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EXECUTIVE SUMMARY 

Permeable friction course (PFC) pavement, characterized by its high permeability, has gradually 
gained attention in U.S., especially in southern states as it can remove or reduce standing (ponding) 
water on the roadway during rainy days. The voids in the PFC pavement provide drainage paths 
for water, with an associated permeability ranging from 0.2 in ~ 2 in/hr. Texas Department of 
Transportation (TxDOT) currently owns nearly 3,000 miles of permeable friction course (PFC) 
pavement in its highway system, which provides a safe driving condition during wet days. 
However, under certain circumstances, the PFC pavement still cannot remove the water quickly, 
resulting in water accumulation and splashing, for example, when the transverse slope is negligible 
(superelevation transition) and/or the rainfall intensity is too high. For such situations, the subgrade 
drain (usually called “underdrain”), installed at the bottom of the PFC pavement in the transverse 
direction, can further guide the water out. To assess the effectiveness of the underdrain under 
various conditions, this project employs large-scale physical testing and numerical simulations to 
study the water accumulation within and on the PFC pavement.  

For the large-scale physical testing, a 48 feet long, 6 feet wide, 2 inches thick PFC pavement with 
a uniform 2% slope in the long direction was built inside a flume. The pavement was divided into 
12 sections with 4 × 6 ft2 individually. Each section was instrumented by 4 ~ 6 manometers at the 
bottom to acquire the water depth inside the PFC pavement. A 4-inch perforated PVC pipe, acting 
as underdrain, was installed at the bottom of the pavement. A rain simulator generated a rainfall 
up to approximately 6 in/hr, which was monitored by a rain gauge. The outflow at the bottom edge 
of the pavement was collected by measuring buckets to find out the outflow rate as well as total 
outflow quantity. The tests were proceeded with one of the two following scenarios: with 
underdrain (PVC pipe valve was open) and without underdrain (PVC pipe valve was close). There 
were totally 41 tests completed with different rainfall intensities and underdrain scenarios.  

Upon the completion of the large-scale physical testing, a numerical model was developed and 
then calibrated by the obtained data from the physical model testing. The numerical model was 
employed by coupling the shallow water equation and 3D Richards equation. The surface flow 
was simulated by the shallow water equation, and the subsurface flow was modeled by the 
Richards equation. Then both equations were coupled based on mass balance and momentum 
conservation. With the calibrated model, the 2-lane (24 feet), 3-lane (36 feet) and 4-lane (48 feet) 
pavement with transverse slopes 0%, 1%, 2% and 3% and longitudinal slopes 0%, 1% were 
investigated under a rainfall intensity of 0.4, 1.0, 3.0 and 5.0 in/hr. Based on the results from the 
simulations, it was found out: 

• PFC pavement was sufficient by itself to drain out water (no ponding) for 2-lane, 3-lane 
and 4-lane pavement when the rain intensity was no more than 0.4 in/hr under all slope 
conditions that assessed in this work. And increasing the slope would facilitate the 
drainage. 
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• The underdrain was needed to remove the ponding water on pavement surface when the 
rain intensity was over 0.4 in/hr for all the slope situations of 2-lane, 3-lane and 4-lane 
pavement investigated in the study. 

• Increasing the slopes in both transverse and longitudinal directions does not necessarily 
mean an increase of the underdrain’s effective range. The slope in both direction made the 
water distribution more unevenly. The data showed that the water was accumulated more 
at the toe of slope, causing ponding at the lower corner of the pavement.  

• At high rainfall intensity (> 4 in/hr), to remove ponding water the underdrains would need 
to be closely spaced (a few feet apart), which may be impractical.  

The effective ranges of the underdrain for various slopes, pavement widths and rainfall intensities 
are tabulated in this report, which can be used for planning the underdrain.  
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CHAPTER 1: INTRODUCTION 

STATEMENT OF THE PROBLEM 

Standing water on pavement travel lanes is an obvious and well-documented safety problem and 
is among the top five reasons causing car accidents. Removing water timely is the driving reason 
for highway drainage structures and its associated appurtenances. Curb inlets, slotted drains, grate 
inlets, roadside ditches, storm sewers, lift stations, drainage swales are used to convey water away 
from travel lanes to reduce spray and splash (visibility and vehicle control) and reduce or eliminate 
the chance of hydroplaning (vehicle control) (Berbee et al. 1999; Stotz and Krauth 1994). 

In addition to all of the above conventional drainage design options, porous friction course (PFC), 
which is an overlay of porous asphalt placed in a typical 2 inches or thinner layer on top of 
conventional impermeable pavement, is gaining popularity. Europe initiated the use of PFC in 
1970s and demonstrated its advantage in improving wet weather frictional properties, reducing the 
potential for hydroplaning, and reducing the amount of splash and spray (Cooley et al. 2009; 
Isenring et al. 1990).  

Rainfall water seeps into the porous layer and flows to the side of the road by gravity. This desired 
drainage property, i.e., removing water from the road surface, improves road safety by reducing 
splashing and hydroplaning. In addition to reducing surface runoff and flooding, the benefits of 
PFC include the enhancement of groundwater recharge, filters and improve the water quality of 
runoff, reduces heat island effects while providing the load-carrying capacity of conventional 
pavement. From the point of drainage capacity, the design of PFCs needs to meet the goal of 
properly routing the stormwater through the porous matrix to minimize the depth of water film on 
the surface. Design charts and mathematical models have been developed to aid in such design. 
However, the experience has found out that sometimes the water still could not drain out timely, 
when the roadways are wide and/or have limited slope, and/or the rainfall is heavy. To address this 
issue, underdrain is proposed to be incorporated and placed at the bottom of the PFC pavement in 
the transverse direction to further facilitate water drainage. However, there is no methods or data 
available to assess the effectiveness of the proposed underdrain in PFC pavements.  

OBJECTIVES AND TASKS OF THIS PROJECT 

The overarching objective of the study is to assess effectiveness of the proposed underdrain in PFC 
pavement and quantify drainage capacity by comparing the hydraulic performance of PFC 
pavement with underdrain to that of PFC pavement without underdrain. To fulfil the objective, the 
following tasks were performed: 

• Conduct a comprehensive literature review on PFC pavement with focus on its hydraulic 
properties as well as drainage related design, 
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• Build a large-scale indoor test facility and test PFC pavement with embedded underdrain 
under different rainfall intensities, 

• Develop and calibrate a numerical model and employ the developed model to further assess 
the PFC pavement with underdrain for various conditions, and 

• Analyze the test and numerical data and provide recommendations for practice  

Upon the completion of the above-itemized tasks, a recommendation of the spacing of the 
underdrain for different transverse slopes and rainfall intensities has been provided at the end of 
this report.  
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CHAPTER 2: LITERATURE REVIEW 

A BRIEF HISTORY OF PFC PAVEMENT 

Generally speaking, the Permeable Friction Course (PFC) pavement originates from open-graded 
friction course (OGFC) pavements that were initially used by Oregon and California in the 1930s 
and 1940s respectively. In the 1930s, Oregon used a plant mix seal coats that consisted of open-
graded aggregates to improve the surface friction of the pavement, while in the 1940s California 
used a similar mix to provide a drainage layer at the pavement surface (Cooley et al. 2009; Huber 
2000). Although the mixes showed good drainage capacity and resistance to skid, they did not 
perform well in the long term due to lack of bonding between aggregates. In the 1970s, Europe 
derived a new mix from the U.S. OGFC mix by increasing the void content to at least 18% and 
adding material (primarily fiber) to the binder to improve bonding as well as prevent premature 
failure (Isenring et al. 1990). Such new OGFC is now commonly called PFC worldwide. Since the 
1980s, the usage of PFC, with the void space of 18 ~ 22% (APC 2003), has been steadily increasing 
due to its effect on minimizing hydroplaning and splash/spray, noise reduction, and excellent 
friction properties (Caltrans 2006; Kandhal and Mallick 1998). So far, nearly every southern state 
of the U.S. has PFC pavements (Cooley et al. 2009; Huber 2000). The milestones of the PFC 
mix/pavement are listed below (Cooley et al. 2009; Decoene 1990; Huber 2000; Isenring et al. 
1990; Kandhal and Mallick 1998; Ruiz et al. 1990; van Der Zwan et al. 1990): 

• 1930s Oregon started to use OGFC to improve pavement  

• 1940s California used OGFC to improve drainage 

• 1972 Switzerland and Netherlands built their first PFC pavements 

• 1980s PFC pavements became popular in Europe and miles of PFC pavements was built 
in Spain, Italy, France, Belgium, Austria, and the United Kingdom 

• 1992 Georgia DOT used PFC to build some sections of I-75, which was the first usage of 
PFC in major U.S. highways  

• 1990s PFC pavement has spread to Canada, Australia and many other Asian countries 

According to the NCHRP survey completed in 2009, PFC has been used in many interstate 
highways of the southern and western states, such as Texas, Louisiana, New Mexico, California, 
Georgia, North Carolina, Arizona, Alabama, Mississippi. However, due to the difficulties in winter 
maintenance, the applications of PFC pavements are still limited in Northern and mid-western 
states as indicated in Figure 1. (Note: Figure 1 shows “no answer” for Arizona and New Mexico; 
however, another survey completed by Cooley et al. (2009) indicated that these two states used 
PFC pavements.) 
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Figure 1. Survey of PFC usage in U.S. completed by TxDOT (Sampson et al. 2014) 

 
Compared with conventional hot mixed asphalt (HMA) pavements, PFC pavements are featured 
with higher air void, open-grade coarse aggregate gradation, and low compaction effort, which 
make them advantageous in terms of surface friction and drainage in the wet weather. A simple 
comparison between conventional HMA and PFC pavements is provided in Table 1, which is 
based on the published literatures.  

 
Table 1. Comparison of Conventional HMA and PFC pavements (Alvarez et al. 2006; 
Cooley et al. 2007; Cooley et al. 2009; Liu et al. 2010; Yildirim et al. 2007) 
 Conventional 

HMA pavements 
PFC pavements 

Service life 12~15 years 6~10 years 
Materials Asphalt binder and 

aggregate 
Asphalt binder, aggregate and additives (fibers) 

Air void 4% 18~22% 
Design AASHTO design 

methodology  
DOTs have their own design methods 

Compaction Various 
compactors 

Only static steel wheel rollers 

Usage For various 
roadways 

Use only for a thin layer of overlay on the 
conventional HMA pavement to improve friction 
and drainage during wet weather 
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PFC PAVEMENT IN TEXAS 

TxDOT started to use PFC in the 1990s, which was defined as a surface course of a compacted 
permeable mixture of aggregate, asphalt binder, and additives according to TxDOT specification 
Item 324 (TxDOT 2004). So far, TxDOT has nearly four thousand miles of PFC pavements. The 
annual usage of PFC mix exceeds 100,000 tons according to the reported data in 2013 and 2009, 
respectively (Arambula 2013; Cooley et al. 2009). The distribution of the TxDOT PFC pavements 
is illustrated in Figure 2. Nearly every district of TxDOT has, more or less, some sections of PFC 
pavements.  

 
Figure 2. PFC pavements in Texas.  

 
The TxDOT sponsored study (TxDOT 0-5836) evaluated the performance of PFC pavement across 
Texas in terms of noise, durability, drainability, texture, friction, skid resistance, and distress. The 
statistical data indicated that comparing with conventional HMA pavements the PFC pavements 
had better drainage, lower noise level, and superior texture and resistance to skid, which reduced 
the number of accidents, injuries and fatalities on the Texas roadways. The study transmitted an 
encouraging message for the application of PFC pavements in Texas.   

ADVANTAGES AND DISADVANTAGES OF PFC PAVEMENTS  

As aforementioned, the primary advantages of the PFC pavement are its capacity of water and 
noise reduction (Bean et al. 2007; Brown 1973; Collins et al. 2011; Kearfott et al. 2005; Khalid 
and Perez 1996). Recently, it has been found that PFC pavements could improve water runoff 
quality by retaining some contaminants.  

Reduction on water and water related issue: PFC pavement has a permeability ranging 
approximately from 0.1 to 2 inch/s, depending on the porosity (Charbeneau 2011; Cooley et al. 
2009). Such a high permeability allows water to drain fast to prevent water standing on the 
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pavement surface, which has been the major cause for the wet weather related accidents and traffic 
jams on the roadways. Numerous studies in U.S. and Europe have proven that the PFC can 
significantly reduce the accidents in the wet weather and improve the ride comfort (Cooley et al. 
2007). According to Luce et al. (2007), with better visibility and skid resistance, PFC pavements 
reduced accidents in wet weather by 54% and overall accidents by 29%, while Miller and Johnson 
(1973) reported 63% of accidents reduction in the wet weather. The benefit of PFC pavements in 
wet weather is shown in Figures 3-5.  

 

 
Figure 3. PFC pavement reduce water standing on pavement during a rainstorm (modified 

from Poulikakos et al. (2003)). 
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Figure 4. PFC pavement reduces splash and improve visibility in the evening (Barrett and 

Stanard (2008)) 
 

 
Figure 5. PFCs in urban areas to reduce splash and spray (San Antonio IH 35) (Arambula 

(2013)) 
 
Noise reduction: PFC pavements result in noise reduction at the tire/pavement-interface due to 
the interface air pressure release and the improved surface texture (Cooley et al. 2007; Liu et al. 
2010). When tires are rolling over a pavement, air trapped in the tire treads is first compressed 
between the tire and the pavement, and is then released as the tires continue to roll as shown in 
Figure 6. Such repeating process creates noises during driving. In contrast, as tires roll over PFC 
pavements, the air in the tire treads is able to escape through the voids of the PFC skeleton. As a 
result, such noise can be significantly reduced. In addition, the maximum aggregate size of PFC 
pavements is usually smaller than conventional HMA pavements, which can improve the surface 
texture and, consequently, further reduce the noise. Studies have shown that the tire/pavement 
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noise level reduction on PFC pavements ranged from 3 to 9 dBA in U.S. and up to 10 dBA in 
Europe (Bendtsen and Andersen 2005; Donavan 2005; Liu et al. 2010). 

 
Figure 6. Tire-pavement noise (http://cait.rutgers.edu/prp/on-board-sound-intensity-obsi ) 

 

Cleaner water runoff: In recent years, PFC pavements have been found to act as filter, which 
significantly reduced the pollutants in runoff. Stotz and Krauth (1994) showed that PFC pavements 
reduced the solids in runoff by more than 50%. Additionally, PFC pavements can significantly 
reduce Total Kjeldahl Nitrogen (TKN), nitrate, nitrite, and dissolved heavy metals (Berbee et al. 
1999; Pagotta et al. 2000; Ranchet 1995). The effect of PFC pavements on reducing solids and 
heavy metals in surface runoff is summarized in Table 2. Eck et al. measured the water qualify of 
PFC pavements for a few years and found that the PFC pavement demonstrated its capacity as a 
filter throughout its service life (Eck et al. 2012). Considering the findings of these completed 
studies, Texas Commission on Environmental Quality (TCEQ) recently approved the use of PFC 
mixes as a stormwater BMP in Texas on uncurbed roadways. 

 
Table 2. Effect of PFC on reducing pollutants in surface runoff (Berbee et al. 1999; Pagotta 

et al. 2000; Ranchet 1995) 
Heavy metal  Reduction (%)
Lead  87 
Copper 62 
Zinc 67 
Total Kjeldahl Nitrogen (TKN) 84 
Total Suspended Solids (TSS) 50~91 

 
Admittedly, PFC pavements have some disadvantages/limitations compared with conventional 
HMA pavements (Arambula 2013; Cooley et al. 2009; Liu et al. 2010). First, PFC pavements 
usually have a service life of 6 to 10 years which is shorter than conventional HMA pavements 
(12~15 years). Second, PFC mixes use higher binder contents and additives, which make the cost 
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higher than conventional HMA pavements. Third, the maintenance of the PFC pavement in snow 
and ice conditions is very difficult, which is the major obstacle for the wide application of PFC 
pavements in northern states. The high air void in the PFC pavement makes it 2 ~ 3 oF cooler than 
conventional HMA pavements, allowing ice to form earlier in PFC pavements. The air voids also 
provide room for moisture accumulation, which facilitates the ice forming in and on the pavement. 
The survey completed by Cooley et al. (2009) indicated that the only two northern states, Oregon 
and New Jersey, used PFC pavements. Even though the survey completed by Sampson in 2014 
indicated a few more northern states started to use PFC pavements, the applications of PFCs are 
still predominantly in southern states as shown in Figure 1. Arambula (2013) surveyed PFC 
pavement in Texas and concluded the PFC was predominantly used in wet and warm regions of 
Texas as shown in Figure 7. Another maintenance concern is that clogging of the air voids in the 
PFC pavements has been reported, which makes the pavement lose its permeability (Alvarez et al. 
2006; Cooley et al. 2009). 

 
Figure 7. Usage of the PFC in different climatic regions of Texas 

 

DESIGN AND CONSTRUCTION PFC PAVEMENTS IN TEXAS 

Since its first appearance in 1970s, numerous design methods of PFC mixes have been used. 
Generally, they all include four primary steps including the selection of appropriate materials, 
determination of design aggregate gradation, selection of optimum asphalt binder content, and 
performance testing. In Texas, the PFC mix design is presented in Tex-204-F and material 
specifications are defined in Item 342 of the 2004 TxDOT Standard Specifications book. The 
design procedure and material requirements are summarized here in Figure 8 and Tables 3 and 4. 
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Figure 8. PFC mix design procedure of TxDOT 

 
 

Table 3. Aggregate requirement of PFC 
Sieve size P-G 76 mixture A-R mixture 

¾” 100.0 100.0 
½” 80.0-100.00 95.0-100.0 

3/8” 35.0-60.0 50.0-80.0 
#4 1.0-20.0 0.0-8.0 
#8 1.0-10.0 0.0-4.0 

#200 1.0-4.0 0.04.0 
Binder content % 

 6.0-7.0 8.0-10.0 
 
 

Table 4. Testing for PFCs 
Test Description Test 

Method 
Individual % retained for sieve sized larger than #200 Tex-200-F 
% passing the #200 
Laboratory-molded density, % Tex-207-F 
Binder content, % Tex-236-F 
Drain-down, % Tex-235-F 
Boil test Tex-530-C 

 
The Texas practice of PFC pavements is compared with the general practice of PFC pavements in 
the U.S in Table 5.  

 

Step 1: Selection of Aggregates and binder according to 
Table 3

Step 2: Two replicate specimens [6 inch in diameter by 4.5 
inch in height] at three selected asphalt contents are 
prepared using a Superpave Gyratory Compactor (SGC) at an 
Ndesign of 50 

Step 3: An optimum asphalt content is then selected based 
on the target laboratory density specified according to Item 
342 or equivalently between total AV contents of 18 and 22 % 

Step 4: 
Specimens at the optimum binder content are evaluated for 
draindown (Tex-235-F), moisture susceptibility (Tex-530-C), 
and durability (Tex-245-F) (Table 4)

The durability of the optimum mixture is evaluated based on 
the percentage of Cantabro loss
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Table 5. Comparison of U.S. and TxDOT practice 
  General practice TxDOT practice 

Applicable condition 

Different pavement 
conditions 

Only use PFC over 
conventional HMA 
pavement under good 
conditions 

Materials 

Maximum 
aggregate size 

4.75 ~19 mm 12.5 mm 

Binder 

Polymer modified 
PG and AR binder; 
Predominantly 
PG76-22, PG64-28 

Polymer modified 
PG76-22, PG76-22TR 
and AR binder; 5.5–
7.0% binder for PG-
PFCs and 8.0–10.0% 
AR-PFCs 

Additives 

Mineral or cellulose 
fiber, and 
elastomeric 
polymers at a dose 
of 0.2~0.5% 

Mineral 
and cellulose fiber at 
0.2% 

Design 
Structure 
number 

Some of the states 
do not assign 
structure number to 
PFC layer. 

Use a resilient modulus 
of 300 ksi (2,000 MPa) 

Thickness Varies Usually 1~2inches 

Construction 

Pavement 
marking 

Paint, 
thermoplastic, 
epoxy 

Predominantly 
thermoplastic 

Minimum 
temperature in 
transportation 

225~350oF or 
20~30oF below the 
job mix formula 

280~350oF 

Storage time 1~12 hours <12 hours 
 

For the most of the states, PFCs are not given a structural value for the pavement structure design. 
Experience and studies did show that the PFC layer not only improved the driving safety but also 
contributed to the pavement structure in different ways: (1) the PFC layer increases the overall 
stiffness of the pavement structure; (2) the PFC layer leads to cooler temperatures in underlying 
pavement layers; (3) the PFC layer helps to distribute the load to a larger area. Rational 
consideration of the PFC’s contribution to pavement structure is still an on-going research topic 
all over the world.  

FAILURE MODES OF PFC PAVEMENTS  

In 2009, Cooley et al. performed a survey to collect information about the PFC pavement practice 
in the U.S. as well as other counties such as Japan, Canada, and Australia (Cooley et al. 2009). 
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The survey disclosed that the raveling, rutting, bleeding, delamination, potholes, and clogging are 
the most frequent failure modes of PFC pavements. This survey outcome is consistent with the 
study completed by Arambula (2013) for Texas PFC pavements which revealed that raveling, 
bleeding, rutting and clogging are the most common failure modes, as shown in Figures 9 and 10.  

Clogging is a unique failure mode of PFC pavements. When the Total Suspended Solids (TSS) 
and other chemicals accumulate in the air voids of PFC pavements, the permeability of the PFC 
will substantially decrease, which makes the pavement susceptible to moisture damage (Estakhri 
et al. 2008). Such a situation, though not occurring very often, can lead to severe damage to the 
PFC pavement if not addressed appropriately (Fwa et al. 1998). Based on the experience of TxDOT 
practice, the air void of the AR-PFC (see Materials, Binders in Table 5) pavements is more prone 
to clogging than the PG-PFC pavements, possibly due to the finer gradation and higher binder 
content that TxDOT specifications required. 

(a) (b) 

Figure 9. Most frequent failure mode of PFC pavement in Texas (modified from Arambula 
et al. 2013): (a) raveling and rutting; and (b) rutting and bleeding. 
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Figure 10. Clogging (Estakhri et al. 2008) 

 

PERMEABILITY/FLOW TESTS OF PFC PAVEMENTS 

Isenring et al. (1990) described a field test device and procedure used in Switzerland to measure 
the PFC pavement’s discharge/drainage capacity. TxDOT adopted and modified the method to 
measure water flow value (WFV), that is, the time for a given volume of water being discharge 
from the PFC pavement. WFV serves as an indicator of how the pavement will perform during a 
rain event. Figure 11 shows the device and test procedure. The details of the test can be found in 
Tex-246-F. At the beginning of the test, the cylindrical permeameter made of PVC with a clear 
pipette attached to the side is filled with water. The time that it takes to drain from the starting to 
the finishing lines as marked on the pipette in Figure 11 is recorded as the WFV.  
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Figure 11. The WFV test device 
 
 

 
Figure 12. Permeability test of PFC mix (Charbeneau 2011) 

 
The WFV test gives overall discharge capacity but does not provide permeability; that is usually 
obtained in the lab from falling and/or constant head permeability tests. For example, Figure 12 
shows the constant head test apparatus used by Charbeneau (2011) to obtain the permeability of a 
PFC mix. Based on their analysis, Charbeneau (2011) further recommend using a falling head test 
in the field to determine the permeability of PFC pavements.  
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Tan (1999) modified the existing falling head by incorporating a pore water pressure transducer to 
measure the water depth inside the PFC pavements. Fwa et al. (1998) applied a similar method to 
test for both horizontal and vertical hydraulic conductivities of PFCs.  

HYDRAULIC MODELS OF THE FLOW IN PFC PAVEMENTS 

The most basic model of the flow in PFC pavements is Darcy’s law, which is the most widely used 
to describe the linear (laminar) flow in porous medium as shown in Eq. 1 below.  

 ܳ =  (1)            ܣ݅݇
 
where Q is the volumetric flow rate; k is the permeability; i is the hydraulic gradient; and A is the 
cross-sectional area of flow.  

Using the Darcy’s law and considering the Dupuit-Forchheimer boundary conditions, i.e., (1) the 
hydraulic gradient equals the slope of the water table and is proportional to the discharge; and (2) 
the flow lines are only horizontal, the PFC pavement is treated as an unconfined aquifer and the 
flow is formulated in Eq. 2: 

 ܳ = ௞ଶ ௛భమି௛మమ௅  (2)            ݓ

 
where h1 and h2 are the water levels at the entrance and exit; L is the distance between entrance 
and exit; w is the width.  

Although being simple to use, the Dupuit equation (Eq. 2) is only applicable to linear flow, which 
generally does not introduce too much error when the velocity is low. The flow in PFC may 
become non-linear due to high hydraulic gradients. The transition between linear and non-linear 
flow is defined by Reynolds number (Re) as indicated in Eq. 3. 

 ܴ݁ = ఘ௤ௗఓ             (3) 

 
where q is specific discharge; μ is fluid viscosity; ρ is fluid density; and d is the characteristic 
dimension.  

The determination of d is complicated and different methods have been used to calculate d for flow 
in porous medium as listed in Table 6 below: 
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Table 6. Methods to calculate characteristic dimension 
Method Notation References݀ = ( ݇݊௘)ଵ/ଶ	 ne – effective porosity  (Collins 1961) 

 ݀ = ݇ଵ/ଶ  (Ward 1964) ݀ = ݀ହ଴ d50 – mean diameter of the flow channel in PFC (Bear 1972) 
 
 
Generally, when the Reynolds number becomes equal or greater than 100, the flow is non-linear. 
The Forcheimer’s equation will be used to consider the non-linear flow in porous medium as 
shown in Eq. 4 (Charbeneau 2000; Forchheimer 1901).  ܫ = ݍߙ +  ଶ            (4)ݍߚ

where α and β are the two empirical coefficients.  

Many researchers, such as Ergun (1952), Kovacs (1981), and Kadlec and Knight (1996), have 

studied α and β and found out α depended on both the properties of the porous media as well as 
the properties of the fluid, while β depended only on the properties of the porous media. 
Klenzendorf (2010) compared different methods approximating the two coefficients and found 
that the formulas proposed by Kadlec and Knight (1996) yielded a good agreement with the test 
results, which are shown in Eqs. 5 and 6 below. ߙ = ଶହହఓ(ଵି௡೐)ఘ௚௡೐య.ళௗమ            (5) 

ߚ  = ଶ(ଵି௡೐)௚௡೐మௗ            (6) 

(a) (b) 
Figure 13. Flow within PFC pavements: (a) unidirectional drainage; and (b) divided drainage 

(Charbeneau and Barrett 2008) 
 
In addition to the estimated discharge capacity, the water depth profile is also a constant interest 
of researchers. Loaiciga (2005) derived the water surface based on steady Dupuit conditions. 
Ranieri (2002) and Charbeneau and Barrett (2008) proposed analytical solutions to describe the 
water surface for PFC pavement under linear flow conditions. Charbeneau and Barrett (2008) 
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considered two situations as shown in Figure 13 and developed a series of water depth profiles for 
different rainfall intensities. So far all the developed water depth profiles for PFC pavements are 
based on the linear flow assumption and may lead to some error if the flow velocity is high.  

PFC PAVEMENTS WITH UNDERDRAINS 

The PFC pavements sometime are used in conjunction with underdrains to drain water faster. 
Jackson and Ragan (1974) studied the underdrains of the base course and examined their effects 
on facilitate the drainage as shown in Figure 14. Sampson (2013) completed a few small-scale 
laboratory tests to investigate the effect of underdrains on drainage of PFC pavements. In 
Sampson’s test setup, the underdrains were installed directly under a PFC layer as shown in Figure 
15. In the tests, the water depths within the PFC layer under different slope conditions were 
obtained. The test results are useful for two-dimensional flow with a uniform slope condition.  

 
 Figure 14. Underdrain underneath base course for a PFC paved park lot 

 

 
Figure 15. Small-scale tests for PFC layers with underdrain (Sampson 2013) 
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In summary, PFC is a point of interest for many researchers; however, there is no completed large-
scale study to assess the hydraulic performance of PFC pavement.  
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CHAPTER 3: PHYSICAL MODEL TESTS 

INTRODUCTION 

The TTU research team built and operated a large-scale physical model to test the use of 
underdrains beneath permeable friction course (PFC) to eliminate standing water on roadway 
surfaces. The physical model involved building pavement sections, instrumenting the sections to 
measure water surface within and on the PFC. The obtained physical model results were intended 
to calibrate a numerical model that would be used to simulate the dynamic process of infiltration, 
run-off and seepage under different rainfall events.  

This chapter describes the construction of the physical model and its operation as well as the 
acquired experimental data. Summary results for different conditions are presented herein, which 
include the runoff depth within and on the pavement surface, the rainfall intensity and the discharge 
capacity for situations with and without an active underdrain. 

TEST FACILITY CONSTRUCTION 

Physical Model Construction 

A physical model primarily consisted of a 48-feet long, 6-feet wide PFC pavement, a rainfall 
simulator, rain gauges, and numerous manometers. The PFC pavement was built in a 48 ×8×2 ft3 
flume, which had a 2% slope in the long direction and a thickness of 2 inches. The rainfall 
simulator was designed to distribute rainfall across the entire model and the intensity of the rain 
fall was measured by the rain gauge(s). Pre-installed manometer array installed at the bottom of 
the PFC layer were used to measure the water depth in and on the pavement. Several totalizer 
gauges were to measure the water flows from the model, the drain, and leakage, and discharge 
from the underdrain.  

Demolition of Prior Model 

Figure 16 shows the prior installation, located in what is called the “Outer Flume Channel”, as it 
was when construction began. The Outer Flume Channel was cleared of all materials. All adhesive 
material on the walls and base of the channel were removed using a scraper. A pressure wash was 
used to ensure a clean surface for the construction of the PFC installation. Materials used to build 
the PFC model were plywood, various adhesives, and roofing tar. The PFC itself was the 
commercial product used in Sampson (2013) that was selected because (1) it has hydraulics 
comparable with asphaltic-based PFC, and (2) with a water-activated binder it was safe to apply 
indoors. 
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Figure 16. Photographs of prior installation and demolition in preparation of PFC placement 

 

Construction of the Model 

The Outer Flume Channel was water sealed using roofing tar places along the edges 8 inches up 
the side walls and 8 inches along the flat portion. Figure 17 is a collection of selected photographs 
of the sealed outer flume. Three channels, hereafter known as “Interior Flume Channels'” were 
placed along the length of the Outer Flume Channel. The three Interior Flume Channels consist of 
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two smaller flume channels, of equal dimensions, on either side of a larger central flume channel. 
The smaller side channels were to collect leakage from the sides of the PFC as well as provide 
access to the underside of the model for placing and maintaining the manometers. Once the Interior 
Flume Channel Sections were constructed, they were placed in the Outer Flume Channel. The first 
Interior Flume Channel Section for each of the three Interior Flume Channels was placed at the 
upstream end. The side walls of each Interior Flume Channel Section were then bolted together. 
After a row of Interior Flume Channel Sections was in place, the next (downstream) row of Interior 
Flume Channel Sections was jacked into place.  

 
Figure 17. Waterproofing the outer channel 
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Figure 18. Placing the inner channels 

 
The flanges located on the end of each Interior Flume Channel Section were bolted to the flanges 
of the Interior Flume Channel Section located immediately downstream.  

Bolting together the side walls and flanges of each Interior Flume Channel Section ensured a snug 
fit of the Interior Flume Channels both within the Outer Flume Channel and to one another. After 
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all Interior Flume Channel Sections were in place and bolted together, polyurethane was used to 
coat all surfaces of the Interior Flume Channels. Figure 18 is a collection of photographs of the 
inner channel placement. 

Once the Interior Flume Channel Sections were in place, the inside of the Interior Flume Channel 
Sections was sealed using roofing tar applied 6 inches up the side walls of the Interior Flume 
Channel Sections and along the entire bottom of the Interior Flume Channel Section, and to each 
Interior Flume Channel Section flange. 

The tar was applied in two layers; the first layer has HVAC aluminum tape along the edges to 
make a complete water barrier, then tar was applied over the tape for the second, completion layer. 
Figure 19 is a collection of photographs of the inner channel system water sealed and ready for the 
PFC panel placement.  

On top of the Interior Flume Channel Sections, a platform was constructed to hold the PFC layer, 
acting as an impermeable bottom. The platform has a drain slot used to accommodate the PFC 
underdrains. The platform was intentionally constructed so that a 6-inch gap was left on either side 
of the platform. This gap is intended to allow flow to travel transversely along the PFC layer to 
model 3D flow in the future. 

The platform section frames were placed from the upstream end to the downstream end, and each 
platform section frame was connected to its subsequent downstream platform section frame using 
construction adhesive. Figure 20 is a collection of photographs of the platform frames being built, 
and Figure 21 is a collection of photographs of the completed platform. The underdrain slot was 
designed to hold a 2-inch inside diameter perforated PVC pipe, and ran laterally along the length 
of the installation, intentionally off-center, above the Interior Flume Channels. The underdrain's 
purpose was to move flow laterally along the PFC in order to facilitate increased drainage to reduce 
ponding and overland/sheet flow at the upper surface of the PFC. The upstream end of the 
Underdrain was capped and sealed, whereas the downstream end employs an open/close valve so 
that the PFC performance could be modeled both with an Underdrain (open), and without an 
Underdrain (closed). When the Underdrain is closed, the perforated PVC pipe fills completely with 
water, and once the drain is filled, the PFC behaves as if there is no underdrain. 
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Figure 19. Inner channels water sealed. Ready for the PFC panel on top 
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Figure 20. Platform frame building and platform panels placement. Slot is for underdrain 
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Figure 21. Completed platform frame and panels 

 
Figure 22 is a collection of photographs of the platform with the underdrain installed, aggregate 
backfill, ready for the PFC placement. Sidewalls were constructed to hold the PFC in place as it 
was placed and set. The sidewalls are 6 inches high and held in place with L-Brackets; the sidewalls 
were intentionally constructed to be removable, so that the performance of the PFC could be 
analyzed with the sidewalls in place and, potentially, with the sidewalls removed. 
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Figure 22. Underdrain installed and backfilled 

 

 
 



 

30 
 

Aggregate materials for the PFC mixture were delivered by the manufacturer. The PFC was mixed 
in the laboratory using a concrete mixer according to the manufacturer's instructions. The PFC 
layer was poured with a thickness of 2-31 inches and allowed to set overnight. The completed PFC 
pavement in the flume was shown in Figure 23.  

 
Figure 23. PFC before and after placement 

 
Manometers were installed at regular intervals along the PFC. Figure 24 is a plan view map of the 
locations of the Manometers along the length of the PFC layer. In the figure, flow direction was 
from left to right (after raining onto the PFC). Manometers were stationed at each of the 12 “banks” 
(vertical columns on the map).  

                                                 
1 The placement goal was 2-inches, but portions of the PFC layer are greater than 2-inches thick.  Removable guides were 
cut to 2 inches and stapled onto the side walls; these guides were placed as flush as possible, but there was some variability, 
hence the PFC surface has some variability.  No formal compaction was used, although to complete the placement, plywood 
boards were used so the crew could walk on the rest PFC without damage. 
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Up to six manometers were located at each bank, at stations (horizontal rows on the map) labeled 
A, B, C, D, D', and E in the drawing, but later named to A, B, C, D, E, and F in the subsequent 
experiments (and the renamed rows are shown on the map in magenta). 

 
Figure 24. Manometer location map for PFC experiments 

 
The B-station manometers were located along the underdrain channel axis, and manometers A, C, 
D, E, and F were located various distances away from the underdrain channel axis. All 12 banks 
included manometers A, C, and D, with alternating banks containing B, E, F in addition to the 
other manometers at that bank. The manometers were installed by drilling holes through the 
platform, and epoxy was used to secure the fittings into the holes. The manometer tubes were of 
1/4-inch diameter, 25-foot-long, PVC tubing held in these fittings, and were used to measure water 
depth within the PFC layer. 

Figure 25 are photographs of the manometer fittings and tubes fed to the side of the flume. The 
manometers feed out of the right side flume channel, and were secured to one of three manometer 
boards that were used to make measurements of depth within the PFC layer. Figure 26 are 
photographs of the manometer boards that were used to observe the water depth within the PFC 
during experiments.  
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Figure 25. Photographs of manometer fittings and tubes 
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Figure 26. Photographs of manometer read-out board(s) 

 
A rainfall simulator, as shown in Figure 27, was fabricated to convey water from the holding tank 
to the PFC. The rainfall simulator is made of 1-inch diameter PVC piping, with Tee and Ell 
brackets used as connections and solvent welded. The PVC pipes have 1/8-inch diameter holes 
were drilled with 6-inch spacing to generate uniform rainfall rates along the entire length of the 
simulator. The rainfall simulator was assembled on top of a plywood frame and was then hoisted 
to a height of 5 feet above the PFC using ropes suspended from the ceiling. A frame was 
constructed from 2-inch by 3/4-inch plywood to hold the rainfall simulator and reduce the 
deformation of the PVC pipes when the rainfall simulator was filled with water. The frame is the 
same dimensions as the rainfall simulator, and is situated beneath the PVC piping to support the 
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rainfall simulator. The frame is secured to the ceiling using ropes, and is connected to the rainfall 
simulator using Aluminum HVAC Tape at various locations along the simulator.  

 
Figure 27. Photographs of rainfall simulator suspended over PFC layer 
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Figure 28 are photographs of an oscillator that was constructed to increase the randomization of 
rainfall coming from the rainfall simulator. The oscillator was connected to the rainfall simulator 
using a section of 2-inch by 3/4-inch plywood; the connection had an intentional weak joint at the 
simulator for safety - if the system became jammed, the connection would break and mechanically 
disconnect the motor from the frame. The oscillator rotated, and moved the rainfall simulator and 
frame enough to generate a pseudo-random rainfall spatial pattern thereby mimicking real-world 
rainfall, and preventing an uneven distribution of inflow over the model.  

 
Figure 28. Device to move (vibrate) the rainfall simulator  

 
The rainfall simulator was supplied by one of two pump systems, depending on the desired rainfall 
rate. An inflow hosepipe is connected near the center of the rainfall simulator, which could be 
switched depending on which pump system was used for that experiment. Figure 29 were 
photographs of the two different pump systems as well as the central connection to the simulator. 
Two pump systems could be used with this simulator; a small pump system that could apply a flow 
rate of up to 0.4 CFS, and a medium pump that could apply a flow rate of up to 0.98 CFS. Both 
systems had in-line throttle valves, so flow rates could be reduced to produce more than just two 
rainfall rates.  

These components: the pump system(s); the rainfall simulator and oscillator; PFC layer and 
manometer; and the support channels comprised the physical model used for the experimental 
studies to develop data to test the numerical model. 
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Figure 29. Pump systems used to supply the rainfall simulator 
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MEASUREMENTS 

The experimental design for the PFC and underdrain system was comprised of two distinct types 
of physical model configurations: (1) the first configuration was with the underdrain valve shut, 
effectively removing the underdrain from the model. In this configuration, all flow from 
precipitation must travel either over the surface, or within the porous PFC (or leak out) to the 
outlets; and (2) the second configuration was with the underdrain valve open; flow from 
precipitation could travel over the surface, through the porous PFC to the surface outlets, or 
through the underdrain to the subsurface outlet. 

The two variables that were controllable were the rainfall intensity. Each experiment was 
conducted multiple times (replicates) to generate sufficient measurements for reporting arithmetic 
mean values and computing estimates of standard deviations. Once a series at one rainfall intensity 
was complete, the next series was run using different rainfall rates. The goal was to generate 
enough rainfall to partially flood the system. These series were conducted with the underdrain 
closed and open and the head values were recorded. From the head values and measured flow rates, 
the hydraulic performance of the PFC was quantified and can be used for further assessment.  

Experimental data readings were taken at 5-minute intervals for the first 50 minutes of an 
experiment, and then were taken at 10-minute intervals for an additional 60 minutes for a total of 
16 measurement readings. At each time step, measurements were recorded for flow rate, rainfall 
rate, and differential head. 

DISCHARGE FROM PFC, UNDERDRAIN, AND LEAKAGE 

Flow rate leaving the system was measured using a tank-type measuring device as shown in Figure 
30. Polyethylene buckets were suspended below the overland outflow pipe, the underdrain outflow 
pipe, and a leakage slot. These buckets had outflow holes with a known area; the inside of the 
buckets were labeled with a depth scale from 0 to 12-inches. Flow into the bucket accumulates and 
eventually reaches an equilibrium level, and the water height in the bucket is used to quantify flow 
rate. Drainage curves for each bucket were determined both analytically and experimentally. 
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Figure 30. Outflow measuring assembly 

 
Figure 31 is an excerpt of the drainage curves for the five different buckets used. Buckets would 
be changed if the flow rates were too large and overflowing the bucket during experiments. 
Similarly, for small flow rates, the buckets would be changed to try to obtain readings that were at 
least 1-inch depth (in some instances 1/2-inch were usable readings). The buckets were checked 
by measuring how long a bucket would take to deliver one liter at a given flow rate and comparing 
that result to the tabulated reading in the figure. In all these cases, the readings were consistent 
with the measured time so the bucket curves were deemed reliable. 
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Figure 31. Drainage curves for measurement buckets 

 

PRECIPITATION INTENSITY 

The rainfall intensity was measured by using two rain gauges, located at two positions along the 
length of the installation. These rain gauges were moved to a new location for each experiment. 
Rain gauge readings were recorded at regular intervals during the experiment, and were used to 
compute rainfall rates. Figure 32 are photographs of the rain gages, a typical placement, and the 
readouts. 
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Figure 32. Rain gauges and readouts used 

FLOW DEPTH WITHIN AND ON PFC 

Differential head readings were measured using manometers located along the PFC layer. The 
water level in each manometer was marked on the manometer board using dry erase markers. 
Because of the large number of manometers utilized in this research project, an average mark time 
was used for each time step. The mark time start indicated when the user began marking the 
manometer levels, and the mark time end indicated when the user finished marking the manometer 
levels. An average mark time was calculated for that reading and was taken as the time recording 
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for that reading. Average mark times were 5 minutes apart for the first 10 readings, and were 10 
minutes apart for the following 6 readings.  

A camera was used to photograph the 16 different readings of each manometer, and the images 
were used for interpretation and analysis. The images were imported into Adobe Acrobat Pro and, 
after adjusting the scale of the photograph, measurement tools within Acrobat Pro were used to 
measure the change in distance between a specified zero point and each reading for all manometers. 
These changes in manometer level measurements were then input into an Excel Spreadsheet 
designed to convert the measurements into the appropriate form. The analysis of the manometer 
readings was done after experiments had been completed.  

 
Figure 33. Experiment data sheet used during experiments to record times, bucket depths, 

and rain gage cumulative depths 
 
The flow depth on PFC is measured using a ruler to determine the depth above the PFC that flow 
occurs. These measurements are made close to the nearest manometers where possible. 

Figure 33 is the in-laboratory data sheet that was developed after the 3rd experiment and used to 
record measurement times, rain gage readings, and flow readings for the PFC and underdrain.  
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EXPERIMENT CONDITIONS AND DATA MANAGEMENT 

Table 7 is a list of the experimental conditions in terms of rainfall conditions and whether the 
underdrain was open or closed. The closed underdrain situation was used to mimic the PFC 
pavement without underdrain, which provided baseline data for comparison to manifest the 
effectiveness of the underdrain. Most experiments had unique dates so the date was used as the 
experiment ID. In some instances, two experiments were conducted in a single day, and these were 
labeled as DATE-1, DATE-2, and so on. Table 8 is a list of the experiments conducted to date, 
with remarks regarding each experiment. In July, the researchers added the ability to measure 
leakage after considerable efforts to stop leaks. Experiments from July onward had good 
quantification of leakage and were used to estimate leakage rates in the earlier experiments. 

 
Table 7. Experiment Configuration Summary 

RAIN_ID  DRAIN_ID   REMARKS 

Small   Closed   Experiment Count = 13. Leaks measured = 3.  
Remainder estimated.  

Medium   Closed   Experiment Count = 9. Leaks measured = 3.  
Remainder estimated.  

Large   Closed   Experiment Count = 4. Leaks measured = 2.  
Remainder estimated. 

Small   Open   Experiment Count = 4. Leaks measured =3.  
Remainder estimated.  

Medium   Open   Experiment Count = 7. Leaks measured = 4.  
Remainder estimated. 

Large   Open   Experiment Count = 4. Leaks measured = 2.  
Remainder estimated. 

     Total Experiment Count = 41.  
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Table 8. Individual Experiment Configurations 
COUNT EXP_ID RAIN DRAIN REMARKS 

1 04-03-2016 Small Closed Method develop 
2 04-08-2016 Small Closed Need flow measure tool 
3 04-13-2016-1 Small Closed Bucket test 
4 04-13-2016-2 Small Closed Created lab sheet for data management 
5 04-20-2016 Small Closed Short run; pump broke 
6 04-22-2016 Small Closed Leak Estimated 
7 04-25-2016 Small Closed Leak Estimated 
8 05-02-2016 Small Closed Leak Estimated 
9 05-04-2016 Small Closed Leak Estimated 

10 05-18-2016 Small Closed Leak Estimated 
11 05-26-2016-1 Medium Closed Leak Estimated 
12 05-25-2016-2 Medium Closed Leak Estimated 
13 05-26-2016 Medium Closed Leak Estimated 
14 05-31-2016 Medium Closed Leak Estimated 
15 06-01-2016 Medium Open Leak Estimated 
16 06-03-2016-1 Medium Open Leak Estimated 
17 06-03-2016-2 Medium Closed Leak Estimated 
18 06-04-2016 Medium Open Leak Estimated 
19 06-11-2016 Small Closed Leak Estimated 
20 07-05-2016 Large Open Leak Measured 
21 07-06-2016 Large Closed Leak Measured 
22 07-08-2016 Large Open Leak Measured 
23 07-18-2016 Large Closed Leak Measured 
24 07-19-2016 Large Open Leak Measured 
25 07-20-2016 Large Closed Leak Measured 
26 07-27-2016 Medium Closed Leak Measured 
27 07-28-2016 Medium Open Leak Measured 
28 07-29-2016 Medium Closed Leak Measured 
29 08-02-2016 Medium Open Leak Measured 
30 08-03-2016 Medium Closed Leak Measured 
31 08-04-2016 Medium Open Leak Measured 
32 08-09-2016 Small Closed Leak Measured 
33 08-10-2016 Small Open Leak Measured 
34 08-11-2016 Small Closed Leak Measured 
35 08-15-2016 Small Open Leak Measured 
36 08-16-2016 Small Closed Leak Measured 
37 08-17-2016 Small Open Leak Measured 
38 08-23-2016-1 Large Closed Leak Measured 
39 08-23-2016-2 Large Open Leak Measured 
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COUNT EXP_ID RAIN DRAIN REMARKS 
40 08-23-2016-3 Medium Closed Leak Measured 
41 08-23-2016-4 Medium Open Leak Measured 

 

EXPERIMENTAL RESULTS 

The experimental results are summarized in Tables 9 – 10; Table 9 is a summary of collective 
results for different experimental configurations, while Table 10 lists the individual experiments.  

 
Table 9. Arithmetic Mean Values for Experimental Conditions (Summary) 

RAIN  
 Rain-
Value  

 
DRAIN 

 Drain-
Value  

 PFC-
Value  

 Leak-
Value 

Small   1.55 in/hr   Closed  0.00 in/hr  1.21 in/hr   0.28 in/hr 
Medium   5.63 in/hr   Closed 0.00 in/hr  5.01 in/hr   0.54 in/hr 
Large   6.15 in/hr   Closed  0.00 in/hr  5.48 in/hr   0.66 in/hr 
Small   2.35 in/hr   Open   1.50 in/hr  0.70 in/hr   0.12 in/hr 
Medium   5.77 in/hr   Open   2.97 in/hr  2.47 in/hr   0.35 in/hr 
Large   6.07 in/hr   Open   4.83 in/hr  0.91 in/hr   0.32 in/hr 

 
The summary table indicates that the Medium and Large rainfall values are repeatable regardless 
of the valve setting (an anticipated result). The Small Rain, Closed Valve results contained 
experiments that were part of the apparatus “learning curve”.2 The leakage rates were smaller by 
almost a factor of two when the underdrain is active.3 

Not quantified in the tables was the observation that downstream end would have ponded (overland 
flow) water over the last 4 to 6 feet of the model for the Medium and Large Rain, with the drain 
closed. The flow depths were quite small, about 1/4 inch. The water depth at the “curb” end of the 
model was approximately equal to the thickness of the PFC, decreasing to 3/4 inches at the drain 
holes in the model. 

Table 10 lists equilibrium results (the system came to equilibrium quite fast, the table shows values 
after nearly an hour of operation). The various columns in the table, in order, are: 

COUNT = the serial count. 

EXP_ID = the experiment ID code. 

                                                 
2 These early experiments contribute to the difference in rainfall rates for the Small Rain results.  As the experimenter's skills 
improved the repeatability improved. 
3 The result is unanticipated, but explainable.  When the drain valve is closed the heads in the drainage channel are greater, 
and any leaks in this region are subject to greater driving force, hence the greater rate.  Similarly anywhere away from the 
drainage channel the heads would also be larger, again providing greater driving force for leakage.} 
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RAIN-RAW = the raw rainfall as reported by the rain gages.4 

RAIN-ADJ = the adjusted rainfall. 

Q-LEAK = the measured or estimated leakage. 

Q-PFC = the measured flow through the permeable friction course. 

Q-DRAIN = the measured flow through the under-drain when it was active. 

Q-TOTAL = the sum of the outflows. 

 
All units in Table 10 are inches-per-hour. The flows measured in cubic feet per second were 
converted into inches per hour assuming the contributing area to the flow measurements is an area 
48-feet long and 7-feet wide. 

SUMMARY  

A large-scale model of a PFC layer on top of an impermeable base was constructed and tested for 
its drainage under rainfall intensities of ~2.00 inches/hour, ~ 5.70 inches/hour, and ~ 6.11 
inches/hour. Although leakage was detected during the tests, the mass balance was acceptable after 
correcting for leakage and over-reporting of the rain gauges and the total outflow from the model 
was reasonably close to the input rates.  

 
 

                                                 
4 The rain gages over-report the catch, even when moved around on the PFC. The researchers recorded the catch and then 
adjusted based on an analysis of the total outflows (mass balance) 
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Table 10. Rainfall Input and Measured Flow Rates at Equilibrium 
COUNT EXP_ID RAIN-RAW RAIN-ADJ Q-LEAK Q-PFC Q-DRAIN Q-TOTAL 

1 04-03-2016 1.57 0.54 0.25 0.53 0.00 0.78 

2 04-08-2016 2.04 0.70 0.26 0.50 0.00 0.76 

3 04-13-2016-1 4.00 1.37 0.28 0.55 0.00 0.83 

4 04-13-2016-2 2.83 0.97 0.26 0.58 0.00 0.84 

5 04-20-2016 7.57 2.60 0.33 1.33 0.00 1.66 

6 04-22-2016 7.57 2.60 0.33 1.70 0.00 2.03 

7 04-25-2016 7.54 2.60 0.33 1.70 0.00 2.03 

8 05-02-2016 6.16 2.12 0.31 1.56 0.00 1.87 

9 05-04-2016 6.37 2.19 0.31 1.56 0.00 1.87 

10 05-18-2016 3.91 1.35 0.28 1.56 0.00 1.84 

11 05-26-2016-1 18.07 5.84 0.57 4.73 0.00 5.30 

12 05-25-2016-2 19.78 6.39 0.62 4.73 0.00 5.35 

13 05-26-2016 18.20 5.88 0.58 5.08 0.00 5.66 

14 05-31-2016 17.71 5.72 0.57 4.90 0.00 5.47 

15 06-01-2016 17.62 5.88 0.35 0.33 4.90 5.58 

16 06-03-2016-1 16.28 5.44 0.33 0.23 4.90 5.46 

17 06-03-2016-2 16.86 5.45 0.54 4.73 0.00 5.27 

18 06-04-2016 16.91 5.65 0.34 0.23 4.73 5.30 

19 06-11-2016 4.25 1.46 0.13 0.23 1.85 2.21 

20 07-05-2016 14.03 5.26 0.12 0.23 4.54 4.89 

21 07-06-2016 14.70 5.48 0.47 5.33 0.00 5.80 

22 07-08-2016 16.51 6.19 0.47 1.33 3.93 5.73 

23 07-18-2016 16.53 6.17 1.15 5.33 0.00 6.48 

24 07-19-2016 15.02 5.63 0.24 0.67 4.90 5.81 

25 07-20-2016 16.44 6.13 0.47 5.33 0.00 5.80 

26 07-27-2016 16.98 5.49 0.53 4.15 0.00 4.68 

27 07-28-2016 16.70 5.58 0.33 4.90 0.23 5.46 

28 07-29-2016 13.56 4.38 0.47 4.73 0.00 5.20 

29 08-02-2016 16.26 5.43 0.33 5.08 0.23 5.64 

30 08-03-2016 15.86 5.12 0.47 5.08 0.00 5.55 

31 08-04-2016 15.92 5.32 0.33 5.08 0.47 5.88 

32 08-09-2016 3.50 1.20 0.33 1.41 0.00 1.74 

33 08-10-2016 2.29 2.47 0.12 1.85 0.47 2.44 

34 08-11-2016 3.14 1.08 0.24 1.41 0.00 1.65 

35 08-15-2016 2.07 2.11 0.12 0.24 1.85 2.21 

36 08-16-2016 2.53 0.87 0.24 1.33 0.00 1.57 

37 08-17-2016 2.45 2.50 0.12 0.47 1.85 2.44 

38 08-23-2016-1 18.31 6.83 0.58 5.96 0.00 6.54 

39 08-23-2016-2 19.26 7.22 0.47 1.41 5.96 7.84 

40 08-23-2016-3 19.78 6.39 0.58 6.92 0.00 7.50 

41 08-23-2016-4 21.33 7.12 0.41 1.41 5.33 7.15 
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CHAPTER 4: NUMERICAL SIMULATION 

INTRODUCTION 

This chapter explains the details of a developed computing algorithm of numerical model called 
“pfc_DF_Richards”, which simulates the hydraulic behavior of permeable friction course (PFC). 
In addition, the mathematical background of the numerical model, the numerical schemes as well 
as the calibration are also discussed herein.  

The first part describes the mathematical framework, within which the governing equations used 
in the computational model for both surface and subsurface component Then the numerical 
schemes including mesh generation and discretization for both surface and subsurface domains are 
included in the second part. The third part further discusses about the convergence criteria and 
coupling algorithm. Thereafter, the calibration of parameters in the numerical model is presented 
based on the experiments data. This chapter also includes the large-scale laboratory testing to 
determine the permeability of the PFC for various void ratios. 

NUMERICAL MODEL 

The developed numerical model couples the surface and subsurface flow based on the continuity 
of mass and conservation of momentum in the fluid mechanics. The subsurface domain is 
simulated by the three dimensional (3D) Richards equation. Due to the nature of thin layer on the 
PFC surface, the vertical component of flow velocity is treated uniform and the surface domain 
can be modeled by the shallow water equations (SWE). The framework of the numerical model is 
described as follows.  

Equations for Surface Flow  

The surface flow, i.e., the flow on PFC surface, can be described by 2-D shallow water equation 
(SWE), which is derived from the simplified Navier-Stokes equations. By assuming the pressure 
is hydrostatic (߲݌ =  ℎ) and neglecting the momentum of rainfall. The complete version of the߲݃ߩ
equation is (Liu et al. 2016): 

 డ௛డ௧ + ∇ ∙ (࢛ℎ) = ூݍ +  ோ          (7)ݍ

 డ࢛డ௧ + ∇ ∙ (࢛࢛) = ݃∇ℎ − ݃(ܵ௢ − ௙ܵ)         (8) 

 
where h = Flow depth [m]; 

 
u = depth-averaged velocity vector (u, v), [m/s]; 

qI = infiltration (-) /exfiltration (+) rate [m2/s]; 

qR = rainfall intensity [m/hr]; 
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ܵ௢ = bottom slope [-], which equals to bed slope vector ∇z; 
z = bottom elevation of PFC [m] ௙ܵ = friction slope [-] 

 
By adopting the diffusive wave approximation that the inertial terms are less than the pressure, 
gravity and friction terms, Eqn. 8 can be reduced to  

 0 = 	݃∇ℎ − ݃(ܵ௢ − ௙ܵ)          (9) 

 
The friction slope ௙ܵ is typically calculated by Manning’s equation: 

 ௙ܵ = ௡మ|࢛|࢛௛ర/య             (10)  

 
where n is the Manning’s roughness parameter. 

 
By combining Eqns. 9 and 10, the depth averaged velocity u can be calculated by 

ݑ  = −௛మ/య௡ ఇு|ఇு|భ/మ           (11) 

 
where H (= h + z) is the total pressure head. 

 

Equations for Subsurface Flow 

Subsurface flow in porous media, i.e., the flow within PFC, is modeled by the 3-D Richards 
equation. This equation is derived from the combination of Darcy’s law and mass conservation 
equation. The mixed-form Richards equation, which includes both water content (ߠ) and the water 
pressure head (h), is implemented in this numerical model (Richards 1931; Szymkiewicz 2012): 

 డఏ(௛)డ௧ = ߘ ∙ ௦݇௥(ℎ)ܭ] ∙ ℎ)ߘ + [(ݖ +  ௦       (12)ݍ

 
where ߠ(ℎ) = moisture content [-]; 

h = pressure head [m]; 

z = bottom elevation [m]; ݇௥(ߠ) = relative hydraulic conductivity, which is a second-order tensor ܭ௦= saturated hydraulic conductivity [m/s] ݍ௦ = volumetric source/sink term 
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The van Genuchten model is used for the constitutive relation of moisture content ߠ(ℎ) and 
relative hydraulic conductivity ݇௥(ߠ) (van Genuchten 1980): 

(ℎ)ߠ  = ൝ߠ௥ + ఏೞିఏೝ[ଵା(ఈ|௛|)೙]೘ 	݂݅	ℎ < ݁ݏ݅ݓݎℎ݁ݐ݋	௦ߠ0         (13) 

 ݇௥(ߠ) = ௄௄ೞ = ቀఏିఏೝఏೞିఏೝቁ଴.ହ ቊ1 − ൤1 − ቀఏିఏೝఏೞିఏೝቁଵ/௠൨௠ቋଶ      (14) 

 
In the above equations, α and n are the parameters determined by the shape of the soil water 
characteristic curves, and m = 1-1/n. 

FINITE VOLUME DISCRETIZATION 

The purpose of discretization includes producing computational meshes on which the governing 
equations are solved and transforming the governing equations into a matrix. The numerical model 
was implemented in the OpenFOAM, which was an open source toolbox that can be used to build 
customized solvers for solving partial differential equations (PDEs) using finite volume method 
(FVM) on structured and unstructured meshes (Weller et al. 1998) .  

The FVM divides the solution domain into a finite number of contiguous control volumes (CVs) 
and then integrate the PDEs in each CV. The advantages of this method includes conservation of 
basic quantities such as mass and momentum, applicable to both steady-state and transient state, 
and systems of partial differential equations are solved at one time (Jasak 1996). 

Mesh Generation 

The physical model built in Texas Tech University (TTU) is used to calibrate the numerical model. 
The physical model primarily includs 48-feet long and 6-feet wide with 2-inch PFC, rain simulator, 
and various gauges. The sketch of the physical model is shown in Figure 34. 

 
Figure 34. Sketch for the physical model and its variables 
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In the computational model, two geometries were created as shown in Figure 35. The geometry at 
the bottom, as subsurface domain, is created as the same dimension as physical PFC model and 
used to simulate the water movement inside the PFC, on which the Richards equation [Eqn. 12] 
will be solved, while the top geometry, as surface domain, is used to simulate the rainfall and free 
surface water, on which the Richards equation [Eqn. 7] will be solved. 

 
Figure 35. Geometries for surface domain (top) and subsurface domain (bottom) 

 
To simulate the water depth when the underdrain pipe is turned on during the rainfall event (Figure 
36a), a mixed boundary condition called “seepageFaceHead” was implemented. This boundary 
condition included both fixed value and fixed gradient boundary conditions, more details would 
be explained later on in this chapter (Figure 36b).  

 

 
 (a)  (b) 

Figure 36. Physical and numerical model of underdrain: a) underdrain slot in physical model 
b) underdrain in numerical model 

 
To use the FVM, the generated domains were required to be discretized into control volumes 
(CVs), on which the governing equations can be solved. A typical control volume is bounded by 
a set of flat faces, as shown in Figure 37, and each face is shared with only one neighboring CV 

Surface domain 

Subsurface 
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and does not overlap with other control volumes. The computational point P was the centroid of 
the control volume so that: ׬ ݔ) − ௉)௏೛ݔ ܸ݀ = 0           (15)  

The cell faces could have two groups as internal faces that were connecting two control volumes 
and boundary faces that restricted the boundaries of the domain. The face area vector ௙ܵ  was 

always pointed from lower index cell to higher index cell. 

In the simulating model, the surface and the subsurface domain was discretized into appropriate 
number of cells to ensure computational accuracy and efficiency. The mesh structures were shown 
in Figures 38 and 39, respectively. 

 
Figure 37. A typical control volume and its parameters (OpenFoam 2014) 

 

 
Figure 38. The mesh structure for surface domain 
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Figure 39. The mesh structure for subsurface domain 

 

Discretization of Shallow Water Equation 

Integrating the shallow water equation Eqn. 7 over the control volume Vp, we will have 

׬  డ௛డ௧௏೛ ܸ݀ + ׬ ∇ ∙ (࢛ℎ)௏೛ ܸ݀ = ׬ ூ௏೛ݍ ܸ݀ + ׬ ோ௏೛ݍ ܸ݀      (16) 

 
The Gauss’ theorem transfers the volume integration to face integration, and can be interpreted as 
the following equation: 

׬  ߘ ∙ ௏೛ࢇ ܸ݀ = ׬ డ௏೛ࢇ ∙ ݀ܵ          (17) 

 
where ∂V is the closed surface bounding the control volume Vp, and ݀ܵ represents an finitesimal 
surface element with associated outward pointing normal on ∂V. 

So the convection term in Eqn. 17 can be written as 

׬  ∇ ∙ (࢛ℎ)௏೛ ܸ݀ = ׬ (࢛ℎ)డ௏೛ ∙ ݀ܵ = ∑ (࢛ℎ)௙ ∙ ௙ܵ௙        (18) 

  
And Eqn. 16 turns to 

 ௛೔ಿ శభି௛೔ಿ୼௧ ௣ܸ + ∑ (࢛ℎ)௙ ∙ ௙ܵ௙ = ூ,௜ݍ ௣ܸ + ோ,௜ݍ ௣ܸ       (19) 

 
 where N + 1= next time step; 

 N = current time step; 
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 ௙ܵ = the face area vector; 

 Δݐ = time step size [s]. 

 
Subscript f implied the value of the variable on the corresponding face center, which are 
interpolated from the values of surrounding cells centers.  

Two different types of boundary conditions (B.C.) are implemented in the surface domain: fixed 
value and fixed gradient. The fixed value was specifying a fixed water depth on a boundary. This 

type of boundary condition is used to set the depth averaged velocity as ݑ ∙ ݊ = ඥ݃ℎ when the 

surface flow leaving the outlet boundary. The fixed gradient was used to impose flux. For example, 
a zerogradient B.C. corresponded to ߘ(ℎ + (ݖ = 0 and it was used at the impermeable walls as the 
surface flow cannot penetrate them and flux doesn’t change. 

Discretization of Richards Equation 

Eqn. 12 is also a nonlinear equation due to the advection term ܭ௦݇௥(ℎ) ∙ ℎ)ߘ +  In the numerical .(ݖ
model, it was solved iteratively by using fixed Picard iterations since it is very difficult to get the 
direct solution. The equation can be semi-discretized as the following equation (Liu 2012) 

 ఏ೙శభ,೘శభିఏ೙∆௧ = ߘ ∙ ௦݇௥(ℎ)ܭ] ∙ ℎ௡ାଵ,௠ାଵ)ߘ + [(ݖ +  ௦௡ାଵ      (20)ݍ

 
where n + 1 = current time step in iteration; 

 n = previous time step in iteration; 

 m + 1 = current Picard iteration level; 

 m = previous Picard iteration level. 

 
According to Taylor series equation, the water content ߠ௡ାଵ,௠ାଵ can be written as:  

௡ାଵ,௠ାଵߠ  ≈ ௡ାଵ,௠ߠ + ቀௗఏௗ௛ቁ௡ାଵ,௠ (ℎ௡ାଵ,௠ାଵ − ℎ௡ାଵ,௠)      (21)  

 
Substituting Eqn. 21 in to Eqn. 20 

 ቀௗఏௗ௛ቁ௡ାଵ,௠ ௛೙శభ,೘శభି௛೙శభ,೘∆௧ = ߘ	 ∙ ௦݇௥(ℎ)ܭ] ∙ ℎ௡ାଵ,௠ାଵ)ߘ + [(ݖ + ܵ     (22) 
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where S is new source term and needs to be updated at each iteration level, and has the form 

 ܵ = ௦௡ାଵݍ + ఏ೙ିఏ೙శభ,೘∆௧           (23)  

 
Then spatial terms in Eqn. 22 were discretized by OpenFOAM and the differential operators were 
assembled automatically. 

Fixed value and fixed gradient boundary conditions were also implemented for Richards equation, 
which included fixed head h or fixed total head h+z, specified flux q.  

The fixed head h or fixed total head h+z is used to define the water table locations and the shape 
of water bodies. In math, they are defined on the boundary faces as: 

 ℎ = ℎ஽(ݔ, ,ݕ ,ݖ  (24)           (ݐ

 
 and  

 ℎ + ݖ = ℎ஽(ݔ, ,ݕ ,ݖ  (25)           (ݐ

 where ℎ஽ is head distribution function, and x, y, z are the coordinates of boundary face center.  

 
The above two conditions can be generalized into a single boundary condition as  

 ℎ = ℎீ(ݔ, ,ݕ ,ݖ  (26)           (ݐ

 
In the finite volume method, the hydraulic gradient on boundary faces (ߘℎ)௙, which was required 

for the Laplacian term in Richards equation, was calculated by  

 ௙ܵ ∙ ௙(ℎߘ) = ห ௙ܵห ௛ಸି௛ು|ௗ|           (27)  

 
where ℎீ = general function related to x, y, z, t.  

 ℎ௉ = pressure head h at the center of boundary cell 

 
The specified flux q can be written as 
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,ݔ)௖ݍ ,ݕ ,ݖ (ݐ = − ௌ೑หௌ೑ห ௦݇௥ܭ] ∙ ℎ)ߘ +  (28)        [(ݖ

 
The pressure gradient can be calculated as  

 ௌ೑หௌ೑ห ∙ ℎߘ = − ௌ೑หௌ೑ห ∙ ݖߘ − ௤೎(௫,௬,௭,௧)௄ೞ௞ೝ          (29)  

 
And the value of water pressure at the center of boundary face ℎ௙ can be calculated as  

 ℎ௙ = ℎ௣ − ௌ೑หௌ೑ห ∙  ℎ|݀|          (30)ߘ

 
where ℎ௣ = the value of water pressure at the center of boundary cell 

 |݀| = the distance from the center of boundary cell to the center of boundary face. 

 

SOLUTION CONTROL OF DISCRETIZED EQUATIONS 

Surface flow 
 
Eqn. 19 can be written as  

 ௛೔ಿ శభି௛೔ಿ୼௧ + ଵ௏೛ ∑ ௙ܨ = ூ,௜ݍ +  ோ,௜         (31)ݍ

 
 where F is the total flux of quantity h crossing a face, and ܨ = (࢛ℎ)௙ ∙ ௙ܵ. 

 
The term (࢛ℎ)௙, which is the value on the faces between two cells, were evaluated by using first-

order accurate but bounded upwind scheme (UP) or second-order accurate but unbounded central 
difference scheme (CD).  

To achieve both accuracy and boundedness, Eqn. 31 is solved by using the method called 
multidimensional universal limiter with explicit solution (MULES), which was already 
implemented as built-in module in OpenFOAM (OpenFoam 2014). The MULES adopted the flux 
corrected transport (FCT) algorithms (Kuzmin et al. 2003; Zalesak 1979) which used values at 
both higher-order and lower-order to predict the final solutions.  

Consider in 1-D grid, as shown in Figure 40. 
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Figure 40. 1-D geometry and magnitudes for Zalesak’s limiter (Kuzmin et al. 2003)  

 

On the control volume (CV) i, Eqn. 31 can be rearranged as  ℎ௜ேାଵ = ℎ௜ே − ୼௧௏೛ ൫ܨ௜ାଵ/ଶே − ௜ିଵ/ଶேܨ ൯ + Δݍ)ݐூ +   ோ)       (32)ݍ

 
The MULES procedure is listed as follows (Liu et al. 2016; Zalesak 1979): 

(1) Compute the flux with a lower order scheme, ܨ௜ାଵ/ଶ௅,ே ௜ିଵ/ଶ௅,ேܨ , ; 

(2) Compute the flux with a higher order scheme, ܨ௜ାଵ/ଶு,ே ௜ିଵ/ଶு,ேܨ , ; 

(3) Calculate the “anti-diffusive flux”, ܣ௜ାଵ/ଶே = ௜ାଵ/ଶு,ேܨ − ௜ାଵ/ଶ௅,ேܨ ௜ିଵ/ଶேܣ , = ௜ିଵ/ଶு,ேܨ − ௜ିଵ/ଶ௅,ேܨ ; 

(4) Compute the ℎ௜ேାଵ with a lower order scheme,  ℎ௜௅,ேାଵ = ℎ௜ே − ୼௧௏೛ ൫ܨ௜ାଵ/ଶ௅,ே − ௜ିଵ/ଶ௅,ேܨ ൯ + Δݍ)ݐூ +   ோ)       (33)ݍ

(5) For term ܣ௜ାଵ/ଶே , constrain it by the limiter ߣ௜ାଵ/ଶ as ܣ௜ାଵ/ଶ஼,ே = ௜ାଵ/ଶேܣ௜ାଵ/ଶߣ 	൫0 ≤ ௜ାଵ/ଶߣ ≤ 1൯        (34) 
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So that the final solution ℎ௜ேାଵ  was bounded between some maximum value ℎ௜௠௔௫  and some 

minimum value ℎ௜௠௜௡, where 

 ℎ௜௔ = max൫ℎ௜ே, ℎ௜௅,ேାଵ	൯ ℎ௜௠௔௫ = max(ℎ௜ିଵ௔ 	, ℎ௜௔, ℎ௜ାଵ௔ 	) (35) 

 
and ℎ௜௕ = min൫ℎ௜ே, ℎ௜௅,ேାଵ	൯ ℎ௜௠௜௡ = min൫ℎ௜ିଵ௕ 	, ℎ௜௕, ℎ௜ାଵ௕ 	൯ (36) 

 
 (6) The solution can be computed by  

 ℎ௜ேାଵ = ℎ௜ே − Δܸݐ௣ ൣ൫ܨ௜ାଵ/ଶ௅,ே + ௜ାଵ/ଶ஼,ேܣ ൯ − ൫ܨ௜ିଵ/ଶ௅,ே + ௜ିଵ/ଶ஼,ேܣ ൯൧ + Δݍ)ݐூ + =(ோݍ ℎ௜௅,ேାଵ − Δܸݐ௣ ൫ܣ௜ାଵ/ଶ஼,ே − ௜ିଵ/ଶ஼,ேܣ ൯ (37) 

 
To determine the limiter ߣ௜ାଵ/ଶ in step (5), for example, we defined six quantities as: 

௜ܲା = The	sum	of	antidiffusive	fluxes when all are flowing into CV ݅ = max൫0, ௜ିଵ/ଶேܣ ൯ − min൫0, ௜ାଵ/ଶேܣ ൯ (38) 

ܳ௜ା = ௣ܸΔݐ ൫ℎ௜௠௔௫ − ℎ௜௅,ேାଵ൯ (39) 

௜ାߣ = ቐmin ቆ1, ܳ௜ା௜ܲାቇ , ( ௜ܲା > 0)	0, ( ௜ܲା = 0)  (40) 

௜ܲି = The	sum	of	anti − diffusive	fluxes when all of them are flowing away	CV	݅ = max൫0, ௜ାଵ/ଶேܣ ൯ − min൫0, ௜ିଵ/ଶேܣ ൯ (41) 

ܳ௜ି = ௣ܸΔݐ ൫ℎ௜௅,ேାଵ − ℎ௜௠௜௡൯ (42) 
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௜ିߣ = ቐmin ൬1, ொ೔ష௉೔ష൰ , ( ௜ܲା > 0)	0, ( ௜ܲା = 0)          (43) 

 
As the anti-diffusive fluxes which leaving one CV would enter its neighbor through the shared 
face, then ߣ௜ାଵ/ଶ can be determined by 

௜ାଵ/ଶߣ  = ቊmin(ߣ௜ାଵା , ௜ିߣ 	) , ௜ାଵ/ଶேܣ	݂݅ ≥ 0min(ߣ௜ା, ௜ାଵିߣ 	) , ௜ାଵ/ଶேܣ	݂݅ < 0 (44) 

 
The implementation of MULES for solving SWE in OpenFOAM is shown below: 

 

 

Figure 41. MULES implementation in pfc_DF_Richards 

Subsurface flow 
 

(a) Convergence criteria for Picard iteration 

As Picard iteration proceeded in a time step, specific criteria were needed so that the iteration can 
stop when convergence requirement is met and moved to the next time step. There are three 
convergence criterion implemented in this numerical model, including standard criteria, mixed 
criteria and moisture content criteria (Huang et al. 1996; Liu 2012). 

The standard criterion compares a user defined tolerance ℎ௧ with the discrepancy of pressure head 
between two successive iterations |ℎ௡ାଵ,௠ାଵ − ℎ௡ାଵ,௠|, and stops the iteration when  

 |ℎ௡ାଵ,௠ାଵ − ℎ௡ାଵ,௠| < ∆ℎ (45) 

 
But the disadvantage is that ∆ℎ is empirical to different users, and small value may need huge 
computational resources though it can improve the accuracy. 
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The mixed criterion is suggested as the upgraded version of standard criteria. By introducing a 
relative error ߜ௥ which usually varies from 0.001 to 0.1, the mixed criteria can be written as  

 |ℎ௡ାଵ,௠ାଵ − ℎ௡ାଵ,௠| < ∆ℎ +  ௥|ℎ௡ାଵ,௠ାଵ| (46)ߜ

This criterion can improve the speed of convergence since ߜ௥ acts as relax factor, but the accuracy 
is reduced when moisture content changes rapidly. 

The convergence criterion based on the moisture content is proposed as  

௡ାଵ,௠ାଵߠ|  − |௡ߠ ≤  (47) ߠ∆

 
Research (Huang et al. 1996) shows that the moisture content criterion is more efficient and 
accurate for simulating saturated flow while the rest two criterions can also produce good result if 
the number is set appropriately.  

In our simulation, the standard criterion is used and ℎ௧ is set as10ିଷ, and the implementation in 
OpenFOAM is listed as below: 

 
Figure 42. Implementation for convergence criteria in pfc_DF_Richards 

 
(b) Solution of linear equation system 

After discretizing the governing equation on a control volume (CV), we can get a linear equation 
for that CV as:  
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ܽ௉ℎ௉ +෍ܽேே ℎே = ܾ௣ (48) 

where ܽ௉, ℎ௉ are the coefficient and variable for the calculated CV, ܽே, ℎே are the coefficients and 
variables for neighbor CVs, and ܾ௣  is the source terms and contributions from the boundary 

conditions. Assembling the linear equations for all CVs will give us a system of algebraic equations 
as: [ܣ][ℎ] = [ܾ] (49) 

where [A] is sparse matrix with ܽ௉ on the diagonal and ܽே off the diagonal, [h] is the unknow 
pressure head at each cell center, [b] is the source vector.  

To solve the leaner system Eqn. 49, OpenFOAM has four built-in linear solvers for users as 
preconditioned conjugate gradient (PCG), generalized geometric-algebraic multi-grid (GAMG), 
solver using a smoother (smoothSolver) and Diagonal solver for explicit systems (diagnoal).  

To make the linear solver converge faster, preconditioners can be applied to the original symmetric 
matrix. The choice of preconditioners includes Diagonal incomplete-Cholesky (DIC), Faster 
Diagonal incomplete-Cholesky (FDIC) (OpenFoam 2014). 

The implementation of linear solver for Eqn. 49 in OpenFOAM is listed in Figure 3.4, 
preconditioned conjugate gradient (PCG) is used as the linear solver with tolerance at 10ି଺, and 
the preconditioner is Diagonal incomplete-Cholesky (DIC). 

 
Figure 43. Solution control in pfc_DF_Richards 

 

COUPLING ALGORITHM 

The coupling between surface and subsurface domain was fulfilled by the Dirichlet-Neumann 
partitioning method (Liu et al. 2016), which is a boundary condition including both fixed value 
and fixed gradient. 

The working flow and the coupling algorithm are shown in Figures 44 and 45. It is composed by 
two inner iterations for surface flow and subsurface flow individually, and one outer iteration 
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between the two domains. During each time step, the shallow water equation [Eqn. 7] is first solved 
by predefined boundary conditions and the MULES iteration. The water head solution h form Eqn. 
(1.1) is then imposed as a fixed value boundary condition to the subsurface domain. Next, the 
Richards equation [Eqn. (1.6)] is solved by Picard iteration with the updated water head condition 
and yields a flux through the top boundary. This flux acted as a fixed gradient boundary condition 
and is imposed to the surface domain as infiltration and exfiltration. This step iterated until the 
changes of water head h and water flux at the interface is less than 10-6 m and 10-6 m3/s 
respectively between two successive steps. 

In order to ensure the water depth on the surface is positive, additional limitations to infiltration 
rate is required. Eqn. 19 can be discretized as  ℎேାଵΔݐ = ூேାଵݍ + ோேାଵݍ − ∇ ∙ (࢛ℎே) + ℎேΔݐ ≥ 0 (50) 

 
And the infiltration rate ݍூேାଵ is required as  

ூ௕௢௨௡ௗேାଵݍ ≥ −ℎேΔݐ − ோேାଵݍ + ∇ ∙ (࢛ℎே) (51) 

To determine whether the water can flow into PFC, another parameter called infiltration capacity ܫ௣ is calculated on the top boundary of subsurface domain as  

௣ܫ  ≥ ௦∇(ℎܭ− +  (52) (ݖ

 
If the ݍூ௕௢௨௡ௗேାଵ  from the surface domain is less than ܫ௣, then the PFC is unsaturated which means 

water can flow into PFC. Otherwise, the PFC is saturated and the pressure head h on its top 
boundary is set to the water depth on the surface. 
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Figure 44. The coupling between the surface and subsurface domain 
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Figure 45. Flow Chart for the coupling algorithm within each time step (Liu et al. 2016) 

 

MODEL CALIBRATION 

In the numerical model, three parameters including saturated hydraulic conductivity Ks, n and α 
in Van Genuchten soil-water model are need to be calibrated based on the experiment data. Since 
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all of the parameters are properties of the PFC, this section will elaborate how these parameters 
are calibrated using the obtained data from the large-scale physical testing.  

Saturated Hydraulic Conductivity Ks 

The hydraulic conductivity is determined in the laboratory by the constant head flow test. Due to 
the large void ratio in the PFCs, A large-scale test was set up to quantify the permeability of the 
PFC with different void ratios. The U-shape apparatus was composed by 4-inch inner dia. PVC 
pipes with 42 inches head difference (Figure 46a). The pipes were supported by two wood frames 
and located between the vertical wood plates, which were fixed by rubber clippers (Figure 46b). 
Six PFCs specimen with different porosity were fabricated based on the mixture receipt 
recommend by Sampson (2013), and the quantity of the composites used in the specimen were 
provided in Table 12. 

 

  
 a) b) 

 
Figure 46. Permeability test: (a) Schematic cross section of U-shape apparatus, (b) Large 

scale U-shape apparatus for PFCs permeability test 
 

The samples were first fabricated in the PVC pipe that has a diameter of 4 inches and a length of 
8 inches (Figure 47), and then the PVC pipe that contains the specimen was connect to apparatus. 



 

65 
 

 
Figure 47. Specimen used in the hydraulic conductivity test 

 
The test results are listed in Table 11. And Figure 48 illustrates that the hydraulic conductivity 
increases exponentially with the increase of the porosity. 

 
Table 11. Quantity of the Composites used in PFCs Fabrication 

No. 
Materials 

Porosity 

Hydraulic 
conductivity 

Ks (in/s) Rubber 
Chips (lb) 

Rock (lb) 
Polymer 
(in3) 

#1 1.3 1.3 7.3 0.09 0.04 

#2 1.3 1.3 6.4 0.16 0.04 

#3 1.5 1.5 8.3 0.26 0.12 

#4 1.4 1.4 8.3 0.27 0.21 

#5 1.3 1.3 4.9 0.33 0.47 

#6 1.4 1.4 4.8 0.38 0.55 
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Figure 48. Porosity vs. hydraulic conductivity 

 

Van Genuchten Parameters n and α 
Since the Soil-Water Characteristic Curve (SWCC) for PFCs is not available, the Van Genuchten 
parameters are need to be calibrated based on the laboratory experiment data from Texas Tech 
University (TTU), and the sampled data is listed in Table 12. The values for the known parameters 
are presented in Table 13. 

Table 12. Sampled Data Used for Calibration 
Manometer 

Location 
(ft) 

Water Head (in) 

Open Drainage 
Rain Intensity (in/hr) = 5.4 

Closed Drainage 
Rain Intensity (in/hr) = 0.87 

2 1.4148 1.5327 

6 1.7685 1.4148 

10 2.0043 1.2576 

14 2.7903 1.6506 

18 2.2794 1.6899 

22 2.5938 1.4934 

26 3.144 1.8471 

30 1.4148 2.7117 

34 2.2008 1.3755 

38 2.4366 1.6899 

42 2.5938 2.0436 

46 2.6331 2.751 
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Table 13. Parameters Used in Numerical Model 
Parameter Unit Value 

PFC length ft 48 

PFC width ft 5.5 

Slope % 2.0 

Manning’s η s/ft1/3 0.015 

Saturated moisture content θ % 38.0 

Residual moisture content θr % 1.0 

 
 

The calibration of α was carried out with the values of 0.3, 3, 15 and 30, under the condition of n 
= 2, rain intensity r = 5.4 in/hr, and opened underdrain. The calibration of the Van Genuchten 
parameter α suggested that the value of 3 makes more favorable overall match, as shown in Figure 
49.  

 

 
Figure 49. Water depth at steady state with different α value 

 
With the same rain intensity and underdrain condition, the calibration of n was carried out with 
the values of 2 and 3, while higher values of n do not make physical sense to the PFC material. 
The calibration suggested that the result most close to the measured data when Van Genuchten 
parameter n = 2, as shown in Figure 50. 
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Figure 50. Water depth at steady state with different n value 

 
The values of n and α were then validated with the measured data in the condition of rain intensity 
r = 0.87 in/hr and closed underdrain. As shown in Figure 51, the simulated result generally have 
the same trend as the experiment data with acceptable deviation from the test.  

 

 
Figure 51. Water depth at steady state with rain intensity r = 0.87 in/hr and closed underdrain 
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RESULTS OF NUMERICAL SIMULATIONS  

On the basis of the calibrated numerical model, a parametric study was conducted to assess the 
effectiveness of the undrain under different conditions. The roadway was simulated under three 
different widths (W), i.e., as 24 feet (2 lanes), 36 feet (3 lanes) and 48 feet (4 lanes) with the same 
longitudinal length (L) as 60 feet. Different combinations between cross (0%, 1%, 2% and 3%) 
and longitudinal (0% and 1%) slopes were considered. The scheme for the roadway geometry with 
underdrain is shown as Figure 52. The underdrain is 4 inches width for PFC drainage and was 
located at the mid-span of the longitudinal direction. It was slot cut into the base of the pavement 
that would be filled with pipes or coarse grain materials. The geometric parameters are summarized 
in Table 14. In the numerical simulation, four different rainfall intensities were assessed, namely, 
0.4 in/hr (moderate), 1.0 in/hr (heavy), 3.0 in/hr (intense), and 5.0 in/hr (extreme). The parameters 
used in the simulation are listed in Table 15. 

 
Figure 52. Scheme for the roadway geometry 

 
Table 14. Values of parameters for roadway geometry 

Parameter Unit Value 

PFC length (L) ft 60 

PFC width (W) ft 24, 36, 48 

PFC thickness in 2.0 

Undrain width in 4.0 

Cross slope (s) % 0, 1.0, 2.0, 3.0 

Longitudinal slopes (s) % 0, 1.0 
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Table 15. Modeling parameters used in cases 
Parameter Unit Value 

Rain intensity (r) in/hr 0.4, 1.0, 3.0, 5.0 

Hydraulic conductivity ft/hr 165.4 

n (Van Genuchten parameter) - 2 

α (Van Genuchten parameter) - 3 

 

The simulation started with dry pavement and lasted until the equilibrium was reached under a 
certain rain intensity. Depending the rain intensity and slope, it took up to hour(s) until the water 
surface became steady.  

Water Flow within and on PFC without Underdrain 

Figures 53~76 present the water depth under conditions of different rainfall intensities and 
roadway geometries when the underdrain is closed. These figures indicate that larger slope would 
facilitate the water drainage only when the rain intensity is less than 0.4 in/hr and the pavement is 
no more than 2-lane width. In other words, for most of the cases investigate in this study, 
underdrain appears to be necessary to remove standing water on the pavement surface.  

1) Zero slope on both longitudinal and cross directions 

 
Figure 53. Water depth in 2-lane PFC pavement with zero slope on both direction 
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Figure 54. Water depth in 3-lane PFC pavement with zero slope on both direction 

 

 
Figure 55. Water depth in 4-lane PFC pavement with zero slope on both direction 
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2) Longitudinal slope = 0% and cross slope = 1% 

 
Figure 56. Water depth in 2-lane PFC pavement with 0% longitudinal and 1% cross slope 

 

 
Figure 57. Water depth in 3-lane PFC pavement with 0% longitudinal and 1% cross slope 
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Figure 58. Water depth in 4-lane PFC pavement with 0% longitudinal and 1% cross slope 

 
 

3) Longitudinal slope = 0% and Cross slope = 2% 

 
Figure 59. Water depth in 2-lane PFC pavement with 0% longitudinal and 2% cross slope 
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Figure 60. Water depth in 3-lane PFC pavement with 0% longitudinal and 2% cross slope 

 
 

 
Figure 61. Water depth in 4-lane PFC pavement with 0% longitudinal and 2% cross slope 
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4) Longitudinal slope = 0% and Cross slope = 3% 

 
Figure 62. Water depth in 2-lane PFC pavement with 0% longitudinal and 3% cross slope 

 
 

 
Figure 63. Water depth in 3-lane PFC pavement with 0% longitudinal and 3% cross slope 
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Figure 64. Water depth in 3-lane PFC pavement with 0% longitudinal and 3% cross slope 

 
 

 
5) Longitudinal slope = 1% and Cross slope = 0% 

 
Figure 65. Water depth in 2-lane PFC pavement with 1% longitudinal and 0% cross slope 
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Figure 66. Water depth in 3-lane PFC pavement with 1% longitudinal and 0% cross slope 

 
 

 
Figure 67. Water depth in 4-lane PFC pavement with 1% longitudinal and 0% cross slope 
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6) Longitudinal slope = 1% and Cross slope = 1% 

 
Figure 68. Water depth in 2-lane PFC pavement with 1% longitudinal and 1% cross slope 

 
 

 
Figure 69. Water depth in 3-lane PFC pavement with 1% longitudinal and 1% cross slope 
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Figure 70. Water depth in 4-lane PFC pavement with 1% longitudinal and 1% cross slope 

 
 
7) Longitudinal slope = 1% and Cross slope = 2% 

 
Figure 71. Water depth in 2-lane PFC pavement with 1% longitudinal and 2% cross slope 
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Figure 72. Water depth in 3-lane PFC pavement with 1% longitudinal and 2% cross slope 

 
 

 
Figure 73. Water depth in 4-lane PFC pavement with 1% longitudinal and 2% cross slope 
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6) Longitudinal slope = 1% and Cross slope = 3% 

 

 
Figure 74. Water depth in 2-lane PFC pavement with 1% longitudinal and 3% cross slope 

 
 

 
Figure 75. Water depth in 3-lane PFC pavement with 1% longitudinal and 3% cross slope 
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Figure 76. Water depth in 4-lane PFC pavement with 1% longitudinal and 3% cross slope  

 

Water Flow within and on PFC with Underdrain 

Given certain geometry slopes, Figures 77~100 show the underdrain’s effective drainage range 
under various rain intensity. As the trend shown in the figures, the effectiveness of the underdrain 
decreases with the increase of the rainfall intensity when the slopes are given. For example, the 
underdrain can keep the 2-lane pavement, which has zero slope on both directions, from standing 
water within 20 ft when the rain intensity is 1 in/hr, and this number will gradually decrease to 3 
ft as the rain intensity increases to 5 in/hr. 

On the other hand, raising the slopes on both directions does not necessarily mean linear increase 
of the underdrain’s effective range. For example, in the case of 4-lane pavement with 3.0 in/hr rain 
intensity and 1% longitudinal slope, the effective drainage range oscillates between 6.66 ft and 
4.13 ft as the cross slope changes from 0% to 3%. This may due to the fact that water is cumulated 
at the lower corner of the pavement, where the elevation of the drainage is too high to convey the 
pond.  
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1) Zero slope on both longitudinal and cross direction 

 
Figure 77. Influence range of underdrain on 2-lane PFC pavement with zero slope on both 

direction 
 
 

 
Figure 78. Influence range of underdrain on 3-lane PFC pavement with zero slope on both 

direction 
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Figure 79. Influence range of underdrain on 4-lane PFC pavement with zero slope on both 

direction 
 
 
2) Longitudinal slope = 0% and Cross slope = 1% 

 
Figure 80. Influence range of underdrain on 2-lane PFC pavement with 0% longitudinal and 

1% cross slope 
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Figure 81. Influence range of underdrain on 3-lane PFC pavement with 0% longitudinal and 

1% cross slope 
 

 
Figure 82. Influence range of underdrain on 4-lane PFC pavement with 0% longitudinal and 

1% cross slope 
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3) Longitudinal slope = 0% and Cross slope = 2% 

 
Figure 83. Influence range of underdrain on 2-lane PFC pavement with 0% longitudinal and 

2% cross slope 
 
 

 
Figure 84. Influence range of underdrain on 3-lane PFC pavement with 0% longitudinal and 

2% cross slope 
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Figure 85. Influence range of underdrain on 4-lane PFC pavement with 0% longitudinal and 

2% cross slope 
 
 
4) Longitudinal slope = 0% and Cross slope = 3% 

 
Figure 86. Influence range of underdrain on 2-lane PFC pavement with 0% longitudinal and 

3% cross slope 
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Figure 87. Influence range of underdrain on 3-lane PFC pavement with 0% longitudinal and 

3% cross slope 
 
 

 
 
Figure 88. Influence range of underdrain on 4-lane PFC pavement with 0% longitudinal and 

3% cross slope 
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5) Longitudinal slope = 1% and Cross slope = 0% 
 

 
Figure 89. Influence range of underdrain on 2-lane PFC pavement with 1% longitudinal and 

0% cross slope 
 
 

 
Figure 90. Influence range of underdrain on 3-lane PFC pavement with 1% longitudinal and 

0% cross slope 
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Figure 91. Influence range of underdrain on 4-lane PFC pavement with 1% longitudinal and 

0% cross slope 
 
 
6) Longitudinal slope = 1% and Cross slope = 1% 

 
Figure 92. Influence range of underdrain on 2-lane PFC pavement with 1% longitudinal and 

1% cross slope 
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Figure 93. Influence range of underdrain on 3-lane PFC pavement with 1% longitudinal and 

1% cross slope 
 
 

 
Figure 94. Influence range of underdrain on 4-lane PFC pavement with 1% longitudinal and 

1% cross slope 
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7) Longitudinal slope = 1% and Cross slope = 2% 

 
Figure 95. Influence range of underdrain on 2-lane PFC pavement with 1% longitudinal and 

2% cross slope 
 
 

 
Figure 96. Influence range of underdrain on 3-lane PFC pavement with 1% longitudinal and 

2% cross slope 
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Figure 97. Influence range of underdrain on 4-lane PFC pavement with 1% longitudinal and 

2% cross slope 
 
 

8) Longitudinal slope = 1% and Cross slope = 3% 

 
Figure 98. Influence range of underdrain on 2-lane PFC pavement with 1% longitudinal and 

3% cross slope  
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Figure 99. Influence range of underdrain on 3-lane PFC pavement with 1% longitudinal and 

3% cross slope  
 
 

  
Figure 100. Influence range of underdrain on 4-lane PFC pavement with 1% longitudinal 

and 3% cross slope   
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CHAPTER 5: ANALYSIS, DISCUSSIONS, AND RECOMMENDATIONS 

SUMMARY OF THE RESULTS AND FINDINGS 

The data presented in Chapter 4 manifests that the underdrain has different degrees of effectiveness 
at the different pavement widths and slopes, and rainfall intensities. Effectiveness of the underdrain 
under various conditions is now quantified by an effective range, which defines the range that the 
standing water on the pavement can be removed, as illustrated in Figure 101. Namely, this range 
is the maximum allowable spacing of the underdrain if it is used for PFC.  

The summary of the effective range for various conditions are presented in Tables 16-27. At a low 
rainfall intensity (i.e., 0.4 in/hr), there is no standing water on the pavement surface even without 
underdrain. For these situations, the effective range is indicated as “NN”, meaning “No Need”. An 
interesting finding from the results is that the combination of cross and longitudinal slopes does 
not necessarily promote the drainage all the time. The combination of cross and longitudinal slopes 
made the water drain downward faster; as a result, there is less water on the roadway crown and 
more water at the roadway edge. In summary, the combination of cross and longitudinal slopes 
may make the water ponding worse at the roadway edge.  

 
Figure 101. Effective influence range of underdrain 
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Table 16. Effective range for 2-lane pavement, rainfall intensity r = 0.4 in/hr 

Effective range of Underdrain (ft), 2 Lanes, r = 0.4 in/hr 

     Long. Slope y 
 
Cross Slope x 

0% 1% 

0% NN NN 

1% NN NN 

2% NN NN 

3% NN NN 
 
 

Table 17. Effective range for 2-lane pavement, rainfall intensity r = 1.0 in/hr 

Effective range of Underdrain (ft), 2 Lanes, r = 1.0 in/hr 

     Long. Slope y 
 
Cross Slope x 

0% 1% 

0% 20.5 18.5 

1% 20.2 16.7 

2% 22.3 21.9 

3% NN 11.5 
 
 

Table 18. Effective range for 2-lane pavement, rainfall intensity r = 3.0 in/hr 

Effective range of Underdrain (ft), 2 Lanes, r = 3.0 in/hr 

     Long. Slope y 
 
Cross Slope x 

0% 1% 

0% 7.25 6.3 

1% 8.6 6.6 

2% 9.5 8.1 

3% 9.54 8.82 
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Table 19. Effective range for 2-lane pavement, rainfall intensity r = 5.0 in/hr 

Effective range of Underdrain (ft), 2 Lanes, r = 5.0 in/hr 

    Long. Slope y 
 
Cross Slope x 

0% 1% 

0% 3.5 2.2 

1% 1.83 4.6 

2% 6.4 5.1 

3% 3.5 5.18 

 
 

Table 20. Effective range for 3-lane pavement, rainfall intensity r = 0.4 in/hr 

Effective range of Underdrain (ft), 3 Lanes, r = 0.4 in/hr 

    Long. Slope y 
 
Cross Slope x 

0% 1% 

0% NN NN 

1% NN NN 

2% NN NN 

3% NN NN 

 
 

Table 21. Effective range for 3-lane pavement, rainfall intensity r = 1.0 in/hr 

Effective range of Underdrain (ft), 3 Lanes, r = 1.0 in/hr 

    Long. Slope y 
 
Cross Slope x 

0% 1% 

0% 18 16.2 

1% 17.8 13.5 

2% 19.2 17.8 

3% 20.4 18.4 
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Table 22. Effective range for 3-lane pavement, rainfall intensity r = 3.0 in/hr 

Effective range of Underdrain (ft), 3 Lanes, r = 3.0 in/hr 

    Long. Slope y 
 
Cross Slope x 

0% 1% 

0% 6.88 6.33 

1% 7.6 6.2 

2% 9 7.3 

3% 9.08 7.48 

 
 

Table 23. Effective range for 3-lane pavement, rainfall intensity r = 5.0 in/hr 

Effective range of Underdrain (ft), 3 Lanes, r = 5.0 in/hr 

    Long. Slope y 
 
Cross Slope x 

0% 1% 

0% 3 2.2 

1% 1.5 1.5 

2% 6 1.8 

3% 6.23 3.2 

 
 

Table 24. Effective range for 4-lane pavement, rainfall intensity r = 0.4 in/hr 

Effective range of Underdrain (ft), 4 Lanes, r = 0.4 in/hr 

    Long. Slope y 
 
Cross Slope x 

0% 1% 

0% NN NN 

1% NN NN 

2% NN NN 

3% NN NN 
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Table 25. Effective range for 4-lane pavement, rainfall intensity r = 1.0 in/hr 

Effective range of Underdrain (ft), 4 Lanes, r = 1.0 in/hr 

    Long. Slope y 
 
Cross Slope x 

0% 1% 

0% 17.6 15.9 

1% 17 12.8 

2% 18 15.8 

3% 18.76 17 

  
 

Table 26. Effective range for 4-lane pavement, rainfall intensity r = 3.0 in/hr  

Effective range of Underdrain (ft), 4 Lanes, r = 3.0 in/hr 

    Long. Slope y 
 
Cross Slope x 

0% 1% 

0% 6.88 6.66 

1% 7.08 5.9 

2% 7.87 6.4 

3% 8.7 4.13 

 
 

Table 27. Effective range for 4-lane pavement, rainfall intensity r = 3.0 in/hr  

Effective range of Underdrain (ft), 4 Lanes, r = 5.0 in/hr 

    Long. Slope y 
 
Cross Slope x 

0% 1% 

0% 2.8 2.2 

1% 1.5 3.7 

2% 3.6 1.67 

3% 4.23 1.9 
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SUGGESTED FUTURE WORK 

The findings show that underdrains have an impact on the ability of PFC to drain ponding water. 
The spacing of underdrains for a 5 in/hr rain intensity is probably impractical in the transverse 
direction of the roadway (as was modeled) because the underdrain would appear for every 6 feet 
or less, which may cause concerns to the integrity of the roadway as well as the constructability. 

A possible alternative could be to use transverse saw cuts (using the same machinery for grooved 
pavement, but applied across the travel direction, rather than in-line with travel direction), then, 
after the cuts are complete, apply the PFC over the cuts. The cuts would serve the role of the drain 
slot and could improve the drainage performance of PFC in hard-to-drain situations, while 
maintaining structural integrity (at least better than with 4-inch deep slots). 
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