems in PS#1 and PS#2. If the deflection were
insignificant, then the elimination of the sand subbase layer in newer pavement sections would
reduce cost of installation and construction.
The pavement section PS#3 has a similar section to PS#2 but the depth of the stone base
layer was reduced by half (12-inch deep). The basis for the reduction of the layer depth was to
study the extreme case of shallower cover on the PIPE-RT M system. The cover for PS#3 was less
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than the minimum allowable cover for paved roads. However, it satisfies the minimum allowable
cover for unpaved areas. The results from PS#3 will provide information of deflection on the PIPERT M system during construction and for accidental vehicular loading on unpaved areas.
The testing pavement was a smooth and provided a seamless ride on the surface without
any demarcation between pavement sections. However, the three pavement sections were 6-foot
apart from each other and the spacing filled with compacted sand. The spacing was to permit
proper installation and compaction of backfill material, and provide the spaces required for the
installation of the sensors. The sensor housing was a built-up masonry block walls to protect the
sensor from the weather and environment. The use of the sensor was to measure the PIPE-RT M
system vertical deflections when subjected to traffic loading.
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(a)
Figure 15 Pad #1 pavement sectional views with truck loadings (a) longitudinal and (b) transverse
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Figure 16 Pad #2 pavement sectional views with truck loadings (a) longitudinal and (b) transverse
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Figure 17 Pad #3 pavement sectional views with truck loadings (a) longitudinal and (b) transverse
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Pavement Construction and Installation
The PTI team in conjunction with the research team from UCF constructed and installed
the pavement system for field-testing. The construction of the reservoir system for the testing
program started on January 27, 2015 with the excavation of 15 feet by 80 feet trench, shown in
Figure 18 (a) at the Groveland, Florida site. The bedding elevation of the trenched was stepped
one-foot up from PS#1 to PS#2, and again another one-foot up from PS#2 to PS #3. The steppedup subgrade elevation was to accommodate the variation of the base and subbase layers and cover
depths for the three pavement sections.

(c)
(a)

(b)

Figure 18 Excavated test site (a) newly dug, (b) compacted sand subgrade, and (c) compactor

Figure 18 (b) shows the grade filled with coarse sand prepared for compaction. The
compacted unit weight of the subgrade was 94 lb./ft3 . The compactor used was a one-way plate
compactor (Multiquip – MVC-88VGHW) having a centrifugal force of 3450 lb. (1565 kg), and is
19.6-inches wide plate (Figure 18c). The compaction activity was to provide a firm surface for the
installation of the PIPE-RT M system and prepare for casting of concrete pads. The cast-in-place
concrete pads were the foundation for the sensor housing that provides a stable base for placement
of the sensors. Shown in Figure 19 are freshly cast concrete pads and aligned to the path of the
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outer wheel of the AASHTO H-20 design truck. The alignment was to ensure that the wheel passes
directly over the sensors that measure the largest loading on the PIPE-RT M system from the truck
loads.

(a)

(b)

Figure 19 Concrete base for sensor housing (a) concrete pad and (b) concrete pad alignme nt

There were four concrete pads constructed as bases for the six sensors, at the longitud ina l
ends of the three separate PIPE-RT M systems. Figure 20 shows the constructed masonry block
housing for the sensors on the concrete pads. Two of the concrete bases constructed at the
beginning (PS#1) and ending (PS#3) of the entire pavement system were 3 feet by 3 feet. The other
two concrete bases were two-in-one, sized 6 feet by 3 feet, and built to house two sensors
connected to the adjacent PIPE-RT M systems, which is between PS#1 and PS#2, and PS#2 and
PS#3, respectively.
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(a)
(b)
Figure 20 Sensor chamber built with masonry blocks on concrete pad (a) size of boxes built
at each end of the entire pavement system and (b) a 2-in-1 box built between the two
pavement sections

The installation of the PIPE-RT M system for each pavement section was manual (no
equipment was used) because of the small footprint of the project. Figure 21 shows the installa tio n
process with the placement of a custom sized geotextile over the compacted subgrade and then,
the transfer and placement of the bundle pipes on the geotextile into the trench. The geotextile was
the ITL 40XT M black geomembrane coated woven polyethylene (CWPE). The geotextile wrapped
round the pipe bundles for the each pavement section have a thickness of 40 mil and a mass per
unit area of 18 oz./yd2 . The trademark PIPE-RT M system refers to the pipe bundles wrapped in the
geotextile. The purpose is to stop soil migration into the PIPE-RT M system from the backfill and
other sources due to piping, if it occurs. For the field-testing, there were no issue of piping or soil
migration because the water table was below the installation and there was no rain event.
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Figure 21 PIPE-RTM system installation process

After the placement of the bundle pipes, was the placement of a 1½ in. by 60 in. zinc-plated
slotted angle bar attached to the top surface of the PIPE-RT M system. The purpose for the angled
bar was to provide the means by which the displacement sensor can be connected to the top level
of the PIPE-RT M system and the base of the sensor chamber. The connection of the angle bar was
through a 12-inch corrugated pipe section acting as a conduit attached to the masonry block wall,
to allow for the unhindered vertical movement of the angle bar during loading. The vertical
movement of the angle bars will be a direct response to the deflection of the PIPE-RT M system
subjected to design loads. Presented in Figure 22 are the pictorial views of the installed angle bars
extruding through the geotextile and 12-inch corrugated pipe into the sensor housings.
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Figure 22 Angle bar placement attached to the PIPE-RTM system and connected to the sensor

Following the attachment of the angle bar on the PIPE-RT M system, cinder blocks placed
on the base of the sensor housing provided an elevated and stable base for the sensor installatio ns.
At each sensor location, the linear displacement sensor was mounted on the cinder block and
connected to the angle bar. The subsequent connection of the sensor to the data acquisition system
and further to a laptop computer was through a 2-inch PVC pipe tubing interconnected from the
sensor housing to the surface of the pavement at safe distance away from the traffic. Figure 23
shows the four sensors installed at location 5 and 6 of PS#3, and location 2 and 3 for PS#1 and
PS#2 for vertical displacement measurements. The sensors were hooked vertically to the angle bar
and the wired connections passed through the PVC pipe tubing.
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Figure 23 Connected linear displacement sensors from the chamber to the pavement surface

At the completion of the PIPE-RT M system and sensors installations was the placement and
compaction of backfill soil, to the top elevation of the reservoir tanks, into the spaces between the
PIPE-RT M systems of each pavement section and around the sensor chambers in the trench. The
backfill material was coarse-grain sandy soil. The compaction effort for the backfill soils to
achieve 90% compaction level was with the same hand-operated vibratory plate compactor used
on the subgrade. The compaction process involved the intermittent sprinkling of water on the soil
to gain some moisture and the application the vibratory compactor over several layers of sand.
Figure 24 shows the backfill process and compaction efforts at the site during construction.
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Figure 24 Backfilling and compaction operations during construction and installation
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In addition, Figure 24 shows the backfill operation above the reservoir tanks with the
respective soil media designed for the separate pavement sections. PS#1 had compacted sandy soil
as is subbase and #57 stones as the base materials. It is pertinent to note that the sandy soil subbase
layer, at construction, was 13 inches instead of the 12 inches design depth. The increase in depth
was a result of over excavation of the overall depth for PS#1 section. Thus, the cover depth for
PS#1 was 37 inches, which was still more the minimum allowable cover specified in the AASHTO
Design Specifications. PS#2 and PS#3 had only the #57 stone base materials as cover for the PIPERT M system for each section. Installed at mid-depth of the #57 stone base layer was a geogrid, 6inch longer on all sides of each pavement section, to reduce the structural distress (includ ing
deflection) on the PIPE-RT M system due from the live loads. After the geogrid placement, the cover
depth filling continued for the remaining depths of the #57 stone base layer.
Loosely laid recycled asphalt millings were compacted over the base layer with a roller
vibratory compactor to achieve smooth and compact pavement layer surface. The roller compactor
was the Wacker 36-inch double drum ride-on-roller (model: RD 12A90). Figure 25 (a) shows the
use of the roller vibratory compactor during construction to achieve a level driving-surface for all
three-pavement sections. On the other hand, Figure 25 (b) shows the finished pavement surface of
the test site pavement, prepared for vehicular loading applications.
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(b)

(a)
Figure 25 Asphalt milling pavement surface (a) roller compactor during construction and
(b) finished surface of all three-pavement sections.

Instrumentation
The facilities required to conduct the testing on buried PIPE-RT M system consist of the use
of instrumentation for accuracy and precision. Instrumentation for the field-testing was setup in
such a way to allow for accurate reading and automatic recording of the PIPE-RT M system vertical
displacement due to the live load from the H-20 design truck. The instruments used are draw-wire
sensors and the power supply to read linear displacements; data acquisition system that can read
the data from 16 channels, simultaneously; and a compatible software installed in a computer to
record field measurements. Brief descriptions of each instrument are presented.
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Linear Displacement Sensor
Mounted in each of the sensor chambers was a linear displacement sensor, connected to
the top elevation of the reservoir tank to measure vertical displacement across the measureme nt
area. The sensor used was the Micro-Epsilon draw-wire displacement sensor WDS-1000-P60
(high quality precision component) with output options of voltage and current. This is a draw-wire
sensor used for simple distance measurements with easy and fast flexible mounting, using the
accessories provided for mounting. The analog output signal ranges from zero to 10 Volts.
According to Micro-Epsilon (2014) catalog, the measuring range was 1000 mm (39.37 inches) and
the resolution was quasi infinite. The sensor housing material is aluminum with the draw-wire
coated in polyamide stainless steel having a diameter 0.45 mm (0.018 inch). Figure 26 shows the
transverse, longitudinal, and plan views of the sensor.
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(a)

(b)

(c)

(d)

Figure 26 Schematic of Micro-Epsilon draw-wire displacement sensor (a) transerve,
(b) longitudinal, (c) plan views – source Micro-Epsilon (2014), and (d) actual sensor

Sensor Power Supply
The power supply to the sensor is the PS2020 power supply with an input of 100 – 240V
AC and output of 24V DC /2.5 A. The operating temperature range is -20 to +80°C (-4 to 176°F),
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which was within range during testing. On the actual day for field-testing (February 6, 2015), the
day’s temperature range was between 48 and 64°F with a mean of 58°F. Figure 27 shows the
schematic views with the dimensions and functional diagrams of the power supply to the sensor
(PulsPower 2014). The power supply was the PULS product CS3.241, NEC Class 2 complia nt
with an efficiency up to 89.9% and operating temperature range of -25°C to +70°C (-13°F to
158°F). The input range is 100 – 240V and output range is 24 – 28V (output voltage and power of
DC 24V and 80W, respectively). Figure 28 displays the actual power supply equipment connected
to the sensors to provide needed power during operations.
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(b)

(a)

(c)
Figure 27 Schematic views (a) front, (b) side, and (c) functional diagram – source (PulsPowe r
2014)
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Figure 28 PULS CS3.241 power supply

Data Acquisition System (DAQ)
The sensor measures displacements but needs a data acquisition system (DAQ) to transfer
real time data into readable and useable format. Figure 29 shows the data acquisition system used
in the study. It was the 16-channel module NI 9207 measurement system that can measure from a
combination of 8-channel differential voltage (±10 V) and 8-channel current inputs (±21.5 mA) at
500 S/s sample rate (high-speed mode) with 24-bit analog input resolution (National Instrume nts
2014). The operating temperature ranges is between -40°C and 70°C (-40°F and 158°F), and
humidity ranges from 10 to 90% RH.
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Figure 29 NI 9207 data acquisition system

Figure 30 shows the schematic and photograph of its 37-pin DSUB connector that provides
connections for the 16 analog channels. The NI 9207 has a high-resolution mode with 50/60 Hz
rejection designed to work in noisy environments caused by lighting, motors, and power lines. The
accuracy is 0.05608V, and the conversion time per channel is 52 and 2 millisecond for highresolution and high-speed mode, respectively. In addition, Figure 30 shows a typical connection
between the power supply unit of the sensor and the DAQ.
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Figure 30 NI 9207 37-pin DSUB connector analog inputs for 8-channel voltage and 8-channe l
current (National Instruments 2014)

Compatible Computer Software
The transmission of acquired data from the DAQ to a host PC can be over USB, Ethernet
or 802.11 Wi-Fi network. For the purposes of this study, the data transmission was over USB
connection. The compatible computer software for use with the DAQ is the LabVIEW full
development system for Windows OS (operating system). LabVIEW is a fully integrated graphical
system design software that supports a wide range of measurement hardware. It allows for eventdriven user customization interface, and has the capability to quickly and easily acquire real-world
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signals, communicate and store results in a variety of ways. Figure 31 shows the event-driven user
interface circuit-diagram developed for the field-testing and Figure 32 shows the user’s LabVIEW
interface on the computer.

Figure 31 User-defined circuit arrangement for field-testing

Figure 32 Computer user interface for data display
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Truck Loading on Pavement Sections
The conduct for the field-testing on the PIPE-RT M system was on February 6, 2015, the
temperature during testing ranged between 46 to 64°F with a mean of 55°F, which suggests that
all the equipment for instrumentation operated within the specified temperature ranges. An H-20
design truck (double tandem-axle) with a gross weight of 66 kips was driven over the three separate
pavement sections. Figure 33 displays a typical H-20 design truck with the double tandem axle
loads and spacing.

14 ft.
22 kip

6 ft.

4 ft.
22 kip

22 kip

22 kip

22 kip

(a)

(b)

Figure 33 Diagram of a typical H-20 tandem-axle truck

Figures 34 and 35 show the truck loading locations, traffic directions and the actual truck
used. Deflection measurements were set at six sensor locations along the length of the pavement,
two sensor locations per pavement sections (beginning and ending of each one). There were four
truck-loading sessions for real-time measurements of the PIPE-RT M system deflection. The first
and fourth ruck-loading sessions were at the beginning and ending of PS#1 and PS#3, respectively.
The second and third truck-loading sessions were for the ending and beginning of PS#1 and PS#2,
and at PS#2 and PS#3, respectively. At each loading session, the truck passed directly over the
sensor(s) location 60 times (30 forward and 30 backward movements).
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PS#1
PIPE-RTM System

PS#2
PIPE-RTM System

Forward and backward movement

Forward and backward movement

S#1
Truck loading
Session 1

S#2

S#3

PS#3
PIPE-RTM System
Forward and backward movement
S#4

Truck loading
Session 2

S#5

Truck loading
Session 3

Figure 34 Plan of pavement with the truck loading sessions and sensor locations

Figure 35 AASHTO HS-20 Truck on the pavement section during loading session 1
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S#6
Truck loading
Session 4

The loading sessions for the field-testing on the pavement were as follows:
•

Sensor #1 (S#1), only (i.e. PS#1)

•

Sensors #2 (S#2) and #3 (S#3), simultaneously (i.e. PS#1 and PS#2)

•

Sensors #4 (S#4) and #5 (S#5), simultaneously (i.e. PS#2 and PS#3)

•

Sensor #6 (S#6), only (i.e. PS#3)

•

Truck loading re-run testing at S#2 and S#3, simultaneously

The re-run testing was to evaluate the effect of the vehicular traffic after the initia l
settlement of the pavement and base layers. The H-20 design truck caused surface depressions of
the pavement layer along the wheel paths because of the low compaction effort on the asphalt
milling during construction. The depressions increased noticeable from PS#1 through PS#3, which
suggest that the correspondingly decreasing cover depths may have influenced the pavement
surface responses to the vehicular loads. To counter the wheel path depression on the pavement
surface, the paths were refilled with asphalt millings, after 10 to 15 runs of the truck loading at the
affected pavement sections (PS#2 and PS#3), and compacted. Figure 36 shows the pavement
surfaces of the three different pavement sections and the overview of the entire pavement surface
after testing, PS #1 at the near end. Pavement section #1 did not show any significant surface
depression to warrant the refilling of the wheel load paths.

57

(a)

(b)

(c)

(d)

Figure 36 Pavement surface after testing (a) pad #1, (b) pad #2, (c) pad #3, and (d) entire pavement surface
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TEST RESULTS AND DISCUSSIONS
Presented in this section of the report are the field-testing results, statistical analyses, and
discussions on the field-testing.
Field Test Results
Test results from the data acquisition systems were stored in Microsoft Excel files for
further analyses. Measurements displayed from the sensors were in volts (DAQ output), which
were converted to distances for the actual deflection values. One volt is equivalent to 100 mm
displacement of the sensor. The deflection measurement is the difference between the initial value
before loading and the value at direct impact of the wheel load. Figure 37 show a plot of the
deflection data from sensor #1. The loading program ran for approximately 15 minutes for the 30
runs of forward and backward movement of the truck for the four loading sessions.
Time (sec)
0

2

4

6

8

10

12

14

11.335
11.34

Elevation (in)

11.345
11.35
11.355
11.36
11.365
11.37
11.375
11.38

Figure 37 Recorded deflection versus time for sensor #1

Figure 38 shows the magnified view of the plot for only a single truck-loading passing
within time range of 1.11 and 1.36 seconds. The peak and valley of the plot indicate the deflectio n
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and rebound of the PIPE-RT M system after each of the tandem axle passes over the location. The
difference in elevations between the peak and the valley was the measured deflection for each
truck-loading run. The other sensors had similar plots and trend and the plots are in the Appendix.
Time (sec)

Elevation (in)

1.11
11.34

1.16

1.21

1.26

1.31

1.36

11.345

11.35

11.355

Figure 38 Magnified plot view for a single test run on sensor #1 location

Table 6 presents the results from the field-testing for the three pavement sections and the
corresponding measured vertical deflection values (inches). The values shown are the average of
the forward and backward movement for each passing of the design truck over the sensor. The
deflection of the PIPE-RT M system for PS#1 ranged between 0.055 to 0.081 in. (1.40 – 2.06 mm);
PS#2 was 0.157 to 0.514 in. (3.99 – 13.06 mm); and for PS#3 it was 0.109 to 1.295 in. (2.77 –
32.89 mm).
Table 6 Measured deflection values for all sensors
Runs
(forward
&
backward)

PS#1
(43 in. cover depth)

PS#2
(30 in. cover depth)

PS#3
(18 in. cover depth)

1

S#1
(in.)
0.055

S#2
%
(in.) deflection
0.071
0.180

S#3
(in.)
0.341

S#4
%
S#5
(in.) deflection (in.)
0.227
0.811
1.157

S#6
%
(in.) deflection
0.806
2.804

2
3

0.061
0.063

0.067
0.081

0.449
0.442

0.337
0.304

0.851
0.922

0.183
0.206
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1.123
1.066

1.256
0.970

3.010
2.703

Runs
(forward
&
backward)

PS#1
(43 in. cover depth)

PS#2
(30 in. cover depth)

PS#3
(18 in. cover depth)

4
5
6

S#1
(in.)
0.064
0.063
0.061

S#2
%
(in.) deflection
0.069
0.190
0.063
0.180
0.073
0.191

S#3
(in.)
0.354
0.353
0.336

S#4
%
S#5
(in.) deflection (in.)
0.283
0.910
0.715
0.303
0.937
0.925
0.298
0.906
0.745

S#6
%
(in.) deflection
0.944
2.370
0.935
2.657
0.893
2.340

7
8
9

0.069
0.069
0.070

0.070
0.068
0.070

0.199
0.196
0.200

0.400
0.423
0.422

0.311
0.323
0.316

1.016
1.066
1.054

0.653
0.714
0.660

0.880
0.940
0.938

2.190
2.363
2.283

10
11
12

0.070
0.073
0.076

0.070
0.067
0.068

0.200
0.200
0.206

0.413
0.400
0.397

0.318
0.294
0.297

1.044
0.991
0.991

0.661
0.620
0.567

0.982
0.923
0.938

2.347
2.204
2.150

13
14
15

0.074
0.074
0.076

0.067
0.065
0.062

0.201
0.199
0.197

0.395
0.443
0.410

0.295
0.292
0.290

0.986
1.050
1.000

0.520
0.505
0.636

0.965
0.947
0.643

2.121
2.074
1.827

16
17
18

0.075
0.074
0.073

0.057
0.060
0.060

0.189
0.191
0.190

0.380
0.351
0.330

0.243
0.245
0.243

0.890
0.851
0.819

0.507
0.493
0.471

0.571
0.617
0.565

1.540
1.586
1.480

19
20
21

0.073
0.072
0.071

0.059
0.056
0.056

0.189
0.183
0.181

0.343
0.303
0.298

0.256
0.205
0.181

0.856
0.726
0.684

0.415
0.370
0.364

0.578
0.559
0.548

1.419
1.327
1.303

22
23
24

0.070
0.072
0.069

0.067
0.059
0.059

0.196
0.187
0.183

0.320
0.333
0.330

0.221
0.208
0.250

0.773
0.773
0.829

0.325
0.285
0.324

0.553
0.540
0.538

1.254
1.179
1.231

25
26
27

0.070
0.068
0.070

0.061
0.058
0.060

0.187
0.180
0.186

0.301
0.300
0.317

0.183
0.272
0.261

0.691
0.817
0.826

0.310
0.322
0.196

0.528
0.538
0.528

1.197
1.229
1.034

28
29
30

0.070
0.071
0.070

0.057
0.057
0.056

0.181
0.183
0.180

0.332
0.329
0.316

0.264
0.273
0.267

0.851
0.860
0.833

0.175
0.216
0.216

0.548
0.543
0.569

1.033
1.084
1.121

0.055 0.056
0.076 0.081
0.070 0.064
0.070 0.063

0.180
0.206
0.190
0.189

0.298
0.449
0.362
0.347

0.181
0.337
0.269
0.273

0.684
1.123
0.901
0.875

0.175
1.256
0.543
0.506

0.528
0.982
0.728
0.630

1.033
3.010
1.815
1.706

Minimum
Maximum
Mean
Median
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Shown in Figure 39 are plots of the deflections versus the truck passing over the three
different pavement sections. The deflection values from both sensors for PS#1 were approximate ly
equal with a standard deviation of 0.0063 in. and coefficient of variation of 0.094. For PS#2, the
standard deviation was 0.0647 in. and coefficient of variation of 0.205, which is slightly
significant. However, PS#3 deflection values significantly decreases with the number of truck
passing, which suggests the new placement of asphalt milling on the wheel paths and the
compaction by the truck influenced the PIPE-RT M system deflection. The addition of a new
asphalt-milling placement was after the 15th run. There is a sharp drop in deflection values for S#6
plot and the gradual stepped-drop for S#5 plot with each milling addition. The result shows the
worst-case scenarios – low compaction effort and shallow depths – and the effect on the
improvement of the compaction effort.
PS#1-1

PS#1-2

PS#2-3

PS#2-4

PS#3-5

PS#3-6

1.400
1.200

Deflection (in.)

1.000
0.800
0.600
0.400
0.200
0.000
0

5

10
15
20
Number of Truck Passing (forward and backward movement)

25

30

Figure 39 Plots of deflection versus number of runs for all sensor locations

At the completion of the truck loading on the three pavement sections, there was an
evaluation on the effect of higher traffic volume on the pavement section on two sensor locations
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(S#2 and S#3), which is referred to as “re-run” testing. Table 7 presents the results of the re-run
truck loading to evaluate the effect of the vehicular traffic after the initial settlement of the
pavement and base layers, and the over 200 prior truck passing on the pavement sections. The rerun on S#2R, attached to PS#1 recorded an average deflection value of 0.054 in. (1.37 mm), which
was approximately 15% less than the average value for S#2 in the first runs. The coefficient of
variation (C.V.) for the deflection values of S#2R is about 1.5%, which is very low. The low
variation indicates consistent deflection for the eight re-runs, when compared to S#2 recorded
values, which had a C.V. of 9.8%. The standard deviation of the deflection measurements for the
re-run was about 0.0008 in. (0.02 mm), compared to 0.0062 in. (0.16 mm) for the previous runs
on the same sensor (S#2). The percent-deflections for the S#2R re-run testing ranged between
0.40% - 0.60%, which were less than the 5% minimum allowable deflection.
Table 7 Measured deflection values after re-run testing on sensors #2 and #3
Runs (forward
& backward)
1
2
3
4
5
6
7
8
Minimum
Maximum
Mean
Median

S#2R (in.)
0.055
0.056
0.054
0.055
0.054
0.055
0.054
0.053
0.053
0.056
0.054
0.055

%
deflection
0.157
0.159
0.155
0.156
0.154
0.157
0.153
0.152
0.152
0.159
0.155
0.156

S#3R (in.)
0.204
0.178
0.166
0.154
0.151
0.147
0.128
0.124
0.124
0.204
0.157
0.153

% deflection
0.583
0.509
0.474
0.440
0.431
0.420
0.366
0.354
0.355
0.582
0.447
0.436

On the other hand, S#3R attached to PS#2, had an average deflection value of 0.157 in.
(3.99 mm), approximately 57% difference from the first run, on the same pavement section (PS#2).
The C.V. for the first run and the re-run were 16.7% and 13.2%, respectively. However, the
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standard deviation of the re-run was about 0.026 in. (0.66 mm), compared to 0.048 in. (1.22 mm)
from the previous runs, on the same sensor (S#3). Despite the fact that the C.V. were more than
10-percent, the standard deviations were not significant because these were less than 0.05 in. (1.30
mm) and it is only noticeable because of the precision of the instrumentation. Furthermore, the
percent of deflection were approximately 0.16%, which is less 5% minimum allowable deflectio n.
Statistical Analyses
A box and whisker plot (Figure 40) shows the variations observed on the deflectio n
measurements from each sensor. The bottom and top of the whisker are the recorded minimum
and maximum deflection values, respectively. The bottom box with dashed borderlines represents
the variation between the first quartile (25%) and the median (50%), and the top box with the
continuous borderlines represents the variation between the median (50%) and the third quartile
(75%). The order of the variations is from the lower end to the upper end for each box.
1.4
1.2

Deflections (in.)

1.0
0.8
0.6
0.4
0.2
0.0
S#1

S#2

S#3
S#4
Sensor Locations

S#5

S#6

Figure 40 Box and whisker plots from the deflection values for the six sensors
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The plots show that the variations in the deflection values between S#1 and S#2 was very
low, the values were all close to the median. The low data variability observed from S#1 and S#2
agrees with the field-testing procedure, there was no additional placement of asphalt milling during
loading because of the shallower depressions on the wheel path. The deflection values measured
from S#3 and S#4 showed slight variation, which is in agreement with the one-time addition of
asphalt milling due to the wheel path depression. However, the variations in the deflectio n
measurements from S#5 and S#6 were significant because of the wheel path depressions and the
two or more asphalt milling additions during loading. Additionally, the rolling motion of the truck
introduced dynamic forces. The impact factor of the rolling live load (truck) reduces with depth;
beyond 3-feet depth, the impact is negligible. The variation for S#5 is significant, which is an
indication that the some of the values may be outliers. Thus, after a good compaction effort of the
pavement top layer the variation of the deflection data may be lower than observed.
In Figure 41, the percentage of deflection between the measured deflection for each run to
the initial depth of the PIPE-RT M system were all below the 5% specified by the AASHTO M294
specification. The range in the percent-deflection for the three pavement sections PS#1, PS#2, and
PS#3 were 0.18% to 0.21%, 0.68% to 1.12%, and 1.03% to 3.01%, respectively. The plots show
that for cover depths up to 43 inches (1092 mm) and greater the live load had no significant effect
on the PIPE-RT M system. For shallower depths, there was some live load response from the PIPERT M system, more noticeable for cover depth of 18 inches (457 mm), which incidentally, was lower
than the minimum allowable cover depth of 24 in. (610 mm) for paved areas. A stiffer pavement
top layer, in addition to a deeper cover depth can significantly minimize the effect of the live load
on the PIPE-RT M system. However, the deflections were less than maximum allowable for flexib le
pipes.
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Figure 41 Percent of deflection to PIPE-RTM system depth for the three pavement sections

The box and whisker plot (Figure 42) used to explain the variation of deflection data from
the three pavement sections, shows that pavement section (PS#3) had very high variatio ns
compared to the other two pavement sections. The observation is due to the low compaction effort
of the asphalt milling and the shallower cover depth (less than minimum allowable for paved
areas). The pavement section is also in agreement with the separate sensor deflection readings for
sensor #5 and #6, which shows that more data points were above the median due to possible outlier
effect. From Figure 41, it shows that splitting the deflection data into two-halves would yield mean
values of 0.83 in. and 0.44 in. for truck passing 1-15 and 16-30, respectively. The first half of the
data were about twice the second half for the same pavement section #3, which shows the effect
of the additional asphalt milling and adequate compaction effort as specified by AASHTO.
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Figure 42 Box and whisker plots for the three pavement sections (PS)

As was the case in the first runs of the six sensors, box and whisker plots show the variatio n
between the recorded deflections for both re-run sensor locations in Figure 43. Sensor #2R re-run
deflection values were tightly compact with an outlier (minimum value), which is similar to the
data variation for S#2. The data variation from S#3R was low with an outlier of the maximum
value. The result shows that pavement section with the deepest section marginally varied and was
consistently low for initial and repeat runs. However, as the pavement section depths become
shallower, the deflection values increased with slightly more variations. Again, caused by truck
load impact on the buried PIPE-RT M system with depth of pavement
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Figure 43 Box and whisker plots for re-run sensor locations

Table 8 presents the average deflection values and percent deflection for all 60 truck
passing over each pavement section. The percentage of deflection relative to the PIPE-RT M system
depth was less than the 5% minimum required in AASHTO M294. The approximate range was
between 0.2- to 2.4% of the PIPE-RT M system depth. However, the Stormwater Management
Academy at the University of Central Florida does not recommend the cover depth used for PS#3,
which is 12 inches (305 mm), because it is less than the AASHTO allowable minimum cover depth
paved areas subjected to traffic loading. Pavement section #3 has two parts, the part 1 indicates
the average from the first 15 truck passing (1-15) on the pavement section and part 2 is the average
value from the next 15 truck passing (16-30). The split into two halves was in response to the wide
variations observed in the box and whisker plot. The deflection results presented in the study are
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only for the 4-layer-10-bundle PIPE-RT M system. For deeper PIPE-RT M systems, the deflectio n
may be higher but does not mean it will be more than the allowable 5% deflection.
Table 8 Field pavement sections and corresponding PIPE-RTM system vertical deflections
Pavement
Section
#1
#2
#3 (part 1)
#3 (part 2)

Depth of PIPE-RTM Field Deformation
Percent
System (in.)
(in.)
Deflection (%)
35
0.067
0.19
35
0.315
0.90
35
0.827
2.36
35
0.444
1.27

Table 9 presents the outcome of the nonparametric statistical test on the deflection values
for both sensors attached to the separate PIPE-RT M system in the three separate pavement sections.
The nonparametric statistical test was Mann Whitney U test, conducted on the independence of
the data from the two sensors for each pavement section. The result showed that that the differe nce
between the median of the deflection values for PS#1 and PS#3 were statistically significant. That
is, the difference is likely due to experimental treatment resulting from the difficulty encountered
during installation and construction. According to the construction crew, it was easier to go around
and properly compact the pavement layers at the locations of sensor #1 and #6 because these were
located at the beginning and ending of the entire pavement length. However, it was difficult to
maneuver the vibratory compactor around the intermediate sensor locations because of limited
spaces. Thus, the second pair of sensor readings on both PS#1 and PS#3 was independent of the
other pair due to inconsistency in site preparation.
Pavement section #2 showed that the difference between both sensor readings was
statistically not significant, and that the difference may be due to chance. The observation on PS#2
is consistent with the test site preparation around the locations of the S#3 and S#4. The constructio n
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crew experienced about equal difficult in the compaction around these locations. Thus, the
compaction effort may have been consistent.
Table 9 Nonparametric statistical test results
Parameters
Null hypotheses H 0

PS#1
S 1m = S 2m

PS#2
S 3m = S 4m

PS#3
S 5m = S 6m

Alternate hypotheses H 1

S 1m ≠ S 2m

S 3m ≠ S 4m

S 5m ≠ S 6m

Sample count per sensor
Mann Whitney U
Significance level α
z-statistic
z-critical
Statistical significance

30
650
0.05
2.95
1.960
YES

30
508
0.05
0.85
1.960
NOT

30
713
0.05
3.89
1.960
YES

A Mann Whitney statistical test on the independence of the initial and repeat tests for S#2
and S#3 showed that the differences in the deflection values were statistically significant, which
may be due to experimental treatment. The reason for the difference is attributable to the
compaction due to the earlier traffic volume (about 200-truck passing) between the initial and
repeat tests. The density of the cover layers may have been increased which may have led to
increase the bearing capacity and thus, lower the effect of the truckload on the PIPE-RT M system
underneath. The confidence interval for the statistical test was 95 percent (α = 0.05) with a null
hypothesis of equal median and alternate hypotheses of not equal median.

FIELD TESTS SUMMARY
The purpose for the field-testing was to evaluate the performance of the buried PIPE-RT M
system subjected to AASHTO design truck loading. The study evaluated the PIPE-RT M system
underneath three separate pavement sections to determine the responses of the system under
varying pavement depths. The aim for the three separate pavement sections was to determine the
minimum cover the PIPE-RT M system could withstand to avoid structural failure or differentia l
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settlement between the pavement and the surrounding soil. The cover depth for the three
pavements sections, PS#1, PS#2, and PS#3, including the pavement layer were 43 in. (1.09 m), 30
in. (0.76 m), and 18 in. (0.46 m), respectively.
At the two ends of the three pavement sections were linear displacement sensors that
measured the deflection of the PIPE-RT M system on every passing of tandem truckload over the
pavement. There were initially 60-truck passing (backward and forward movement) at the six
sensor location (S#1 to S#6), and a repeat of 10 passing at sensors #2 and #3 attached to PS#1 and
PS#2, respectively. The repeat testing locations had over 200 truck passing prior to the test to
simulate more traffic volume and determine the effect on the PIPE-RT M system.
Figure 44 shows that the three pavement sections had total deflections less than the 5% of
the inside diameter of an equivalent pipe using the height of the PIPE-RT M system as the distance.
However, there were noticeable depressions on the pavement surface along the wheel path for
PS#2 and deeper depression for PS#3. The likely cause of the depression are the low compaction
level of the surface pavement layer, the shallower cover depths, and the dynamic impact of the
moving truck on the PIPE-RT M system.
For the repeat testing (after more than 200 truck passing), the measured deflections were
approximately equal for PS#1, but were half the deflection for PS#2 from the initial test run. The
results suggest that the live (truck) load on the deeper pavement section had minimal effect on the
PIPE-RT M system even with repeat loading, but the shallower pavement section had continua l
settlement of the pavement cover layers with each passing traffic load. There was no repeat trafficloading test on the PS#3. Based on the trend seen in the initial traffic loading and repeat traffic
loading tests on PS#2, the deflection would have continually increased with each passing traffic
over the pavement. The trend for deflection versus pavement depth appears linear, deeper
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pavement cover less deflection of the PIPE-RT M system. Theoretically, the trend would have
gradually approach a plateau were more traffic loading would have had minimal impact on the
pavement layers.
Percent Deflection (%)
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Figure 44 Plot of deflection trend with cover depth
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AASHTO LIVE AND DEAD LOAD CALCULATIONS FOR THE PIPE-R SYSTEM
The PIPE-RT M system depend on the backfill soil strength to transfer loads (live and dead
loads) to the bedding material. Thus, for the installation of PIPE-RT M system underneath a
pavement, the design and installation should meet the minimum specifications required by
AASHTO and/or local regulatory agencies. This section discusses design methodology using the
AASHTO LRFD Design Specifications (AASHTO 2012). The important factors required to define
the performance of the PIPE-RT M system would include the material properties (geometric and
strength),

backfill criteria (installation conditions),

and load conditions (dead, live, and

hydrostatic). These three requirements shall form the basis for the design of the buried PIPE-RT M
system against structural failure and differential settlement.

M ATERIAL PROPERTIES
The section geometry of the pipe have a significant influence on the pipe-soil structure
performance. Thus, the designer needs to know the following pipe properties from a cut section:
•

second moment of area of the pipe profile per unit length (L4 /L);

•

cross-sectional area per unit length (L2 /L);

•

inside diameter of the pipe (L);

•

dimension of the wall profile (wall thickness, depth of corrugation, size of openings);

•

distance from the extreme fiber to the neutral axis of the section (L);

•

pipe stiffness at 5%-deflection; and

•

mechanical properties

The manufacturer, in this case PTI Inc., should provide the required material properties to
meet the specifications from AASHTO M252 and M294.
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BACKFILL CRITERIA
The backfill material properties influences the performance of the pipe bending stress and
bending strain, that is the type of backfill material and compaction level. The backfill restrains the
horizontal deformation because of the passive earth pressure exerted in the field, which
consequently, minimize the vertical deformation and strengthens the pipe resistance to vertical
loads. Thus, the shape factor, which is a function of the pipe stiffness, backfill soil, and compaction
level, is an indication of the response from the shape of the pipe due to the soil property. The buried
structure benefits from the confining soil support (horizontal and vertical earth pressure) to
minimize the effects of loads and load combinations. The soil confinement constraints the
horizontal displacement of the pipe that in turn provides additional resistance to vertical loading.

LOADING CONDITIONS
There are two types of loads considered for the design of pavement sections – live
(dynamic) load and dead (static) load. The live load changes position and/or magnitude and the
dead load is static for the duration of the design life. Thus, dependent on the use of the PIPE-RT M
system, the loads considered are live and dead loads (under a pavement for vehicular traffic) or
only the dead load (under an unpaved area). Commonly considered loads on buried pipe
application for subsurface drainage are live loads – vehicular (truck) loads, and dead loads – soil
load, foundation loads, and groundwater conditions when appropriate. For long duration of
loading, it is important to consider the dead load due to the soil prism on the pipe for selecting the
pipe properties needed in design. For long-term loading condition, the lives load may not be
considered because AASHTO (2012) normally consider live loads and occasional flooding as
short-term loads.
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AASHTO (2012) considers live loads “as a pressure applied at the pipe crown” and the
magnitude is dependent on the design vehicular live load. Design specifications recommends
including modifiers such as “multiple presence/overload, dynamic load allowance, and distributio n
through cover soils” in the calculation of live loads. On the other hand, the soil prism load refers
to the weight of soil above the pipe springline. According AASHTO (2012) the three conditions
considered to determine the soil prism pressure are:
•

water table is above the top of pipe and at or above ground surface;

•

water table is above the top of pipe and below the ground surface; and

•

water table is below the top of the pipe.

The basic parameters needed to determine the soil prism pressure are the backfill unit
weight, wet unit weight above the water table and the buoyant unit weight below the water table;
depth of cover; and water table depth. Usually, the application of a vertical arching factor (VAF)
to the soil prism calculation is to account for the earth load support provided by adjacent soil
columns. The hydrostatic pressure due to the ground water table exerts hydrostatic loading if the
water table is above the pipe springline at any time. The need for the calculation of the hydrostatic
pressure is dependent on the ground water table relative to the pipe springline.

PIPE WALL RESISTANCE
The structural stability of the pipe depends on the ability to withstand the total loads applied
on it. Loads on the buried pipe shall include the soil prism loads modified for the pipe-soil
interaction, vehicular loads, and hydrostatic loads. However, due to the time-dependent nature of
the pipe properties (that is pipe relaxation and creep) the total loads varies with time. Thus, for
long-term wall thrust analysis, consider only the dead load and use the long-term material
properties. For designs expecting vehicular traffic, that is both dead and live loads are present,
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there will be two wall thrust analyses – short-term and long-term. The short-term analysis uses the
combination of dead and live loads and short-term material properties; and the second analysis,
long-term, uses only the dead load and the long-term properties of the material. The governing
analysis is the one with stricter limit.

D ESIGN APPROACH
The design of buried thermoplastic pipe with corrugated wall should be in accordance the
Section 12.12 – Thermoplastic Pipes of AASHTO LRFD Design Specifications and all other
relevant specifications for buried plastic pipes installations and handling. The components for the
design procedure shall include deflection requirements, local buckling resistance, bending stress
and bending strain.
Deflection Requirements
Deflection in pipe design refers to the change in the inside diameter due to applied loads –
reduction in the vertical axis and increase in the horizontal axis. Proper construction in the field
significantly controls the pipe deflection. The deflection requirement according to AASHTO
(2012) is that “total deflection, Δ t shall be less than the allowable deflection Δ A ” (i.e. Δ t ≤ Δ A ).
The allowable deflection is set at five percent reduction in the vertical axis of the pipe inside
diameter. The total deflection determination uses the Spangler’s expression for predicting pipe
deflection with the expression for circumferential shortening. The parameters needed to calculate
the total deflection include pipe stiffness, soil prism loads, live loads, backfill conditions (modulus
of soil reaction), thrust and hoop strain in the pipe wall, and the pipe section properties.
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Buckling Resistance
Wall buckling is a function of the backfill conditions, pipe stiffness and the corrugated
profile geometry. The actual buckling compression strain due to thrust must be less than the critical
buckling compression strain of the pipe wall. The parameters needed in the determination of the
buckling pressure are effective pipe wall area, modulus of elasticity, Poisson’s ratio of soil,
moment of inertia, soil modulus, and a correction for the backfill geometry.
Bending Stress and Strain
AASHTO (2012) requires that “to ensure adequate flexural capacity the combined strain
at the extreme fibers of the pipe profile must be evaluated at the allowable deflection limits against
the limiting strain values.” Bending stress and bending strain are required to be within the material
capability.
Cover Depth Limits
The two cover depths considered for design are the minimum depth in paved roads and the
maximum burial depth. Section 12.6.6.3 of the AASHTO LRFD Design Specificatio ns
recommends the minimum cover, including a well-compacted granular subbase and base course.
The minimum allowable cover varies for different buried structures and pavement surface (flexib le
and rigid pavement). For thermoplastic pipes, the minimum allowable cover is ID/8 ≥ 12.0 in.
under unpaved areas and ID/2 ≥ 24 in. under paved roads, where ID is the inside diameter. The
measurement of the minimum allowable cover for flexible pavement is from the top of the pipe
crown to the bottom of the pavement; and for rigid pavement it is from the crown of the pipe to
the top of the pavement, i.e. the pavement thickness is inclusive. On the other hand, the maximum
cover limit is dependent on the backfill conditions (compaction level) and the pipe properties.
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CONCLUSIONS
In this study, the Stormwater Management Academy (SMA) at the University of Central
Florida evaluated the structural and hydraulic performance of a buried pipe system referred to as
PIPE-R™ system. The evaluation was conducted in three phases consisting of laboratory testing,
model development, and field-testing of the structural performance.
One of the objectives of the research was the development of a Microsoft Excel based
model for the use of the PIPE-RT M system as a subsurface drainage tank. The model, called the
PIPE-R model predicts the hydraulic efficiency of the PIPE-RT M system used in differe nt
arrangement and configurations, and incorporate benefits of groundwater recharge, stormwater
harvesting, and gray water reuse. The PIPE-R model provides the additional benefit for the
quantification of captured stormwater reuse. It is a user-friendly mathematical model developed
on a Microsoft Excel interface for easy access and use. The program for the validation of the PIPER model was to calibrate it with the pilot-scale setup of the PIPE-RT M system as a subsurface
drainage tank. The planned calibration is on hold pending the decision of PTI Inc., the funding
partner.
For the structural response of the PIPE-RT M system subjected to AASHTO design truck
loading, laboratory testing was performed to determine the pipe stiffness as single and bundle
pipes, and field-testing done to determine the PIPE-RT M system real-time deflection under three
separate soil prism conditions. Laboratory test results confirms that the PIPE-RT M system have
pipe stiffness greater than the minimum pipe stiffness of an equivalent pipe inside diameter.
Furthermore, the field-testing program showed that the PIPE-RT M system evaluated had pipe
deflections less than five percent of an equivalent pipe inside diameter. The live load had minima l
effect on the deflection of the PIPE-RT M system in the deepest pavement section of 43 inches (1092
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mm) thick pavement depth on the system. The PIPE-RT M system deflection due to live loads
decrease with increasing pavement depth above the crown of the pipe, which agrees with the
proven fact that the effect of live load decreases with increasing depth.
In addition, the study found that installation and construction of the pavement section
significantly affected the response of the PIPE-RT M system. Thus, it is recommended that the
backfill materials attain at least 90 percent compaction level of the maximum unit weight during
installation and construction. For use under active traffic conditions, the researchers recommend
that the top layer of the pavement design meet the AASHTO standard specifications. Another
recommendation is that the minimum cover depth from the pipe crown to the bottom of a rigid
pavement or top of a flexible pavement also meet the appropriate AASHTO design specificatio ns.

79

BIBLIOGRAPHY
AASHTO (2012). AASHTO LRFD Bridge Design Specifications, American Association of State
Highway and Transportation Officials, Washington, DC.
AASHTO (2012). "LRFD Bridge Design Specifications."Washington, DC.
AASHTO M252 (2012). "Standard Specification for Corrugated Polythylene Drainage Pipe."
American Association of State Highway and Transportation Officials, Washinton, DC.
AASHTO M294 (2012). "Standard Specification for Corrugated Polythylene Pipe, 300- to 1500mm (12- to 60-in.) Diameter." American Association of State Highway and Transportatio n
Officials, Washington, DC, 16.
Arockiasamy, M., Chaallal, O., and Limpeteeprakarn, T. (2006). "Full-scale field tests on flexib le
pipes under live load application." Journal of performance of constructed facilities, 20(1), 21-27.
ASTM D2412 (2011). "Standard Test Method for Determination of External Loading
Characteristics of Plastic Pipe by Parallel-Plate Loading." Standards and Publications, ASTM
International, West Conshohocken, PA.
Barker, R. M., and Puckett, J. A. (2013). Design of highway bridges: An LRFD approach, John
wiley & sons.
Bilgin, Ö. (2013). "Modeling Viscoelastic Behavior of Polyethylene Pipe Stresses." Journal of
Materials in Civil Engineering, 26(4), 676-683.
Faragher, E., Fleming, P. R., and Rogers, C. D. (2000). "Analysis of repeated-load field testing of
buried plastic pipes." Journal of transportation engineering, 126(3), 271-277.
Folkman, S. L., and Moser, A. (2002). "The Structural Performance of a Storm Water Detention
System Utilizing Bundled HDPE Pipes."
Kang, J. S., Han, T. H., Kang, Y. J., and Yoo, C. H. (2009). "Short-term and long-term behaviors
of buried corrugated high-density polyethylene (HDPE) pipes." Composites Part B: Engineer ing,
40(5), 404-412.
Khatri, D. K., Han, J., Parsons, R. L., Young, B., Brennan, J. J., and Corey, R. (2013). "Laboratory
evaluation of deformations of steel-reinforced high-density polyethylene pipes under static loads."
Journal of Materials in Civil Engineering, 25(12), 1964-1969.
Krishnaswamy, R. K. (2005). "Analysis of ductile and brittle failures from creep rupture testing of
high-density polyethylene (HDPE) pipes." Polymer, 46(25), 11664-11672.
Marston, A., and Anderson, A. (1913). The Theory of Loads on Pipes in Ditches: And Tests of
Cement and Clay Drain Tile and Sewer Pipe, Iowa State College of Agriculture and Mechanic
Arts.
Micro-Epsilon (2014). "Data sheet wireSENSOR P60/P96." Micro-Epsilon USA, Raleigh, NC.
Motahari, A., and Abolmaali, A. (2009). "Structural deformation characteristics of installed HDPE
circular pipelines." Journal of Transportation Engineering, 136(4), 298-303.
80

National Instruments (2014). "Technical Sales NI 9207." N. Instruments,
Instruments.

ed., National

NCHRP (2010). "REPORT 647." TRANSPORTATION RESEARCH BOARD OF THE
NATIONAL ACADEMIES, WASHINGTON, D.C.
O'Connor, C. (2011). "The nature of polyethylene pipe failure." Modern Plastics Worldwide,
88(2), 20-22.
PulsPower (2014). "PULS Dimension C-Series Catalogue." PULS Power, Germany.
Reddy, D. V. (2002). "Long-term Performance of Buried High Density Polyethylene Plastic
Piping." Flroida Atlantic University, Boca Raton, FL, 253.
Sargand, S. M., and Masada, T. (2000). "Performance of large-diameter honeycomb-design HDPE
pipe under a highway embankment." Canadian geotechnical journal, 37(5), 1099-1108.
Spangler, M. G., and Shafer, G. "The structural design of flexible pipe culverts." Proc., Highway
Research Board Proceedings.
Wada, Y., van Beek, L. P., van Kempen, C. M., Reckman, J. W., Vasak, S., and Bierkens, M. F.
(2010). "Global depletion of groundwater resources." Geophysical Research Letters, 37(20).
Wanielista, M., Yousef, Y., Harper, G., and Dansereau, L. (1991). "Design curves for the reuse of
stormwater." Florida Department of Environmental Regulation.
Watkins, R. K., and Spangler, M. "Some characteristics of the modulus of passive resistance of
soil: A study in similitude." Proc., Highway Research Board Proceedings.
Zarghami, M., and Akbariyeh, S. (2012). "System dynamics modeling for complex urban water
systems: application to the city of Tabriz, Iran." Resources, Conservation and Recycling, 60, 99106.

81

APPENDIX

82

(a)

(b)
Figure 45 Sensor #2 recorded readings (a) full duration of testing and (b) magnified view
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(a)

(b)
Figure 46 Sensor #2 re-run recorded readings (a) full duration of testing and (b) magnifie d
view
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(a)

(b)
Figure 47 Sensor #3 recorded readings (a) full duration of testing and (b) magnified view
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(a)

(b)
Figure 48 Sensor #3 re-run recorded readings (a) full duration of testing and (b) magnifie d
view

86

(a)

(b)
Figure 49 Sensor #4 recorded readings (a) full duration of testing and (b) magnified view
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(a)

(b)
Figure 50 Sensor #5 recorded readings (a) full duration of testing and (b) magnified view
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(a)

(b)
Figure 51 Sensor #6 recorded readings (a) full duration of testing and (b) magnified view
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