Project No:

E04005 WO 003

Project Title:

Bridge Resiliency in Rain Events
PennDOT Technical Advisor:

Project Duration:

Tim Carre, P.E., CWI

January 2020 - January 2022

Project Purpose:
This project was divided into 3 separate purposes:
1 Evaluate the potential for scour and damage to our future structures designed using today's
standards.
2) Research, through scale physical modeling, the practicality and influence of wrapping structure
backfill with geotextiles to prevent the loss of backfill during extreme rain (high water) events .
3) Research, through scale physical modeling, the influence of encasing highway drainage pipe within
flowable fill to resist erosion during extreme rain (high water) events.

Outcome(s):
The outcome of this study is separated into 3 parts:
1) The current state of today's standard is not resistance to a high-flow water environment.
2) Geotextile wrapped backfill is more resistant to erosion than unwrapped.
3) Pipes encased in flowable fill are far more resistant to piping and scour from over-topping than
unprotected pipes.
Proposed Implementation Plan:
PennDOT is updating the RC12 and RC30 standards with the recommendations from the study.

Research Contractor:
Michael Baker, Jr. / Lehigh University

Principal Investigator:

Clay Naito

Project Cost:
$249,073.76

Bridge Resiliency in Rain Events

FINAL REPORT
December 10, 2021
By Kewei Gao

Clay Naito, Ph.D., P.E.
Muhannad Sulieman, Ph.D.
Richard Weisman, Ph.D.
Nick Crociata

ATLSS Research Center
Lehigh University
COMMONWEALTH OF PENNSYLVANIA
DEPARTMENT OF TRANSPORTATION

WORK ORDER # 003

1. Report No.

2. Government Accession No.

Technical Report Documentation Page
3. Recipient’s Catalog No.

FHWA-PA-2021-013E04005-003
4. Title and Subtitle
Bridge Resiliency in Rain Events

5. Report Date
December 10, 2021
6. Performing Organization Code

7. Author(s)
Kewei Gao
Clay Naito, Ph.D., P.E.
Muhannad Sulieman, Ph.D.
Richard Weisman, Ph.D.
Nick Crociata

8. Performing Organization Report No.

9. Performing Organization Name and Address
ATLSS Research Center
117 ATLSS Drive
Lehigh University
Bethlehem, PA 18015

10. Work Unit No. (TRAIS)

12. Sponsoring Agency Name and Address

13. Type of Report and Period Covered

The Pennsylvania Department of Transportation
Bureau of Planning and Research
Commonwealth Keystone Building
400 North Street, 6th Floor
Harrisburg, PA 17120-0064

Final Report
2020 - 2021

11. Contract or Grant No.
E04005 WO 003

14. Sponsoring Agency Code

15. Supplementary Notes
This report combines ATLSS Reports 21-01, 21-02 and 21-03.
16. Abstract
A study was conducted to understand the failure mechanisms of backfill materials around bridge abutments and pipe
culverts during flood events. A review of standard backfill materials and construction practices used by PennDOT was
conducted. Sample backfill materials were characterized for erosion potential. The erosion patterns of currently used
backfill materials and construction methods were simulated/scaled in the laboratory and subjected to water flow
conditions simulating current design floods and future flood projections based on the recently developed Extreme
Weather Vulnerability Study. Based on the observed patterns of failure, proposed construction practices are examined
in the laboratory with the objective of reducing failure during flood events.
17. Key Words
Resilience, Extreme
Embankment, Culvert

Rain

Events,

Structural

Backfill,

19. Security Classif. (of this
report)

20. Security Classif. (of
this page)

Unclassified
Form DOT F 1700.7

Unclassified

(8-72)

18. Distribution Statement
No restrictions. This document is available
from the National Technical Information Service,
Springfield, VA 22161

21. No. of Pages

22. Price

158
Reproduction of completed page authorized

ACKNOWLEDGMENTS
The contents of this report reflect the views of the authors who are responsible for the facts and
the accuracy of the data presented herein. The contents do not necessarily reflect the official views
or policies of the US Department of Transportation, Federal Highway Administration, or the
Commonwealth of Pennsylvania at the time of publication. This report does not constitute a
standard, specification or regulation.
This work was sponsored by the Pennsylvania Department of Transportation and the U.S.
Department of Transportation, Federal Highway Administration.

Bridge Resiliency in Rain Events

i

ABSTRACT
A study was conducted to understand the failure mechanisms of backfill materials around bridge
abutments and pipe culverts during flood events. A review of standard backfill materials and
construction practices used by PennDOT was conducted. Sample backfill materials were
characterized for erosion potential. The erosion patterns of currently used backfill materials and
construction methods were simulated/scaled in the laboratory and subjected to water flow
conditions simulating current design floods and future flood projections based on the recently
developed Extreme Weather Vulnerability Study. Based on the observed patterns of failure,
proposed construction practices are examined in the laboratory with the objective of reducing
failure during flood events.
This report summarizes the results of Task 1.1 to 1.3. Task 1.1 provides a summary of the state of
the practice for construction of backfill used by the state Departments of Transportation, a
summary of standard backfill materials used and properties (gradation curves) other states relative
to Pennsylvania, resistance of materials to piping, slumping, and erosion with respect to PA
materials, and backfill characterization of the materials used in the experimental program. Task
1.2 discusses the development of the test program on embankments and embankments with bridge
openings. The experimental results are summarized, and recommendations are provided for
construction details to improve the resilience of structural backfill under extreme rain events. Task
1.3 provides an assessment of erosion of culvert backfills. The development of the culvert test
program and the experimental results are summarized. Recommendations are provided for
construction details to improve the resilience of structural backfill under extreme rain events.
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1. BACKGROUND
Pennsylvania State Climate Summaries report that precipitation, especially extreme precipitation,
have been increasing during the last two decades in Pennsylvania (Frankson et al., 2017). The
temperatures in Pennsylvania have also risen in the winter and spring (Frankson et al., 2017;
Reidmiller et al., 2017). More frequent precipitation and higher temperatures have led to an
increase of snowmelt in Spring, which results in an increased risk for extreme floods. Extreme
floods can lead to overtopping of bridge embankments when the flow exceeds the capacity of the
bridge opening or for cases where the openings may be obstructed due to debris. Cases of erosion
of backfill material around a bridge abutment due to intense flood events and overtopping have
been observed throughout Pennsylvania in recent years (Figure 1.1 and Figure 1.2).

Figure 1.2 Erosion of backfill material and culvert failure caused by overtopping (courtesy of
PennDOT)
Local materials consisting of compacted fine soils have been widely used as the backfill material
for embankments. Cohesionless fine sands, however, are easily erodible (Briaud, 1997). For cases
where the bridge opening is obstructed, the low permeability of fine soils can result in the
accumulation of water upstream, which leads to an increased water head differential upstream and
downstream of the embankment. Piping (the movement of water and soil particles through the
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embankment) and slope stability issues are more likely with the large head differential resulting in
the initiation of erosion and a progressive failure of the embankment.
Layered soil-cement, concrete blocks and gabions have been applied to prevent the erosion
(DeGroot, 1976; Hewlett et al., 1987; Powledge & Dodge, 1985). However, the cost of these
conventional methods are relatively high (Powledge et al., 1989). Methods with lower costs, such
as Riprap and Geobags, have been shown to provide surface protection of the backfill material
which increase the geotechnical stability of the embankment (Korkut et al., 2007; Morales et al.,
2008). For example, geotextile was applied to prevent erosion by allowing for drainage and
dissipation of pore water pressure (Carroll Jr et al., 1992). However, there is a lack of fundamental
research on erosion of bridge structural backfill materials during flood events and cases where the
embankment is overtopped. Limited research has been conducted to investigate the effect of
combining the use of aggregates, riprap (also referred to as rock lining within this report) and
geotextile to enhance the erosion resistance under extreme flood events.
To help understand the issues involved in the erosion of backfill materials, this report provides an
overview of the following:
•

Summary of state of the practice for construction of backfill for State Departments of
Transportation

•

Summary of standard backfill materials used in the U.S. Bridge Practice

•

Erosion resistance of materials with respect to PA materials

•

Characterization of Backfill Material Used in Experimental Study
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2. EROSION MECHANISM
Erosion of embankments, dams, and levees can be defined as the detachment of the particles away
from the soil under the action of a fluid flow (Briaud et al., 2019; Sterpi, 2003). There are two
forms of erosion: surface erosion and internal erosion. (Adamo et al., 2020; Briaud et al., 2019;
Sterpi, 2003). Internal erosion refers to the movements of soil particles transported within the body
of the embankment when subjected to an eroding fluid (Wan & Fell, 2004). Surface erosion mainly
occurs on the surface of the soil due to the drag shear force and uplift normal force driven by fluids
(Briaud et al., 2019).
The internal erosion can be further divided into two types: piping and suffusion (Briaud et al.,
2019). Suffusion refers to the detachment of finer soils exiting the coarser particles driven by the
water flow (Briaud et al., 2019; Sterpi, 2003; Yang et al., 2019). Piping is a form of seepage erosion
at a high exit gradient due to the high water head difference between upstream and downstream
(Briaud et al., 2019; Ojha et al., 2003). Fluid percolates through the embankment and transport the
fines, which are free to move, leads to the loss of fines (Ojha et al., 2003). The continuous loss of
the fines cause the formation of flow channels in the embankment, which leads to the piping failure
and the settlement of the embankment (Cividini et al., 2009; Yang et al., 2019). Densely packed
soils and soils with large mean grain size (D50), which have higher seepage velocity and piping
resistance are recommended to mitigate the internal erosion (Fell & Fry, 2007).
The surface erosion of sand and gravel due to water flow is related to the water velocity (Briaud
et al., 2008). Figure 2.1 describes a free body diagram of a soil particle subjected to a water flow
(Briaud, 2008). The drag force created by water flow and the normal force from surrounding
particles determine the movement of a soil particle. As the water flows, the relative motion
between soil and water creates shear force on the eroding surface and the shear force increase as
the flow velocity increases (Briaud et al., 2001). The normal force also changes with the fluctuation
of flow based on Bernoulli’s principle, which states that the static pressure or the potential energy
of the fluid decreases as the increase of the fluid velocity (Hewitt, 2004). Erosion is initiated when
the particle starts to move as the combination of shear force and the uplift force created by water
flow become large enough to overcome the resultant force by friction and the self-weight of the
soil particle. The critical shear stress (𝜏𝜏𝑐𝑐 ) is defined as the threshold shear stress at which the

erosion starts, and the critical velocity (𝑉𝑉𝑐𝑐 ) is defined as the flow velocity when the erosion initiates.

For cohesionless materials (sand and gravel), the critical velocity (Equation 1) and the critical
shear stress (Equation 2) are related to the mean grain size (D50) (Figure 2.2 and Figure 2.3).
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𝑉𝑉𝑐𝑐 = 0.35(𝐷𝐷50 )0.45
𝜏𝜏𝑐𝑐 = 𝐷𝐷50

Equation 1
Equation 2

When the mean grain size of the soil is larger than 0.5 mm, the critical velocity and the critical
shear stress increase with the increase of the mean grain size. Thus, the soil with larger grain size
has higher erosion resistance and is preferred to resist the water erosion.

Figure 2.1 Free body diagram of a soil particle under a water flow (Briaud, 2008)
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Figure 2.2 Critical velocity as function of mean grain size (Briaud, 2008)

Figure 2.3 Critical shear stress as function of mean grain size (Briaud, 2008)
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3. STATE OF PRACTICE
Ideally structural backfills should consist of materials that are capable of being compacted, have
no time dependent properties, are resistant to erosion and are elastic (Kimmerling, 2002; White et
al., 2005). Therefore, for example, organic soils (e.g. organic waste, wood, coal and charcoal) and
highly organic soils (e.g. peat and muck) are not recommended as the structural backfill material
in the embankment design (Kimmerling, 2002). Structural backfill materials behind the bridge
abutment are commonly compacted granular soil or compacted granular soil with geosynthetics
reinforcement (Zevgolis & Bourdeau, 2007). The compacted granular material, which can be
called “high-quality granular soil”, has been successfully used by Washington State Department
of Transportation (WSDOT), the New Mexico Department of Transportation, and the Minnesota
Department of Transportation behind the bridge abutment (Abu-Hejleh et al., 2014). The
compaction level is based on the standard Proctor test per AASHTO T99, and with a suggested
moisture content of ±2% of the optimum moisture content. Federal Highway Administration
(FHWA) recommends that well graded soil be used for structural backfill to ease compaction and
ensure proper drainage (Samtani & Nowatzki, 2006). The region behind the abutment shall consist
of structural backfill material as illustrated in Figure 3.1.
Structural backfill near the bridge abutment is designed to prevent deformations of the bridge
approach which often occur when using in-situ soils (Briaud, 1997; Helwany et al., 2007; Long et
al., 1998; Wahls, 1990). The gradation of the structural backfill, which is recommended by FHWA
are listed in Table 3.1 (Samtani & Nowatzki, 2006). Gravels and sands are recommended based
on the gradation shown in Table 3.1. Fines (grain size smaller than 0.075 mm) are not
recommended because of the expected consolidation settlement and poor drainage (Samtani &
Nowatzki, 2006).
Table 3.1 Structural backfill gradation recommended by FHWA
Size (mm)
Sieve
Federal Highway
Administration

101.6
4-inch

0.4191
No.40

0.075
No.200

100

0-70

0-15

In the case of embankment overtopping, structural backfills are below the water level. This
decreases the frictional shearing resistance between soil particles due to the decrease or loss of
effective stress, which may lead to the slope failure (Samtani & Nowatzki, 2006). Geosynthetics
(Geogrid and Geotextile) are recommended to increase the internal resisting forces to mitigate
embankment instability problems as shown in Figure 3.2 (Samtani & Nowatzki, 2006).
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Geosynthetic Reinforced Soil (GRS) has been used behind the bridge abutment due to low cost
and simplicity of design and construction (Adams et al., 2011). The conceptual design of the GRS
backfill is shown in Figure 3.3. However, this design is mainly focusing on reducing settlement
(Han & Gabr, 2002; Han et al., 2012; Han & Akins, 2002). Geotextiles have also been used to
increase the shear strength of the soil, mitigate the lateral earth pressure applied to the bridge
abutment, reduce the differential settlement of approach slabs, minimize erosion, and improve
drainage (Haeri et al., 2000; Kramer & Sajer, 1991; Palmeira & Gardoni, 2002). Geotextile is
recommended for subsurface drainage and embankment erosion control (GDOT, 2013; Iowa,
2012; LaDOTD, 2016; Tennessee, 2015). Geogrids are recommended to reinforce granular
backfill materials behind retaining walls (Iowa, 2012; LaDOTD, 2016; ODOT, 2005; Tennessee,
2015).

Figure 3.1: FHWA highway embankment material use (Samtani & Nowatzki, 2006)
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Figure 3.2: Geosynthetics (a) Geogrid, (b) Geotextile
[https://gagneandson.com/products/landscape/accessories/fabrics-grids-adhesives/]

Figure 3.3 GRS backfill behind bridge abutment (Horvath, 2000)
3.1. CURRENT AND PROPOSED PENNDOT RECOMMENDATIONS
Pennsylvania Department of Transportation recommendations are outlined in PennDOT
Publication 408/2020 (PennDOT, 2020) and PennDOT RC-Drawings (PennDOT, 2010). The
various materials specified are summarized in this section.
3.1.1. Structural Backfill
Excavation or obtaining material used for structure backfill is specified in PennDOT Publication
408/2020 Section 205.2. Materials including AASHTO No. 1, No. 2A, No. 3, No. 5 or No. 57
Coarse Aggregate gradation, meeting at least Type C quality requirements and as specified in
Section 703.2 in Pub 408/2020-2, Table B (Table 3.2) and 703.2 Table C (Table 3.3) are allowed.
PennDOT Publication 408/2020 Section 206.2.1.c: Material consisting of natural or synthetic
mineral aggregates having less than or equal to 70% of the material passing the 3/8-inch sieve
(greater than or equal 30% retained on the 3/8-inch sieve) and less than 20% passing the No. 200
sieve. Also includes AASHTO Nos. 8 or 57 coarse aggregate, or PennDOT Nos. 2A or OGS coarse
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aggregate meeting the requirements specified in Section 703.2, select granular material (2RC)
meeting the requirements specified in Section 703.3, and structure backfill.
PennDOT RC-Drawings-14M indicates that: Portions of slopes below the 500-year floodplain
elevation must use AASHTO No.8 Coarse Aggregate for the reinforced backfill.
Table 3.2 Coarse aggregate quality requirements (PennDOT Publication 408/2020-2 Section
703.2 Table C)
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Table 3.3 Size and grading requirements for coarse aggregates based on laboratory sieve tests,
square openings (PennDOT Publication 408/2020-2 Section 703.2, Table C)

3.1.2. Riprap (Rock Lining)
Riprap (Rock Lining) is allowed in PennDOT Publication 408/2020 Section 223.2(m): The
description of the material properties is indicated in Section 850.2. The required gradation of Rock
lining is shown in Table 3.4.
PennDOT RC-Drawings-14M also indicates that: Placing Rock Lining and AASHTO No.1 Coarse
Aggregate in lifts should not exceed 4.5 feet. No more than 3 wire mesh forms are to be exposed
before covering with AASHTO No. 1 Coarse Aggregate and Rock Lining; Minimum required
thickness of Rock Lining is 2.5 times the top size of rock specified of rock lining, measured
perpendicular to the slope face.
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Table 3.4 Rock lining size and gradation (PennDOT Publication 408/2020 Section 850.2)

3.1.3. Geosynthetics
Geosynthetic is allowed in RC-Drawings-14M (PennDOT, 2019) for the soil slope reinforcement.
Figure 3.4 shows the structure of an example of the Geosynthetic reinforced soil slope (Type C
slope defined in RC-Drawings-14M). Type C slope has the maximum slope angle of 1.25(H):1(V).
The surface of the slope consists of a layer of Rock lining to mitigate the surface erosion. The inner
(core) part of the slope was reinforced by Primary Geosynthetic (Geogrid) and Secondary
Geosynthetic (Geotextile). Between the Geosynthetic-reinforced slope and the Rock lining, there
is a layer of AASHTO No.1 Coarse Aggregate. Details are shown in the later paragraphs.
RC-Drawings-14M notes that when using a No.8 Coarse Aggregate reinforced backfill, the Class
4, Type A Geotextile secondary reinforcement must wrap around the No.8 Coarse Aggregate, at
both the slope face and at the back of the reinforced backfill. The secondary reinforcement wraps
must be embedded a minimum of 4 feet into the next reinforcement layer. Primary Geosynthetic
Reinforcement consists of a Geogrid meeting the requirements of publication 408, sections 738.1
and 738.2 Class 1, Type A or B. Primary geosynthetics are required to be placed in continuous
strips perpendicular to the slope face. The maximum allowable vertical spacing of primary
geosynthetics is 18 inches. Two layers of secondary reinforcement are placed evenly spaced
between layers of primary reinforcement. Vertical spacing between all secondary layers, and
between secondary and primary layers above or below, is 6 inches (PennDOT, 2020).
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PennDOT Publication 408/2020 Section 738.1: Provide geogrid listed in Bulletin 15 and
conforming to the following requirements. Geogrids must be manufactured from either PVC
coated polyester (PET), high density polyethylene (HDPE), or polypropylene (PP) polymer
according to the class indicated. No post-consumer recycled material is allowed in polymer resins
used in the manufacturing of geogrid products. Requirements for the polymers are indicated in
Table 3.5.

Figure 3.4 Geosynthetic reinforced Type C soil slope (PennDOT RC-Drawings-14M)
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Table 3.5 Requirements for Geogrid Polymers (PennDOT Publication 408/2020 Section 738.1,
Table A)

PennDOT Publication 408/2020 Section 738.2: Geogrid notes that uniaxial Geogrid reinforcement
is for use in geosynthetic reinforced soil (GRS) slopes or geosynthetic reinforced mechanically
stabilized earth (MSE) walls. Physical requirements of values and test methods for geogrid
properties are indicated in Table 3.6.

Bridge Resiliency in Rain Events

13

Table 3.6 Requirements Class 1 Geogrids – Uniaxial Geogrid Reinforcement (PennDOT
Publication 408/2020 Section 738.2, Table B)

Secondary reinforcement consists of Class 4, Type A Geotextile meeting the requirements of
PennDOT Publication 408/2020, section 735. PennDOT Publication 408/2020 Section 735: Use
fabric consisting of long chain polymeric filaments or yarns such as polyethylene, polyamide,
polyvinyledene-chloride, polypropylene, or polyester formed into a stable network so that the
filaments or yarns retain their relative position to each other. Use fabric structures as noted in Table
3.7.
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Table 3.7 Geotextile Physical Requirements (PennDOT Publication 408/2020 Section 735, Table A)
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In summary, the properties of soil, the design of the reinforced structural backfill configurations
behind the bridge abutment consist of: (1) AASHTO #57 coarse aggregates used for the structural
backfill based on the PennDOT RC-Drawings-12M and RC-Drawings-14M; AASHTO #8 coarse
aggregates are recommended for Geosynthetic-Reinforced Backfill based on the PennDOT RCDrawings-14M; (2) R-4 Rock lining is recommended for use as rock lining to protect the surface
of the slope based on the PennDOT RC-Drawings-14M; (3) Primary Geosynthetic Reinforcement
consists of a Geogrid meeting the requirements of PennDOT Publication 408/2020 Sections 738.1
and 738.2 Class 1, Type A or B; Secondary reinforcement consists of Class 4, Type A Geotextile
meeting the requirements of PennDOT Publication 408/2020 Section 735 and are used to wrap
and reinforce the #8 Coarse Aggregates; (4) embankment material (originally from the site) can
be used away from the structural backfill. Details of the design are included in Figure 3.5 and
Figure 3.6.
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25'

Subbase (Pub 408 - Sect. 350.3(d))
• No. 2A aggregate compacted to a
minimum of 3 in. on Subgrade
• No. OGS aggregate compacted to a
minimum of 4 in. on No.2A

Two Layers of 4 mil (min) Polyethylene sheeting
for bond break. Seams allowed in longitudinal direction only
Publication 408 Section 505.3(b)
min 6"
Flexible Pavement

RC Approach Slab (25' x 1'-4") BD-628M

Sleeper Slab (5' x 1')

PennDOT RC-14M
No.8 Coarse Aggregate
For Reinforced Backfill

1.0

1.0

Type 2 Material Compation Requirement
Pub408.206.3(b).1(c)
• Compact Type 2 granular material for
the full width of embankments for fills
to a condition of non-movement under
the compaction equipment.

12" Minimum
PennDOT RC-14M
18" Maxiumum
PennDOT RC-14M
No.1 Coarse Aggregate
4'-0" Minimum
6" Maximum

3'

PennDOT BC-799
Geotextile, Class 4, TypeA
(Pub. 408 Sect.735)
PennDOT BC-799
No.57 Coarse Aggregate
PennDOT BC-799
Pipe Underdrain Pub.408-Sec.610
Diameter 6 in., slope 0.5% min.

1.0
1.5

Embankment Material
Pub408 206.2

Geotextile
Extend 2'-0" above bottom of abutment
1' in accordance with PennDOT RC-12M
Note that IOWA DOT uses 26 in.

PennDOT Class4 Type A Geotextile
PennDOT RC-12M
= Class 4, Type A Geotextile Wrap
= Secondary Geosynthetic
= Primary Geosynthetic
Primary Geosynthetic Reinforcement consists of a Geogrid meeting the requirements of pub.
408 Sections 738.1 and 7.38.2 Class 1, Type A or B.
Secondary reinforcement consists of Class 4, Type A Geotextile meeting the requirements of
Pub. 408 Section 735.

Figure 3.5 Structural backfill design based on PennDOT Publication 408/2020 and PennDOT RC-Drawings-14M

Bridge Resiliency in Rain Events

17

Subbase (Pub 408 - Sect. 350.3(d))
•
No. 2A aggregate compacted to a minimum of 3 in. on Subgrade
•
No. OGS aggregate compacted to a minimum of 4 in. on No.2A
Type 2 Material Compation Requirement Pub408.206.3(b).1(c)
•
Compact Type 2 granular material for the full width of embankments
or fills to a condition of non-movement under the compaction equipment.

PennDOT RC-14M - Rock Lining
Minimum Thickness is 2.5 times the top size of rock
specified for rock lining, measured perpendicular
to slope face.

1.0

Primary Geosynthetic Reinforcement consists of a Geogrid
meeting the requirements of pub. 408 Sections 738.1
and 7.38.2 Class 1, Type A or B.
Secondary reinforcement consists of Class 4, Type A
Geotextile meeting the requirements of Pub. 408
Section 735.

18" Maxiumum

PennDOT RC-14M
No.1 Coarse Aggregate

1.5

= Class 4, Type A Geotextile Wrap
= Secondary Geosynthetic
= Primary Geosynthetic

RC Approach Slab (25' x 1'-4") BD-628M

4'-0" Minimum
6" Maximum

Minimum of 12 in. No.1 Coarse Aggregate

PennDOT RC-14M
No.8 Coarse Aggregate
For Reinforced Backfill

Prepared Foundation

Figure 3.6 Reinforced abutment design based on PennDOT Publication 408/2020 and PennDOT RC-Drawings-14M
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4. BACKFILL MATERIALS USED IN U.S. BRIDGE PRACTICE
PennDOT RC-Drawings-12M defines the Structural Backfill as the backfill at the structures
(bridge abutments, box and arch culverts, and wingwalls). Structural backfill is defined as the
backfill materials and backfilling excavations for bridges, box culverts, retaining walls, and
structural plate pipes and pipe arches (Wisconsin DOT, 2021). Structural backfill materials are
intended to be used as backfill adjacent to the structures (Minnesota Department of Transportation,
2018). Selected granular materials are recommended for the use of abutment backfill to avoid the
bridge approach distress (Kramer & Sajer, 1991). In order to ensure an adequate foundation for
such structures (concrete abutment, wing wall, box culverts, retaining walls, foundations, and
substructures), backfill material must meet certain specifications and be compacted by acceptable
methods to adequate density. The use of poor soils as a bed for a structure and the failure to
adequately compact soils can lead to premature failure (LaDOTD, 2014). The backfills at the
structures are specialized but not specifically referred to as structural backfill by some DOTs
(Indiana DOT, 2013; Kentucky Department of Transportation, 2012; Oklahoma DOT, 2009).
Most of the DOTs recommend to use granular material with minimal fines (e.g., particle sizes
passing sieve No. 200 (0.075 mm)) at the structure (Hoppe, 1999; Illinois DOT, 2016; Indiana
DOT, 2013; Kentucky Department of Transportation, 2012; LaDOTD, 2016; Mekkawy et al.,
2005; Minnesota Department of Transportation, 2018; MoDOT, 2018; ODOT, 2005; Oklahoma
DOT, 2009; PennDOT, 2020; Tennessee, 2015; White et al., 2005; Wisconsin DOT, 2021). The
construction practices of eighteen states are summarized based on their requirements for structural
backfills (Figure 4.1 to Figure 4.4). Most states provide a number of gradations that are acceptable
for use. The mean grain size (D50), which represents the soil diameter where 50% of the distribution
has a smaller particle size and 50% has a larger particle size is also determined for the various
DOT requirements. The major size of the backfill materials can be roughly estimated based on the
D50 value. A summary of the gradation of recommended embankment materials along with their
D50 values are provided in Table 4.1. From the gradations in Table 4.1, we can see that most DOTs
allow no fines or only small amount of fines in the structural backfill design to prevent the gradual
loss of fine particles which leads to progressive erosion and piping failure (Sterpi, 2003).
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Table 4.1 State DOT Embankment Gradations
Size (mm)
Sieve

76.2
3-in.

25.4
1-in.

4.75
No.4

IOWA DOT (2005)

100

---

---

100

---

100

Wisconsin DOT Type A
(2021)
Michigan DOT Class II
(2021)
New York DOT (2015)
Minnesota DOT (2018)
Missouri DOT (2018)
Ohio DOT (2008)
Colorado DOT (2019)
Kansas DOT (2007)
Illinois DOT (2016)
Oklahoma DOT (2009)
Tennessee DOT (2015)
Indiana DOT (2012)
Virginia DOT (1999)
South Carolina DOT
(2006)
Louisiana DOT (2016)
Kentucky DOT (2012)
Montana DOT (2014)
PennDOT #8 (2020)
PennDOT #57 (2020)
Size (mm)
Sieve
PennDOT No.1 (2020)

2.36
No.8
20100

0.15
No.100

0.075
No.200

D50 (mm)

---

0 - 10

0.34 ~ 9.0

100

0-75

0-15

0-8

0.75 ~ 3.2

60-100

50-100

---

0-35

0-7

0.31 ~ 5.0

--100
----100
100
100
100
100
100
100

100
100
100
100
100
100
100
100
100
90-100
100

0-70
0-50
0-10
--30-100
0-60
50-100
0-45
35-55
20-70
15-30

-----------------------

-----------------------

0 - 15
0-4
0-5
0 - 20
5 - 20
0-5
0-4
0 - 10
4 - 15
0-8
0 - 14

1.2 ~ 12
4.9 ~ 12
10 ~ 11
0.7 ~ 1.3
0.36 ~ 7.9
2.1 ~ 11
0.45 ~ 4.8
0.55 ~ 4.8
3.0 ~ 7.0
1.2 ~ 10
7.7 ~ 9.3

100

100

30-50

---

---

0 - 12

4.9 ~ 7.8

100
100
100
100
100

100
100
100
100
95–100

--0-30
20-40
10 – 30
0 – 10

------0 – 10
0–5

-----------

0 - 10
0-5
0-8
0–2
0–2

1.0 ~ 1.5
8.0 ~ 10.8
6.1 ~ 9.0
5.2~7.0
11 ~ 18

100
4-in.
100

90
3.5-in.
90-100

63
2.5-in.
25-60

37.5
1.5-in.
0-15

19
0.75-in.
0-5

-------

-------

4.75
NO.4
24-50

2.36
No.8
16-38

1.18
No.16
10-30

-------

50.8
2-in.
--0-15
100

37.5
1.5-in.
----15-50

25
1-in.
----0-15

-----------

Size (mm)
50
19
9.5
Sieve
2-in.
0.75-in. 0.375-in.
PennDOT No.2A (2020) 100
52-100 36-70
Gradation of Rock lining used by PennDOT (2020)
Size (mm)
304.8
152.4
76.2
Sieve
12-in.
6-in.
3-in.
R-4
100
15-50
0-15
R-3
--100
15-50
----R-2
---
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As noted previously, PennDOT Publication 408 Section 206 and PennDOT RC-12M specify that
#57 coarse aggregates shall be used for structural backfill applications, and AASHTO #8 coarse
aggregates shall be used for Geosynthetic-Reinforced backfill applications. The gradation of
AASHTO #8 coarse aggregates is within the range of the recommendations of most DOTs. The
gradation of AASHTO #57 coarse aggregates is larger than what other DOTs recommend, which
provides higher erosion resistance under extreme flood.

Figure 4.1 Gradations of backfill material currently used by selected states in the US (1)
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Figure 4.2 Gradations of backfill material currently used by selected states in the US (2)

Figure 4.3 Gradations of backfill material currently used by selected states in the US (3)
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Figure 4.4 Gradations of backfill material currently used by selected states in the US (4)
Given that coarse aggregates (AASHTO #8 and #57) are recommended as the structural backfill
by PennDOT, and Rock linings are commonly used in field for the surface erosion mitigation
(Morales et al., 2008), the critical velocity and the critical shear stress of the AASHTO #8, #57,
#2A coarse aggregates, and Rock linings which are calculated based on the equations shown in
Figure 2.2 and Figure 2.3 are summarized in Table 4.2. The function of critical shear stress
(Equation 2) and critical velocity (Equation 1) versus mean grain size of backfill materials
recommended by PennDOT are included in this chapter (Figure 4.6 and Figure 4.7). As previously
discussed, the resistance of the backfill materials to surface erosion increases as the mean grain
sizes increase. With R-4 stone eroding at approximately five times the surface velocity as that of
#8 coarse aggregate.
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Table 4.2 Critical velocity and critical shear stress of selected AASHTO coarse aggregates and
Rock lining
Aggregate size
Mean grain size,
Critical velocity (m/s)
Critical shear stress
(N/m2)

D50 (mm)
#8

5.2~7

0.73~0.84

5.2~7

#57

10~18

0.99~1.29

10~18

#2A

4.75~18

0.71~1.29

4.75~18

R-2 Rock lining

37.5~46

1.79~1.96

37.5~46

R-3 Rock lining

76.2~100

2.46~2.78

76.2~100

R-4 Rock lining

152.4~200

3.36~3.80

152.4~200

100
Coarse aggregate #57
Coarse aggregate #8
Coarse aggregate #2A
Riprap R-4
Riprap R-3
Riprap R-2

Percent Passing (%)

80

60

D50 (R-4): 152.4-200 mm
D50 (R-3): 76.2-100 mm
D50 (R-2): 37.5-46 mm
D50 (#57):10~18 mm
D50 (#2A): 4.75~18 mm
D50 (#8): 5.2~7 mm

40

20

0
1000

100

10

1

0.1

Grain Size (mm)
Figure 4.5 Gradations of AASHTO #8, 57, 2A coarse aggregates and R-2, R-3, R-4 Riprap
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Figure 4.6 Critical shear stress as function of mean grain size from PennDOT standard

Figure 4.7 Critical velocity as function of mean grain size from PennDOT standard
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5. MATERIAL PROPERTIES USED IN EXPERIMENTAL PROGRAM
The materials used in the experimental program are aligned with recommendations provided by
PennDOT standards. The recommended properties of the structural backfill material, Rock lining,
and Geosynthetics used in the experimental program are summarized in Table 5.1.
Table 5.1 Material properties used in the experimental program and recommended in practice
Size (mm)
Sieve
PennDOT #8
(2020)
PennDOT #57
(2020)

Gradation of structural backfill used by in experimental program
76.2
25.4
4.75
2.36
0.15
0.075
3-in.
1-in.
No.4
No.8
No.100
No.200

D50
(mm)

100

100

10 – 30

0 – 10

---

0–2

5.2~7.0

100

95–100

0 – 10

0–5

---

0–2

11 ~ 18

Size (mm)

50

19

4.75

2.36

1.18

Sieve

2-in.

0.75-in.

NO.4

No.8

No.16

D50
(mm)

PennDOT No.2A
(2020)

9.5
0.375in.

100

52-100

24-50

16-38

10-30

4.75~18

25
1-in.
--0-15

---------

Size (mm)
Sieve
R-4
R-2

36-70

Gradation of Rock lining used by in experimental program
304.8
152.4
76.2
50.8
37.5
12-in.
6-in.
3-in.
2-in.
1.5-in.
--100
15-50
0-15
------15-50
--100

Material properties of Geosynthetics used in experimental program
Secondary Geosynthetic: Class 4, Type A Geotextile Primary Geosynthetic: Class 1, Type A Geogrid
TenCate
TenCate
Manufacturer
Manufacturer
Geosynthetics
Geosynthetics
Mirafi E1200
Miragrid 2XT
Name
Name
Non-woven Needle
PVC Coated PET
Fabric Structure
Polymer Type
Punched
12.0 min
Ultimate Tensile Strength
2000
Weight, oz/sy
(lbs/ft)
305 min, MD and XD Creep Reduction Factor,
1.60
(RFC)
Grab Tensile Strength, lbs.
(determined for a 100year design life)
50 min, MD and XD
Installation Damage
1.30
Grab Tensile Elongation,%
Reduction Factor,
(RFID)
Ultimate Wide Width
N/A
Durability Reduction
1.20
Tensile Strength, lb/ft
Factor, (RFD)
N/A
Overall minimum
2.50
Wide Width Tensile
required reduction factor
Strength @ 2% Strain, lb/ft
(RFOV)
Puncture, lbs. (2-in flat- end
830 min
Machine Direction (MD)
0.60 to 6.0
rod)
Aperture Size
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Trapezoid Tear Strength,
lbs.
Apparent Opening Size, mm
(Sieve No.)
Percent Open Area, %
Water Flow Rate, g/min/sf
Permittivity, sec-1
Ultraviolet Resistance
Strength Retention, %

10 min, MD and XD
0.15 max
N/A
N/A
0.70 min
70 @500 hrs min

Cross Machine Direction
(XD) Aperture Size
Rib Section Area Ratio
Percent Open Area
-------

0.50
0.30
45.0
-------

5.1. GRADATION
Sieve analyses were conducted to investigate the gradation of the materials utilized in the
experimental program. This includes embankment material, #8 coarse aggregate, #57 coarse
aggregate, #2A coarse aggregate, and R-2 Rock lining (Figure 5.1). The gradation diagram for
each material is summarized in Figure 5.2. The mean particle diameter (D50) of the embankment
material is 3.7 mm, the mean diameter of the #8 coarse aggregate is 6.9 mm, the mean diameter of
the #2A coarse aggregate is 9.1 mm, the mean diameter of the #57 coarse aggregate is from 11
mm, and the mean diameter of R-2 Rock lining is 40 mm. The gradations of all the backfill
materials are within the range recommended by PennDOT, which is shown in Figure 5.3
(PennDOT, 2020).

Figure 5.1 #8 coarse aggregate, #57 coarse aggregate, #2A coarse aggregate, R-2 Rock lining,
and Embankment material
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100
90

AASHTO #8 (Lab m easurem ent)
AASHTO #57 (Lab m easurem ent)
AASHTO #2A (Lab m easurem ent)
R2 Riprap (Lab m easurem ent)
Em bankm ent Material (Lab m easurem ent)

Percent Passing (%)

80
70
60

D50 (Embankment Material):3.7 mm

50

D50 (AASHTO #8): 6.9 mm

40

D50 (AASHTO #57): 11 mm
D50 (AASHTO #2A): 9.1 mm

30

D50 (R2 Riprap): 40 mm

20
10
0
100

10

1

0.1

Grain Size (mm)
Figure 5.2 Measured gradation of embankment material, #8 coarse aggregate, #57 coarse
aggregate, #2A coarse aggregate, and R-2 Rock lining
100
AASHTO #8 (PennDOT standards)
AASHTO #57 (PennDOT standards)
AASHTO #2A (PennDOT standards)
R2 Riprap (PennDOT standards)
AASHTO #8 (Lab m easurem ent)
AASHTO #57 (Lab m easurem ent)
AASHTO #2A (Lab m easurem ent)
R2 Riprap (Lab m easurem ent)
Em bankm ent Material (Lab m easurem ent)

90

Percent Passing (%)

80
70
60
50
40
30
20
10
0
100

10

1

0.1

Grain Size (mm)
Figure 5.3 Gradations measured in lab and required in PennDOT Standard
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MAXIMUM DRY DENSITY
The maximum dry density of AASHTO #8 coarse aggregate, #2A coarse aggregate, and
embankment material, which were utilized for the majority of laboratory testing, were determined
using the standard Proctor compaction test according to AASHTO T99 (AASHTO, 2019). The
Proctor Compaction Test consists of a mold holding a cylinder of soil with a rammer that tightly
compacts the soil within the mold. Each layer of soil is impacted with the ram 25 times. This test
is used to measure the optimal moisture content that is needed to achieve the maximum dry density
of the compacted soil.
The maximum dry unit weight of the #8 coarse aggregate was approximately 105.3 pcf at the
optimum moisture content of 2.6% from the proctor test (Figure 5.4). The average dry unit weight
measured at different moisture content was 104.0 pcf. Sieve analyses were conducted before and
after compaction and plotted in Figure 5.5 and Figure 5.6. From Figure 5.5 and Figure 5.6, we can
see that the percent of material passing sieve No. 4 increase between 6% and 13%.
The maximum dry unit weight of the #2A coarse aggregate was approximately 141.0 pcf at the
optimum moisture content of 6.61% from the proctor test (Figure 5.7). The average dry unit weight
measured at different moisture content was 136.3 pcf.
The maximum dry unit weight of the embankment material was approximately 109.9 pcf at the
optimum moisture content of 6.55% from the proctor test (Figure 5.8). The average dry unit weight
measured at different moisture content was 109.3 pcf.
The maximum dry unit weight is achieved when the material is at the optimum moisture content
during compaction. Compaction behind the bridge abutment, however, is not recommended by
PennDOT (from PennDOT Pub408, Section 206.3(b)1.c). This is a good approach as compaction
will increase the passive pressure developed which may affect the integrity of the bridge abutment
(Naji et al., 2020). Consequently, compaction was not applied during the structural backfill
construction in laboratory testing program.
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106

Dry unit weight (pcf)

105

104

Maximum dry unit weight: 105.3 pcf
Optimum moisture content: 2.582%

103

102

101
2

4

6

8

Water content (%)
Figure 5.4 Proctor soil compaction test for #8 coarse aggregates

Figure 5.5 Change of gradation before and after compaction for #8 coarse aggregate (Test 7)
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Figure 5.6 Change of gradation before and after compaction for #8 coarse aggregate (Test 8)
142

Dry unit weight (pcf)

140
138
136
134
Maximum dry unit weight: 140.97 pcf

132

Optimum moisture content: 6.61%
130
128
2

4

6

8

10

Water content (%)

Figure 5.7 Proctor soil compaction test for #2A coarse aggregates
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110.2
110.0

Dry unit weight (pcf)

109.8

Maximum dry unit weight: 109.94 pcf
Optimum moisture content: 6.55%

109.6
109.4
109.2
109.0
108.8
108.6
5.5

6.0

6.5

7.0

7.5

Water content (%)
Figure 5.8 Proctor soil compaction test for embankment material
5.2. IN-SITU UNIT WEIGHT DURING EMBANKMENT CONSTRUCTION
The in-situ unit weight of the #8 coarse aggregate and embankment material were determined
using the sand cone test (Figure 5.9) according to the ASTM D1556/ D1556M during embankment
construction (without compaction), which was used to simulate the worst case field condition.
Sand cone tests were conducted twice to determine the in-situ unit weight of the #8 coarse
aggregate. The average measured in-situ unit weight (γt) of the #8 coarse aggregate were
determined to be 94.8 pcf (14.9 kN/m3). The average measured moisture content of the #8 material
removed from the embankment was 1.15%. From this a dry unit weight (γdry) of 93.8 pcf (14.7
kN/m3) was determined. This material was placed by raining down the #8 coarse aggregate as
recommended by PennDOT from a height of 16 inches in lab. On average this achieved 89% of
the maximum proctor density.
Sand cone tests were also conducted twice to determine the in-situ unit weight of the embankment
material. The average measured in-situ unit weight (γt) of the embankment material were
determined to be 102.2 pcf (16.0 kN/m3). The average measured moisture content of the
embankment material removed was 2.15%. From this a dry unit weight (γdry) of 100.0 pcf (15.7
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kN/m3) was determined. This material was placed by raining down the embankment material as
recommended by PennDOT from a height of 16 inches in lab. On average this achieved 90% of
the maximum proctor density.

Figure 5.9 Sand cone test determining the unit weight of #8 coarse aggregate
HYDRAULIC CONDUCTIVITY
Hydraulic conductivity of embankment material and #8 coarse aggregate were both determined
using falling head permeability test (Holtz et al., 1981) (Figure 5.10). Falling Head Permeability
Test is a common lab practice used in determining the permeability of soils. Falling Head
Permeability Test allows the water head to decrease as water flow through the soil sample to
determine the coefficient of permeability (k) of the soil based on the Darcy’s law.
The permeability of the sample can be calculated as:

Where,

𝑘𝑘 = [2.3𝑎𝑎𝑎𝑎/(𝐴𝐴∆𝑡𝑡)] × log(

ℎ1
)
ℎ2

(2.1)

•

k is the coefficient of permeability of the soil

•

L is the height of soil sample

•

A is the cross section of the standpipe, a is the sample cross section (A=a in this study)

•

h1 and h2 are the measured upper and lower water level in the standpipe
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•

∆t is the recorded time for the water flowing through the sample dropping from h1 to h2

The hydraulic conductivity of embankment material was measured as 0.54 cm/sec (0.21 in./sec),
the hydraulic conductivity of #2A coarse aggregate was determined as 0.0067 cm/sec (0.0026
in./sec), the hydraulic conductivity of #8 coarse aggregate was determined as 14.0 cm/sec (5.5
in./sec), and the hydraulic conductivity of #57 coarse aggregate was determined as 14.93 cm/sec
(5.88 in./sec). When the hydraulic conductivity of soil is larger than 10-4 cm/sec, the soil can be
defined with good drainage (Holtz et al., 1981). When the hydraulic conductivity of soil is from
10-3 to 1.0 cm/sec, the soil mainly consists of clean sands, or clean sand and gravel mixtures, which
matches the properties of the embankment material. When the hydraulic conductivity of soil is
from 1 to 102 cm/sec, the soil mainly consists of clean gravel, which matches the properties of the
#8 and #57 coarse aggregate (Holtz et al., 1981). Given that the mean grain size (D50) of
embankment material, #8 and #57 coarse aggregates are larger than 0.5 mm (Figure 5.2), the
erodibility of the soil is mainly determined by the D50, which is that soils with larger mean grain
size have greater erosion resistance (Equation 1 and Equation 2) (Briaud et al., 2008). As
illustrated, finer granular materials will have a lower hydraulic conductivity, which will increase
likely head differential between the upstream and downstream sections of the embankment during
extreme weather events. This larger differential combined with the greater amount of fines in these
materials make them more susceptible to erosion mechanisms. Thus, use of #8 and #57 coarse
aggregates is appropriate for the structural backfill.
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Figure 5.10 Hydraulic conductivity of #8 coarse aggregate and embankment material determined
using falling head permeability test
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6. STRUCTURAL BACKFILL DISCUSSION
This report provides an overview of the state of the practice for structural backfills in the U.S. The
properties of soil and the design of the reinforced structural backfill configurations behind the
bridge abutment recommended by PennDOT consist of: (1) a standard coarse aggregate (typically
AASHTO #57, or #1) is used for the structural backfill behind the bridge abutment; AASHTO #8
coarse aggregates are recommended for Geosynthetic-Reinforced Backfill; (2) R-4 rock lining is
recommended to protect the surface of the slope; (3) Geosynthetics, including Geogrid and
Geotextile are used to reinforce and wrap the #8 Coarse Aggregates; (4) Embankment material
(originally from the site) can be used away from the structural backfill. The erosion related soil
properties (gradation, maximum dry density, in-situ unit weight, and hydraulic conductivity) of
the backfill materials (#8, #57 and #2A coarse aggregate, R-2 Rock lining, and embankment
material) recommended by PennDOT and used in the experimental program are summarized in
this report.
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7. STRUCTURAL BACKFILL EXPERIMENTAL PROGRAM
An experimental program was conducted to examine the performance of structural backfill used
behind bridge abutments when subjected to flooding events. A standard section cut of a PennDOT
bridge embankment is shown in Figure 1.1. As illustrated, the region typically consists of a
granular Structural Backfill material behind the abutment. Away from the abutment the region
transitions to Embankment Material. The goal of the research program is to develop
recommendations which minimize the likelihood of damage to the structural backfill under
extreme rain events. To achieve this goal the research program examined setups with and without
a bridge opening to understand the mechanics of failure and effectiveness of reinforcement
strategies. This report provides an overview of the experiments and recommendations on
reinforcement strategies.
25'

Subbase (Pub 408 - Sect. 350.3(d))

Two Layers of 4 mil (min) Polyethylene sheeting
for bond break. Seams allowed in longitudinal direction only
Publication 408 Section 505.3(b)

min 6"
Flexible Pavement

RC Approach Slab (25' x 1'-4") BD-628M

Sleeper Slab (5' x 1')
1.0

1.0

Structural Backfill

Borrow Excavation 205.2 MATERIAL—Supply materials only of the following types for
Selected Borrow Excavation for Structure
Backfill as indicated: AASHTO No. 1, No. 2A, No. 3, No. 5 or No. 57 Coarse Aggregate,
meeting at least Type C quality requirements and as specified in Section 703.2, Table B
and 703.2(c) Table C; R-3 Rock Lining, as specified in Section 850.2(a).(No Compaction
Req. RC-12M 2019 Feb.8)

1.0
1.5

3'

Embankment Material
Pub408 206.2

2'

NO PennDOT Standard

Pipe Underdrain Wrapped
Diameter 6 in., slope 0.5% min.

Geotextile
Extend 2'-0" above bottom of abutment

PennDOT Class4 Type A Geotextile
PennDOT RC-12M

1' in accordance with PennDOT RC-12M
Note that IOWA DOT uses 26 in.

Figure 1.1: Standard backfill detail(PennDOT, 2019, 2020)
7.1. MATERIALS
The materials used in this experimental program are discussed in detail in Task 1.1 report (Gao et
al., 2021). For completeness the general descriptions of the materials used in this report are
summarized in this section.
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Structural Backfill – Material used adjacent to structural components (e.g., abutments) to replace
excavated earth allowing for restoration of the strength of the surrounding earth ensuring a sturdy
structure. Designed to prevent deformations of the bridge approach which often occurs when using
in-situ soils.
Embankment Material – Material used to replace excavated earth a distance away from the
structural component. With respect to the experimental program, embankment material is also
defined relative to PennDOT Publication 408 Section 206.2 and can consist of Soil, Granular
Material, Rock, Shale, and Random Materials. An Embankment Material is used for the initial
tests to examine the performance of this lower quality material on the embankment erosion
resistance. For the research program, the embankment material consisted of a gravel material with
a mean particle diameter of 3.7 mm.
Geosynthetics – Synthetic materials used in civil engineering applications to stabilize terrain,
typically made of polymeric materials. Includes geotextiles, geogrid, etc.
Geotextiles – Textile material fabricated from synthetic materials rather than traditional materials
such as cotton or wool. These synthetic materials are more resistant to biodegradation, Figure 1.2a.
Geogrid – Polymeric fibers formed into an open grid structure with ribs running in transverse and
longitudinal directions. Allows for high flow of liquid across the plane and provides reinforcement
of the soil, Figure 1.2b.

a)

b)
Figure 1.2: Geosynthetics (a) Geotextile, (b) Geogrid
[https://gagneandson.com/products/landscape/accessories/fabrics-grids-adhesives/]

7.2. EXPERIMENTAL SCALE
7.2.1. Hydraulic Scaling
The use of model studies is important and needed to predict the behavior in the prototype
(Houghtalen et al., 2016). If the hydraulic phenomena are governed by the viscous forces, the
Reynolds Law (Inertia force/viscous force) needs to be satisfied, which means that the Reynolds
number of the model and prototype should be kept the same. If the hydraulic phenomena are
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governed by gravity forces, the Froude Law ((Inertia force/gravity force)1/2) needs to be satisfied,
which means that the Froude number of the model and prototype should be kept the same.
In hydraulic studies involving open channel flows, the Froude criteria is primary because it is
impossible to simultaneously satisfy both the Reynolds and Froude criteria. For long river or canal
reaches, a resistance equation such as the Manning or Chezy is used instead of the Reynolds criteria.
For short reaches such as flow over a spillway (or an embankment), the Reynolds criteria is not
used. Rather, the assumption is made that drag (resistance) forces are comparable in model and
prototype if both model and prototype are turbulent flows. This idea emanates from relationships
like drag coefficient vs Reynolds number or friction factor vs Reynolds number (Moody diagram)
in which the dependent variable (drag coefficient or friction factor are independent of Reynolds
number. Hence, the scaling of the hydraulic variables is obtained from the Froude criteria alone.
In this study, the flow rate, and flow velocity need to be scaled to facilitate testing in the laboratory.
Note that, for the hydraulic modeling, the sediment size is not mentioned, and will be discussed in
a later section.
Considering the limited dimensions of the water tank, and the flow capacity in the lab, the width
of the embankment was initially designed as 5 ft, the maximum discharge available in the
laboratory tank is close to 4 CFS. Assume that the embankment is overtopped and the water level
is 0.5 ft above the embankment, the Reynolds number on top of the embankment can be calculated
following the equations below:
𝑉𝑉 =

Where,

𝑄𝑄
𝐿𝐿 × 𝐻𝐻

Q = discharge= 4𝑓𝑓𝑓𝑓 3 /𝑠𝑠
V = velocity (ft/s)

L = width of embankment =5 ft
H = head above the embankment =0.5 ft

𝑉𝑉 =
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4𝑓𝑓𝑓𝑓 3 /𝑠𝑠
𝑄𝑄
=
= 1.6𝑓𝑓𝑓𝑓/𝑠𝑠
𝐿𝐿 × 𝐻𝐻 5 𝑓𝑓𝑓𝑓 × 0.5 𝑓𝑓𝑓𝑓
𝑅𝑅𝑒𝑒 =

𝑉𝑉 × 𝐷𝐷
𝜐𝜐
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Where,
Re = Reynolds number
𝜐𝜐 = kinematic viscosity of water at 20℃ (68℉) = 10−5
D = H = head on spillway = 0.5 ft

𝑅𝑅𝑒𝑒 =

𝑓𝑓𝑓𝑓 2
𝑠𝑠

𝑉𝑉 × 𝐷𝐷 1.6𝑓𝑓𝑓𝑓/𝑠𝑠 × 0.5 𝑓𝑓𝑓𝑓
=
= 80,000
𝑓𝑓𝑓𝑓 2
𝜐𝜐
10−5
𝑠𝑠

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

The Reynolds number in the model is calculated as 80,000, which is turbulent. At such a high
Reynolds number, the viscous or drag forces are independent of the Reynolds number.
A scale ratio of 5:1 (Prototype:Model) is chosen in this study. The scale ratio of discharge and
flow velocity are then calculated based on the Froude Law:
𝑉𝑉𝑅𝑅 = �𝐿𝐿𝑅𝑅

𝑄𝑄𝑅𝑅 = 𝐿𝐿𝑅𝑅 5/2

Where,
𝐿𝐿𝑅𝑅 = scale ratio of length = 5
𝑉𝑉𝑅𝑅 = scale ratio of velocity

𝑄𝑄𝑅𝑅 = scale ratio of discharge

𝑉𝑉𝑅𝑅 = �𝐿𝐿𝑅𝑅 = √5 = 2.236
𝑄𝑄𝑅𝑅 = 𝐿𝐿𝑅𝑅 5/2 = 55/2 = 56

For example, assume that the width of the embankment in the model is 5 ft, and the flow velocity
is measured as 3 ft/s in the lab, which is sufficient to cause erosion of the sediment chosen for the
laboratory embankment. Then the prototype (full-scale) characteristics can be determined:
𝐿𝐿𝑃𝑃 = 𝐿𝐿𝑅𝑅 × 𝐿𝐿𝑀𝑀 = 5 × 5 𝑓𝑓𝑓𝑓 = 25 𝑓𝑓𝑓𝑓

𝑉𝑉𝑃𝑃 = 𝑉𝑉𝑅𝑅 × 𝑉𝑉𝑀𝑀 = 2.236 × 3 𝑓𝑓𝑓𝑓/𝑠𝑠 = 6.708 𝑓𝑓𝑓𝑓/𝑠𝑠
Where,

𝑄𝑄𝑃𝑃 = 𝑄𝑄𝑅𝑅 × 𝑄𝑄𝑀𝑀 = 56 × 4𝑓𝑓𝑓𝑓 3 /𝑠𝑠 = 224𝑓𝑓𝑓𝑓 3 /𝑠𝑠

𝐿𝐿𝑃𝑃 = the length in the prototype
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𝑉𝑉𝑃𝑃 = the velocity in the prototype

𝑉𝑉𝑀𝑀 = the velocity in the model

𝑄𝑄𝑃𝑃 = the discharge in the prototype
𝑄𝑄𝑀𝑀 = the discharge in the model
7.2.2. Structural Backfill Scale

The gradation of #8 coarse aggregates, embankment material and #57 coarse aggregates are
illustrated in Figure 5.2 in Task1.1 Evaluation of Backfill Properties. The measured mean grain
size (D50) of #8 coarse aggregates are 6.9 mm, the D50 of embankment material is measured as 3.7
mm, and the D50 of #57 coarse aggregates is measured as 11 mm. The modeling of the general
flow with a free surface (discussed in the section 1.2.1) and the flow through porous media (the
aggregate material) are very different phenomena because the flow through the embankment is
where viscous forces dominate and the Reynolds numbers are small, even likely to fall into the
laminar or transition range. The sizes of the structural backfill materials in the model need to be
scaled to achieve the similar phenomena, such as piping, slumping and slope failures observed in
the prototype. Since the flows and seepage forces through and in the model is smaller than in the
prototype, smaller aggregate size was used in the model. Preliminary tests were conducted using
embankment material to simulate the #57 coarse aggregates in the prototype (scale ratio of the
embankment material/#57 coarse aggregate is 3.0/1 (Prototype/Model)). Piping and surface
instability were observed due to the significant loss of fine particles prior to overtopping (Tests 13 described in the later section). However, the failure mode (piping and surface instability) when
embankment material was used as the backfill material in the model could be different than those
expected when #57 coarse aggregates are used as backfill material in the prototype because fine
particles are not part of the gradation of #57 coarse aggregates shown in Figure 5.2 and 5.3 in
Task1.1 Evaluation of Backfill Properties. Hence, #8 coarse aggregates, which contain less fine
particles were adopted as the backfill material in the model to simulate the #57 coarse aggregates
in the prototype. The scale ratio of the #8 coarse aggregate to the #57 coarse aggregate is 1.6/1
(Prototype/Model). R-2 Rock lining were applied in this study in the model to simulate the R-4
Rock lining as the prototype. The measured mean grain size (D50) of R-2 Rock lining is 40 mm.
The average D50 of R-4 Rock lining is 176.2 mm. The scale ratio of the R-2 Rock lining/R-2 Rock
lining is 4.4/1 (Prototype/Model). Test results (Test 1-21) shows that piping, slumping, and slope
failures were achieved in the model as they were expected in the prototype using the chosen smaller
aggregate size.
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7.2.3. Scale of Geosynthetics Placement
Details of the full-scale (prototype) Geosynthetics placement based on the PennDOT RCDrawings-14M (PennDOT, 2019) and PennDOT Publication 408/2020 (PennDOT, 2020) are
shown in Figure 1.3. The geometry of the embankment is scaled as 5:1 (Prototype: Model) in the
lab study. The height of the embankment is fixed at 2 ft in the model (10 ft in the prototype) due
to the dimension limitations in the lab. The maximum spacing between two Geogrid layers is18
in. in the prototype. The maximum spacing between two Geogrid layers in the model is supposed
to be 3.6 in. based on the scale ratio of 5:1. However, considering that there are also three
Geotextile layers between two Geogrid layers, and the spacing between each Geotextile layer is
only 1.2 in., which is small and impractical, the placement of the geosynthetic is adjusted. The
maximum spacing between Geogrid layers is set as 12 in. in the model (18 in. in the prototype).
Two layers of Geotextile, instead of three layers between Geogrid layers are designed with a 6 in.
spacing in the model (6 in. in the prototype) between each Geotextile layers. The minimum
embedded length of Geotextile wraps is designed as 2 ft in the model (4 ft in the prototype) into
the next reinforcement layer.
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Subbase (Pub 408 - Sect. 350.3(d))
•
No. 2A aggregate compacted to a minimum of 3 in. on Subgrade
•
No. OGS aggregate compacted to a minimum of 4 in. on No.2A
Type 2 Material Compation Requirement Pub408.206.3(b).1(c)
•
Compact Type 2 granular material for the full width of embankments
or fills to a condition of non-movement under the compaction equipment.

PennDOT RC-14M - Rock Lining
Minimum Thickness is 2.5 times the top size of rock
specified for rock lining, measured perpendicular
to slope face.

1.0

Primary Geosynthetic Reinforcement consists of a Geogrid
meeting the requirements of pub. 408 Sections 738.1
and 7.38.2 Class 1, Type A or B.
Secondary reinforcement consists of Class 4, Type A
Geotextile meeting the requirements of Pub. 408
Section 735.

18" Maxiumum

PennDOT RC-14M
No.1 Coarse Aggregate

1.5

= Class 4, Type A Geotextile Wrap
= Secondary Geosynthetic
= Primary Geosynthetic

RC Approach Slab (25' x 1'-4") BD-628M

4'-0" Minimum
6" Maximum

Minimum of 12 in. No.1 Coarse Aggregate

PennDOT RC-14M
No.8 Coarse Aggregate
For Reinforced Backfill

Prepared Foundation

Figure 1.3: Reinforced abutment design based on PennDOT Publication 408/2020 and PennDOT RC-Drawings-14M
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7.3. EMBANKMENT CONFIGURATION
Two water tanks were utilized to investigate the resistance of the backfill material under extreme
flood events. The erosion of typical embankment material was tested in the “1st floor water tank”
with Dimensions (L:W:H) of 25:10:2 ft (Figure 1.4a). The erosion of structural backfill was
evaluated in the “balcony water tank” with Dimensions (L:W:H) of 26:16:3 ft (Figure 1.4b). In
both systems, water is pumped into the tank from a head box with the flow rate of up to 3.5 ft3/s.
The test sections of the tank are covered with plastic sheets to minimize leakage. Baffle boards are
used in some tests on the downstream end of the tank to control the downstream water head. Videos
are taken using GoPros located upstream, downstream, and at the top of the embankment to record
the experiment. The experimental setups are designed to evaluate the erosion behavior of the
embankment. Experimental setup No.1 is shown in Figure 1.5. The embankment with the
dimension of 8.5 ft long, 2 ft height and 5 ft wide is constructed in the experimental Setup No.1.
The wooden approach slab was fixed to the side walls at the top of the embankment. The approach
was filled with stones to prevent buoyancy. Experimental Setup No.2 includes a wingwall and
bridge opening as shown in Figure 1.6. Experimental Setup No.2 focuses on evaluation of the
erosion behavior at the edge of the wingwall.

(a)

(b)

Figure 1.4: Water tank design (a): 1st floor water tank; (b) balcony water tank
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Figure 1.5: Experimental setup No.1
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Figure 1.6: Experimental setup No.2 with wingwall and bridge opening
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7.4. STRUCTURAL BACKFILL TEST MATRIX
The erosion of the backfill around the bridge abutment was investigated in the water tanks through
twenty-one experiments. The erosion behavior of different backfill materials: embankment
material and structural backfill (#8 coarse aggregate) was tested. Geosynthetics, including
Geotextile and Geogrid, and Rock lining were applied to reinforce the embankment. The input
flow rate and the water head difference between the downstream and upstream side were controlled
during the tests. The details of the water tank tests are summarized in the Table 1.1.
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Table 1.1 Water Tank Test Matrix
Piping before overtopping
Test

Test configuration

Water

Slope
Observations

head
difference
(in)

Embankment material
1

(Preliminary test, no

localized surface

(Preliminary test, no

rate

N/A

N/A

N/A

N/A

3

0.1

Yes, and
1/1.5

localized surface
instability

tangible data)

Yes, and
3

Embankment material

1/1.5

localized surface

Observations

(CFS)

instability

Embankment material

Water

Flow

Yes, and
1/1.5

tangible data)

2

Failure before overtopping

instability

head
difference
(in)

Global
failure

Global
failure

Global
failure

Failure at overtopping
Water

Flow
rate

Observations

(CFS)

head
differen
ce (in)

Failure after overtopping
Water

Flow
rate

Observations

(CFS)

head
difference
(in)

Flow

Flow

rate

velocity

(CFS)

(ft/s)

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

6.25

0.415

N/A

N/A

N/A

N/A

N/A

N/A

N/A

18

0.76

N/A

N/A

N/A

N/A

10

0.59

N/A

N/A

N/A

N/A

2

2.5

Global failure

6

2.5

1

13

0.62

N/A

N/A

N/A

N/A

Global

4

Structural backfill (#8)

1/1.5

Yes

10

0.38

Slope failure

15

0.63

5

Structural backfill (#8)

1/1.5

Yes

9

0.59

Slope failure

10

0.59

6

Structural backfill (#8)

1/1.5

Yes

4

0.4

No

1

0.627

7

Structural backfill (#8)

1/1.5

Yes

10

0.49

Slope failure

12.5

0.55

8

Structural backfill (#8)

1/1.5

Yes

8.5

0.41

20

0.714

N/A

N/A

N/A

N/A

N/A

N/A

N/A

1/1.5

No

N/A

N/A

No

5

0.313

No

5

2.29

Global failure

8

2.29

1

1/1.5

No

N/A

N/A

No

22

0.94

Slope failure

22.5

0.94

Global failure

22.5

1.4

1.8

9

10

Structural backfill (#8)
with Rock lining (R2)
Structural backfill (#8)
with Rock lining (R2)
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failure
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Structural backfill (#8)
11

with heavily reinforced

Surface failure,
1/1.5

Yes

10

0.37

Slope failure

16

0.37

Slope failure

24.5

0.6

geosynthetics

12

geosynthetics, and Rock

No

N/A

N/A

No

22

0.45

Slope failure

25.5

0.838

geosynthetics, and Rock

No

N/A

N/A

No

7.5

0.33

No

4

1.85

geosynthetics, and Rock

No

N/A

N/A

Slope failure

21

0.622

Slope failure

21

1.1

overlap), and Rock lining

3.2

reinforced part

25

3.5

2

geotextile

21

2

2.0

22.5

3.2

2.8

22.5

3.3

N/A

25.5

3.3

1.1

25.5

3.3

N/A

N/A

N/A

N/A

unwrapped

Structural backfill (#8)
15

3.6

Global failure,
1/1.25

lining

with geosynthetics (with

28.5

stay

Structural backfill (#8)
with poorly reinforced

reinforced part

Surface failure,
1/1.25

lining (R2)

14

3.1

stay

Structural backfill (#8)
13

3.5

Surface failure,
1/1.25

lining (R2)

with heavily reinforced

27

stay

Structural backfill (#8)
with heavily reinforced

reinforced part

Surface failure,
1/1.25

No

N/A

N/A

No

21

0.7

Slope failure

22

1.65

reinforced part
stay

(R2)
Continuing of Test 15, no
16

approach slab, no
downstream surface

1/1.25

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Reinforced part
stay

backfill
Structural backfill (#8)
17

with geosynthetics (no
overlap), and Rock lining

Surface failure,
1/1.25

No

N/A

N/A

No

23

0.581

Slope failure

25

1.832

(R2), larger embankment

approach slab, no
downstream surface

Global failure,
1/1.25

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Structural backfill (#8)
with geosynthetics (no

geotextile
unwrapped

backfill

19

reinforced part
stay

Continuing of Test 17, no
18

corner erosion,

1/1.25

No

N/A

N/A

No

18

2.7

N/A

N/A

N/A

N/A

overlap), and Rock lining
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(R2), larger embankment
with wingwalls, with
bridge opening
Structural backfill (#8)

Global failure,

with geosynthetics (no
20

overlap), and Rock lining
(R2), larger embankment

geotextile
1/1.25

No

N/A

N/A

No

24

2.7

Slope failure

24.5

2.7

unwrapped at

24.5

2.7

1

27

3.76

1.2

the wingwall

with wingwalls, block

corner

bridge opening
Structural backfill (#8)
with geosynthetics (with
21

overlap), and Rock lining
(R2), larger embankment

Surface failure,
1/1.25

with wingwalls, block

No

N/A

N/A

No

25

1.67

Slope failure

25.5

1.67

reinforced part
stay

bridge opening
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7.5. SUMMARY OF EMBANKMENT/ABUTMENT TESTS
A series of experiments were conducted to examine the erosion resistance of conventional
structural backfill embankments. The baseline unreinforced embankments and the geosynthetic
reinforced embankments were based on standard and preliminary drawings provided by
Pennsylvania Department of Transportation. Twenty-one water tank tests were conducted to
evaluate the erosion behavior around the bridge abutment. The observations are summarized
below:
1: Piping and localized soil instability, and significant (large) slope failure were observed at a small
water head difference (around 3 in. in the model, 15 in. in the prototype) between upstream and
downstream embankment when using uncompacted embankment material as the backfill material.
Global failure, which is defined as the continuous significant slope failure under the constant flood
occurred before overtopping.
2: Changing the backfill from uncompacted embankment material to an uncompacted standard #8
coarse aggregate (structural backfill) minimized localized soil instability and mitigated erosion
caused by piping at a small water head differential. Piping was observed when the water head
difference reached 4 to 10 in. in the model (20 to 50 in. in the prototype). Slope failure initiated
when the water head difference was 10 to 15 in. in the model (50 to 75 inches in the prototype)
before overtopping. Global failure occurred at the start of overtopping.
3: Water head difference is a key factor determining the failure mode of the embankment. If the
water head difference was kept at around 1 in. in the model (5 in. in the prototype) during the test,
no failure occurred prior to overtopping. The failure mode after overtopping consisted of surface
erosion when the water head difference was less than 2 in. in the model (10 in. in the prototype).
Global failure was initiated after overtopping when the water head difference was increased to 6
in. in the model (30 in. in the prototype).
4: Piping and large slope failure before overtopping are unlikely to occur when using rock lining
on the slope in accordance with PennDOT recommendations. After overtopping surface erosion
results in failure of the slope even when using a rock lining protection.
5: Geosynthetics, including the Geogrid and Geotextile are effective in preventing the global
failure if the reinforced core part of the embankment is wrapped adequately. This can be
accomplished by: (1) using Geotextile to wrap around the #8 coarse aggregate and embedding the
Geotextile wrapping with a minimum of 2 ft in the model (4 ft in the prototype) into the next
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reinforcement layer; (2) placing the Geogrid in continuous strips perpendicular to the slope face,
the maximum allowable vertical spacing of primary geosynthetics is 12 in. in the model (18in. in
the prototype); (3) placing one layer in the model (two layers in the prototype) of Geotextile evenly
spaced between layers of primary reinforcement; (4) placing the upstream Geotextile over the
downstream Geotextile to ensure encasement of the structural backfill. Vertical spacing between
Geotextile layers, and between Geotextile and Geosynthetic layers above or below, is both 6 in. in
the model and the prototype.
6: The eddies caused by the water flowing through the bridge opening and wingwall did not initiate
scour on the surface of the embankment.
7: In all cases, failure only happened on the downstream side, no failure was observed on the
upstream side.
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7.6. RECOMMENDED STRUCTURAL BACKFILL CONFIGURATION
1. The use of #8 structural backfill covered with R-2 rock lining was shown to provide good
performance and resistance to erosion in the experimental program. However, the embankment is
still likely to fail after overtopping due to surface erosion of the rock lining and subsequent loss of
the contained #8 structural backfill on the downstream face. Considering the scale used in the
experimental program, similar performance at prototype scale would likely be achieved using #57
structural backfill and R-4 rock lining.
2. The combination uses of the Geosynthetics, including Geogrid and Geotextile are recommended
to protect the core part of the embankment. When erosion of the bridge approach slab or roadway
pavement is possible, overlap the geotextile with the upstream edge placed on top of downstream
edge with an overlap of at least 4ft (full scale) as shown in Figure 1.7. When pavement erosion is
unlikely, the roadway and underlying layers will likely prevent unwrapping of the top layer of
geotextile. For these cases, overlapping of the geotextile may not be necessary. For such a case,
geotextile from both the downstream and upstream edges should be extended and meet in the
middle of the embankment as shown in Figure 1.8. For cases where overtopping occurs, the rock
lining will likely be lost during an overtopping situation and will require replacement after the
event.
3. To be conservative, it is recommended that all reinforced areas adjacent to structures be
constructed with an overlap detail. The drawing in the model is shown in Figure 1.9 (a) and the
updated PennDOT drawing in full-scale (prototype) is shown in Figure 1.9 (b). The full-scale detail
has a recommended 4 ft overlap of the outer upstream geotextile over the downstream edge. In
addition, it is recommended that the downstream edge of the top outer layer of geotextile be
extended at least 4 ft under the roadway surface. The overlap of the upstream edge of the geotextile
for the top layer can be started at the downstream edge of the roadway.
4. If there are wingwalls next to the bridge abutment, the backfill at the corner of the wingwall
should be wrapped in both the longitudinal and lateral direction as shown in Figure 1.10(a) to (d)
to ensure containment of the structural backfill within the geotextile.
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GeoGrid

Riprap (R2 Stone)

Approach Slab

Geotextile

Contained #8 Stone
#8 Stone

Overlap Upstream
Over Downstream

Overlap Upstream Geotextile
OVER Downstream

Downstream side

Upstream side

1.00

1.25

Continuous Geotextile

Figure 1.7: Lab scale rock lined reinforced structural backfill for cases where road surface erosion possible
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GeoGrid

Riprap (R2 Stone)

Approach Slab

Geotextile
Overlap Upstream
Over Downstream
Downstream side

Contained #8 Stone
#8 Stone

Meet upstream and
downstream edges at
middle of embankment

Upstream side

1.00

1.25
Meet upstream and
downstream edges at
middle of embankment
Continuous Geotextile

Figure 1.8: Lab scale rock lined reinforced structural backfill for cases where erosion of road surface not expected
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GeoGrid
Geotextile

Downstream side

Approach Slab

Riprap (R2 Stone)

Extend Downstream
Geotextile Under Roadway

Overlap Outer Geotextile

#8 Stone
Contained #8 Stone

Upstream side

1.00

1.25
Overlap Outer Geotextile

GeoGrid for Bearing Support

(a)
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Subbase (Pub 408 - Sect. 350.3(d))
No. 2A aggregate compacted to a minimum of 3 in. on Subgrade
No. OGS aggregate compacted to a minimum of 4 in. on No.2A

•
•

Type 2 Material Compation Requirement Pub408.206.3(b).1(c)
Compact Type 2 granular material for the full width of embankments
or fills to a condition of non-movement under the compaction equipment.

•

PennDOT RC-14M - Rock Lining
Minimum Thickness is 2.5 times the top size of rock
specified for rock lining, measured perpendicular
to slope face.

RC Approach Slab (25' x 1'-4") BD-628M

= Secondary Geosynthetic (GeoTextile)
= Primary Geosynthetic (GeoGrid)
Primary Geosynthetic Reinforcement consists of a
Geogrid meeting the requirements of pub. 408
Sections 738.1 and 7.38.2 Class 1, Type A or B.
Secondary reinforcement consists of Class 4, Type A
Geotextile meeting the requirements of Pub. 408
Section 735.

4'-0" Minimum Overlap AND Tuck Under Approach
18" Maxiumum

PennDOT RC-14M

No.1 Coarse Aggregate

4'-0" Minimum Overlap of Upstream Geotextile OVER Downstream Geotextile

1.25
1.0

6" Maximum

Minimum of 12 in. No.1 Coarse Aggregate

Use geogrid under bearing area
of each subsequent group of
geotextile reinforced layers

Prepared Foundation

Use continuous outer
geotextile wrap for each
group of reinforced
geotextile layers

PennDOT RC-14M

No.8 Coarse Aggregate
Structural Backfill

Intermediate geotextile
layers

(b)

Figure 1.9 (a) Lab scale rock lined reinforced structural backfill; (b) Recommended PennDOT Detail
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(a)
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(b)
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(c)
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(d)
Figure 1.10: (a) First fold A: wrap against the wing wall (use 4ft wrap), (b) Second fold B: wrap from the downstream side, (c) Third fold C:
wrap from the upstream side to cover the downstream wrapping with a 4 ft overlap, and (d) Geotextile wrapping details
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7.7. STRUCTURAL BACKFILL FUTURE WORK
During discussions with PennDOT, concerns were raised regarding constructability of the
recommended details. To address these concerns an alternate detail is provided. It is important to
note that this detail has not been tested as part of the experimental program. It is presented as a
possible means of addressing the constructability issue and should be evaluated before
implementation in the field. The details are illustrated in Figure 1.11 to Figure 1.11. The potential
changes include:
•

For large embankment widths utilizing a continuous geotextile wrap for each group of layers
will become difficult to implement. For such a situation it may be possible to terminate the
bottom portion of the geotextile after a given distance is anchored within the structural backfill.
A 10ft width is arbitrarily chosen. For embankments that have widths less than 20 ft the bottom
of each geotextile wrap should remain continuous.

•

The intermediate geotextile layers within each geotextile group do not appear to be critical for
preventing erosion. It is possible that the presence of these intermediate layers will decrease
the amount of piping through the embankment; however, this is only speculation. Removal of
these intermediate layers would improve constructability.

•

The use of Geogrid between two Geotextile layers may cause issues with friction. In
conventional situations the Geogrid is in contact with the structural backfill material. As a
possible improvement from the tested detail, the Geogrid can be installed within each
Geotextile bundle. A 24 in. thickness for the Geotextile bundle with the Geogrid placed at the
center is a possible configuration.
Subbase (Pub 408 - Sect. 350.3(d))
No. 2A aggregate compacted to a minimum of 3 in. on Subgrade
No. OGS aggregate compacted to a minimum of 4 in. on No.2A

•
•

Type 2 Material Compation Requirement Pub408.206.3(b).1(c)
Compact Type 2 granular material for the full width of embankments
or fills to a condition of non-movement under the compaction equipment.

= Secondary Geosynthetic (GeoTextile)
= Primary Geosynthetic (GeoGrid)

•

PennDOT RC-14M - Rock Lining

Minimum Thickness is 2.5 times the top size of rock
specified for rock lining, measured perpendicular
to slope face.

RC Approach Slab (25' x 1'-4") BD-628M

Primary Geosynthetic Reinforcement consists of a
Geogrid meeting the requirements of pub. 408
Sections 738.1 and 7.38.2 Class 1, Type A or B.
Secondary reinforcement consists of Class 4, Type A
Geotextile meeting the requirements of Pub. 408
Section 735.

4'-0" Minimum Overlap AND Tuck Under Approach

PennDOT RC-14M

No.1 Coarse Aggregate

Downstream

Upstream
4'-0" Minimum Overlap of Upstream Geotextile OVER Downstream Geotextile

12 in. Maximum
1.25

10'-0" Minimum Extension of Geotextile on
Bottom (Make Continuous if Embankment < 20 ft wide).
24" Maximum

1.0

12 in. Maximum

Minimum of 12 in. No.1 Coarse Aggregate

Prepared Foundation

Use geogrid within each
geotextile reinforced layer

PennDOT RC-14M

No.8 Coarse Aggregate
Structural Backfill

Figure 1.11: Potential reinforced strucutral backfill details
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= Secondary Geosynthetic (GeoTextile)
= Primary Geosynthetic (GeoGrid)

PennDOT RC-14M - Rock Lining
Minimum Thickness is 2.5 times the top size of rock
specified for rock lining, measured perpendicular
to slope face.

PennDOT RC-14M

No.1 Coarse Aggregate

12 in. Maximum
1.25

24" Maximum

1.0

12 in. Maximum
Minimum of 12 in.
No.1 Coarse Aggregate

Use geogrid within each
geotextile reinforced layer

Figure 1.12: Close-up view of potential downstream details
= Secondary Geosynthetic (GeoTextile)
= Primary Geosynthetic (GeoGrid)
RC Approach Slab (25' x 1'-4") BD-628M

4'-0" Minimum Overlap AND Tuck Under Approach
4'-0" Minimum Overlap of Upstream Geotextile OVER Downstream Geotextile

10'-0" Minimum Extension of
Geotextile on Bottom (Make
Continuous if Embankment < 20 ft wide).

Figure 1.13: Close-up view of potential lapping details
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8. STRUCTURAL BACKFILL TEST DETAILS
The results from the twenty-one tests on embankment/abutments are summarized in this section.
Each subsection provides a background on the test and a summary of the performance.
8.1. FAILURE MODES
Failure modes observed from Test 1 to Test 21 are summarized below. Details of each test are
shown in the later paragraphs.
(1) Piping

Figure 2.1: Schematic of piping and localized surface instability
(2) Shallow slope failure

Figure 2.2: Schematic of shallow slope failure
(3) Large slope failure

Figure 2.3: Schematic of large slope failure
(4) Surface failure
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Figure 2.4: Schematic of surface failure for backfill material outside the geosynthetic
reinforcement
(5) Surface erosion

Figure 2.5: Schematic of surface erosion
(6) Global failures

(a)

Bridge Resiliency in Rain Events

64

(b)

(c)
Figure 2.6: Schematics of (a) global failure at high water head difference, (b) global failure at
small water head difference, and (c) global failure when geotextile was unwrapped
8.2. TEST 1 THROUGH 3 – EMBANKMENT MATERIAL ONLY
Preliminary tests were conducted to have a basic understanding of initially how the system would
work and to investigate the erosion behavior of embankment material. The tests were conducted
in the 1st floor water tank at Fritz lab (Figure 1.4a). The dimension of the water tank is L:W:H =
25 ft:10 ft:2 ft. A wooden frame with the dimension of L:W:H = 19 ft:5 ft:2.5 ft was constructed
to create a narrow channel for increased water velocity.
Embankment materials (rather than structural backfill) consisting of a gravel with a mean particle
diameter of 3.7 mm (Figure 2.7) were used for construction of the embankment. The embankment
material was slowly rained using shovels with no compaction (from PennDOT Pub408, Section
206.3(b)1.c). Shovels were lifted and kept at a constant height of approximately 16 in. above the
surface. Surface of the embankment was trimmed and flatten using a brush. The dimension of the
embankment is shown in Figure 2.8. A GoPro was set at the downstream side to record the
experiment.
The first two preliminary tests (1 and 2) were used to work on the camera setup and flow control.
For each of these tests the embankment was lost during the trial, however no tangible data was
generated.
In test 3, piping and localized surface instability were observed when the water head difference
was at 3 in. when the flow rate was at 0.10 CFS. The continuous slope failure (Figure 2.9a) was
then observed and the global failure (Figure 2.9b) was followed when the flow rate was at 0.415
CFS. This occurred prior to overtopping.
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Figure 2.7: Gradation of embankment material at Fritz lab

Figure 2.8: Dimension of the embankment

(a)

(b)

Figure 2.9: (a) Continuous slope failure, and (b) global failure
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8.3. TEST 4 - #8 EMBANKMENT NO REINFORCEMENT LARGE HEAD DIFFERENTIAL FLOW
RATE
Test 4 was conducted with the embankment as shown in Experimental Setup No. 1 with the
approach slab present in the center (Figure 1.5). The downstream and upstream slopes were 1/1.5.
The embankment was comprised of a PennDOT Structural Backfill consisting of #8 coarse
aggregates. During the construction, #8 aggregate was gradually and slowly rained using shovels
with no compaction. Shovels were lifted and kept at a constant height of approximately 16 in.
above the surface. Surface of the embankment was trimmed and flatten using counter brush.
GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.10. At the beginning of the test, water was pumped
into the water tank at the flow rate of 0.38 CFS. At the meantime, downstream water head was
kept at around 1 inch. Piping was observed first at the water head difference of 10 inches and
followed by the large slope failure at the water head difference of 15 inches. Shortly after, global
failure was reached before overtopping at the water head difference of 18 inches.

Figure 2.10 Testing process for Test 4
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(a)

(b)

(c)
Figure 2.11 (a) Piping, (b) slope failure, and (c) global failure from the top view
8.4. TEST 5 - #8 EMBANKMENT NO REINFORCEMENT LOW HEAD DIFFERENTIAL
Test 5 was conducted with the embankment shown in Experimental Setup 1 with the approach slab
present in the center (Figure 1.5). The downstream and upstream slopes were 1/1.5. The
embankment was comprised of #8 coarse aggregates as the structural backfill. During the
construction, the #8 aggregate was gradually and slowly rained using shovels with no compaction.
Shovels were lifted and kept at a constant height of approximately 16 in. above the surface. Surface
of the embankment was trimmed and flatten using counter brushes.
GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.12. At the beginning of the test, water was pumped
gradually into the water tank at the flow rate of 0.25 CFS. At the meantime, the downstream water
head was held by baffle boards covered by the waterproof plastic sheet to keep the medium water
head difference (from 3 to 12 inches). Piping was observed first at the water head difference of 9
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inches when the flow rate was at 0.59 CFS. Slope failure first occurred at the water head difference
of 10 inches when the flow rate was at 0.59 CFS. Shortly after, global failure (Figure 2.13) was
reached at the overtopping when the water head difference was at 10 inches.

Figure 2.12: Testing process for Test 5

Figure 2.13: Global failure from the top view
8.5. TEST 6 - #8 EMBANKMENT NO REINFORCEMENT SMALL HEAD DIFFERENTIAL LOW
VELOCITY
Test 6 was conducted with the embankment shown in Experimental Setup 1 with the approach slab
present in the center (Figure 1.5). The downstream and upstream slopes were 1/1.5. The
embankment was comprised of #8 coarse aggregates as the structural backfill. During the
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construction, #8 aggregate was gradually and slowly rained using shovels with no compaction.
Shovels were lifted and kept at a constant height of approximately 16 in. above the surface.
GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.14. At the beginning of the test, water was pumped
into the water tank at a relatively low flow rate (0.383 CFS) to gradually increase the water head
on the upstream side. At the meantime, the downstream water head was held by baffle boards
covered by the waterproof plastic sheet to keep the water head difference as low as possible. Piping
and slope failure were not observed before overtopping. When it reached the overtopping, no
failure was observed since there was only 1-inch water head difference between upstream and
downstream. The flow rate was then increased up to 0.95 CFS and then surface scour was observed
(Figure 2.15a). The flow velocity above the approach slab was measured as 0.65 ft/s. The flow rate
was increased up to 2.25 CFS, further scour was observed. The downstream water head was then
lowered by removing one of the baffle boards to create a 9 inches water head difference, and then
global failure immediately happened (Figure 2.15b).

Figure 2.14: Testing process for Test 6
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(a)

(b)

Figure 2.15: (a) surface erosion at high flood, and (b) global failure when creating a high water
head difference
8.6. TEST 7 - #8 EMBANKMENT NO REINFORCEMENT LARGE HEAD DIFFERENTIAL LOW
VELOCITY
Test 7 was conducted with the embankment shown in Experimental Setup 1 with the approach slab
present in the center (Figure 1.5). The downstream and upstream slopes were 1/1.5. The
embankment was comprised of #8 coarse aggregates as the structural backfill. The embankment
was incorrectly built with a reduced height of 21 in. tall. During the construction, #8 aggregate
was gradually and slowly rained using shovels with no compaction. Shovels were lifted and kept
at a constant height of approximately 16 in. above the surface. Surface of the embankment was
trimmed and flatten using counter brush.
GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.16. At the beginning of the test, water was pumped
into the water tank at a relatively low flow rate to gradually increase the water head on the upstream
side. At the meantime, downstream water head was kept below 10 inches. Starting with no water
and then letting it rise to 8 inches while maintaining a relatively low flow rate. Piping was observed
when the flow rate was 0.49 CFS and the water height difference was 10 inches. This moment was
13 minutes into the test and the resulting upstream and downstream heights of: 18 and 8 inches.
Slope failure was observed with a water height difference of 12.5 inches the upstream being 20.5
inches and the downstream was 8 inches. This happened 14 minutes into the experiment, when the
flow rate was 0.53 – 0.55 CFS. Shortly after, global failure was reached it was at the overtopping
moment at 14 minutes into the experiment (Figure 2.17 a and b). The water height difference was
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a total of 13 inches due to the upstream being 21 inches and the downstream being 8 inches. The
flow rate at global failure was 0.55 CFS and the max flow rate for this test was 0.62 CFS.

Figure 2.16: Testing process for Test 7

(a)
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(b)
Figure 2.17: (a) at the overtopping from the top view, (b) global failure at the overtopping from
the downstream view
8.7. TEST 8 - #8 EMBANKMENT NO REINFORCEMENT LARGE HEAD DIFFERENTIAL LOW
VELOCITY
Test 8 was conducted with the embankment shown in Experimental Setup 1 with the approach slab
present in the center Figure 1.5. The downstream and upstream slopes were 1/1.5. This test was a
repeat of Test #7 with the embankment built in accordance with the detailed height of 27 in. The
embankment was comprised of #8 coarse aggregates as the structural backfill. During the
construction, #8 aggregate was gradually and slowly rained using shovels with no compaction.
Shovels were lifted and kept at a constant height of approximately 16 in. above the surface. Surface
of the embankment was trimmed and flattened using a brush.
GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.18. At the beginning of the test, water was pumped
into the water tank at a relatively low flow rate (0.313 CFS) to gradually increase the water head
on the upstream side. At the meantime, downstream water head was kept at around 1 inch. Piping
was observed when the flow rate was 0.41 CFS and the water height difference was 9.5 inches.
Slope failure was observed with a water height difference of 16.3 in. when the flow rate was 0.3260.445 CFS. Shortly after, global failure was reached before the overtopping. The water height
difference at failure was 20 inches due to the upstream being 21 inches and the downstream held
constant at 1 inch. The flow rate at global failure was at 0.714 CFS.
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Figure 2.18: Testing process for Test 8

(a)

(b)

(c)
Figure 2.19: (a) Piping failure, (b) slope failure, and (c) global failure before overtopping from
the top view
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8.8. TEST 9 - #8 EMBANKMENT NO REINFORCEMENT WITH R-2 ROCK LINING SMALL HEAD
DIFFERENTIAL
Test 9 was conducted with the embankment shown in Experimental Setup 1 with the approach slab
present in the center (Figure 1.5). The downstream and upstream slopes were 1/1.5. The
embankment was comprised of #8 coarse aggregates as the structural backfill. During the
construction, #8 aggregate was gradually and slowly rained using shovels with no compaction.
Shovels were lifted and kept at a constant height of approximately 16 in. above the surface. R-2
Rock lining were applied by hand and bucket on both upstream and downstream slopes to mitigate
the surface erosion caused by seepage and overtopping. #57 coarse aggregates were applied
between Rock lining and #8 coarse aggregates as a filter and cushion layer (Figure 2.21a).
GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.20. At the beginning of the test, water was pumped
into the water tank at a relatively low flow rate (0.313 CFS) to gradually increase the water head
on the upstream side. At the meantime, the downstream water head was held by baffle boards
covered by the waterproof plastic sheet to keep the water head difference as low as possible. Piping
and slope failure were not observed before overtopping. When it reached the overtopping, no
failure was observed since there was no water head difference between upstream and downstream
(Figure 2.21b). The flow rate was then increased up to 2.29 CFS and no failure happened. The
flow velocity above the approach slab was measured as 0.88 ft/s. The downstream water head was
then lowered by removing one of the baffle boards to create a 5 inches water head difference, and
no failure was observed as well (Figure 2.21c). The downstream water head was furthered lowered
to create an 8 inches water head difference, which lead to the global failure (Figure 2.21d).

Bridge Resiliency in Rain Events

75

Figure 2.20 Testing process for Test 9

(a)
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(c)
(d)
Figure 2.21 (a) embankment with R-2 Rock lining, #57 coarse aggregates and #8 coarse
aggregates, (b) no failure at the overtopping, (c) no failure under high flood (2.29 CFS) at the
water head difference of 5 inches, and (d) global failure at the water head difference of 8 inches
from the top view
8.9. TEST 10 - #8 EMBANKMENT WITH R-2 ROCK LINING LARGE HEAD DIFFERENTIAL
Test 10 was conducted with the embankment shown in Experimental Setup 1 with the approach
slab present in the center (Figure 1.5). The downstream and upstream slopes were 1/1.5. The
embankment was comprised of #8 coarse aggregates as the structural backfill. During the
construction, #8 aggregate was gradually and slowly rained using shovels with no compaction.
Shovels were lifted and kept at a constant height of approximately 16 in. above the soil surface.
R-2 Rock lining were applied by hand and bucket on both upstream and downstream slopes to
mitigate the surface erosion caused by seepage and overtopping. The filter layer of #57 coarse
aggregates between Rock lining and #8 coarse aggregates was given up because of the construction
difficulty in separating the #8 and #57 coarse aggregates after test.
GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.22. At the beginning of the test, water was pumped
into the water tank at a relatively low flow rate (0.265 CFS) to gradually increase the water head
on the upstream side. The downstream water head was kept consistently under 2 inches. Piping
and slope failure were not observed before overtopping due to the Rock lining reinforced slope
(Figure 2.23a). The overtopping moment was met by slope failure at a water height difference of
22.5 inches the upstream being 24.5 inches and the downstream was 2 in. when the flow rate was
0.77-0.94 CFS (Figure 2.23b). Shortly after, global failure was reached when the flow rate was
increased to 1.1-1.4 CFS (Figure 2.23c).
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Figure 2.22: Testing process for Test 10

(a)

(b)

(c)
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Figure 2.23: (a) no failure before the overtopping, (b) slope failure at the overtopping, (c) global
failure from the top view, and (d) from downstream view

8.10. TEST 11 – EMBANKMENT WITH EXTRA GEOSYNTHETIC REINFORCEMENT AND #8 LINING
Test 11 was conducted with the embankment shown in Experimental Setup 1 with the approach
slab present in the center (Figure 1.5). The downstream and upstream slopes were 1/1.5. The
embankment was comprised of #8 coarse aggregates as the structural backfill. The core part of the
embankment was heavily reinforced by the Geosynthetics system, including the Geogrid and
Geotextile. The embankment was divided into 9 layers in the height direction, and each layer was
about 2.75 in. tall. Every backfill layer was wrapped by Geotextile through the bottom to the top
with a 1-feet overlap between each layer. Geogrid was applied to wrap every 3 layers of the backfill
outside the Geotextile. #8 coarse aggregates were applied outside of the Geosynthetics-reinforced
core part of the embankment to achieve the slope of 1/1.5. Details are shown in Figure 2.24.

Figure 2.24: Embankment heavily reinforced by Geosynthetics
GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.50. At the beginning of the test, water was pumped
into the water tank at a relatively low flow rate (0.37 CFS) to gradually increase the water head on
the upstream side. The downstream water head was held constant at 1 inch. Piping was observed
during this experiment at a water height difference of 10 inches and a flow rate of 0.37 CFS. The
downstream height was 1 inch and the upstream was 11 inches. Slope failure occurred before
overtopping when the water head difference was 16 inches at the flow rate of 0.37 CFS (Figure
2.26a). Further slope failure was observed at the overtopping at a water height difference of
24.5when the flow rate was 0.57-0.60 CFS (Figure 2.26b). The flow rate was increased up to 3.5
CFS, global failure was not reached which is attributed to the reinforcement of the Geosynthetics,
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but the entire outside #8 coarse aggregate slope without reinforcement was eroded under the
extreme flood (Figure 2.26c). The water height difference was a total of 26.5 inches with the
upstream being 27.5 inches and the downstream at 1 inch.

Figure 2.25: Testing process for Test 11
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(a)

(b)

(c)

Figure 2.26: (a) Surface slope failure initiated, (b) surface slope failure at the overtopping, (c)
surface layer of #8 coarse aggregates were fully eroded but core part of the embankment
wrapped by Geosynthetics was stable under the extreme flow, and (d) the embankment when the
test was over
8.11. TEST 12 – EMBANKMENT WITH HEAVY GEOSYNTHETIC REINFORCEMENT AND R2 ROCK
LINING
Test 12 was conducted with the embankment shown in Experimental Setup 1 with the approach
slab present in the center (Figure 1.5). The downstream and upstream slopes were 1/1.25. The
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embankment was comprised of #8 coarse aggregates as the structural backfill. The core part of the
embankment was heavily reinforced by the Geosynthetics system, including the Geogrid and
Geotextile. The embankment was divided into 9 layers in the height direction, and each layer was
about 2.75 inches’ tall. Every backfill layer was wrapped by Geotextile through the bottom to the
top with a 1-feet overlap between each layer. Geogrid was applied to wrap every 3 layers of the
backfill outside the Geotextile. R-2 Rock lining were applied outside of the Geosyntheticsreinforced core part of the embankment to achieve the slope of 1/1.25. #8 coarse aggregates were
applied as a filter and cushion layer between Rock lining layer and the reinforced core part. Details
are shown in Figure 2.27.

Figure 2.27: Embankment heavily reinforced by Geosynthetics and Rock lining
GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.28. At the beginning of the test, water was pumped
into the water tank at a relatively low flow rate (0.285 CFS) to gradually increase the water head
on the upstream side. The downstream water head was held constant at around 1 inch. No piping
and slope failure were observed before and at the overtopping. Slope failure was observed after
the overtopping at a water height difference of 22 inches when the flow rate was up to 0.838 CFS
(Figure 2.26b). The flow rate was increased up to 3.6 CFS, global failure was not reached, which
is attributed to the reinforcement of the Geosynthetics, but the entire outside R-2 Rock lining slope
was eroded under the extreme flood (Figure 2.26c). The water height difference was a total of 28.5
inches with the upstream being 29.5 inches and the downstream at 1 inch.
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Figure 2.28: Testing process for Test 12

(a)
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(c)

(d)
Figure 2.29: (a) No failure at the overtopping, (b) slope failure after overtopping under high
flood, (c) at the maximum flow rate (3.6 CFS), surface Rock lining were eroded, core part of
embankment reinforced by Geosynthetics stayed safe, and (d) the embankment when the test was
over
8.12. TEST 13 - EMBANKMENT WITH HEAVY GEOSYNTHETIC REINFORCEMENT AND R2 ROCK
LINING, SMALL WATER HEAD DIFFERENCE
Test 13 was conducted with the embankment shown in Experimental Setup 1 with the approach
slab present in the center (Figure 1.5). The downstream and upstream slopes were 1/1.25. The
embankment was comprised of #8 coarse aggregates as the structural backfill. The core part of the
embankment was heavily reinforced by the Geosynthetics system, including the Geogrid and
Geotextile. The embankment was divided into 9 layers in the height direction, and each layer was
about 2.75 inches’ tall. Every backfill layer was wrapped by Geotextile through the bottom to the
top with a 1-feet overlap between each layer. Geogrid was applied to wrap every 3 layers of the
backfill outside the Geotextile. R-2 Rock lining were applied outside of the GeosyntheticsBridge Resiliency in Rain Events
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reinforced core part of the embankment to achieve the slope of 1/1.25. #8 coarse aggregates were
applied as a filter and cushion layer between Rock lining layer and the reinforced core part. Details
are shown in Figure 2.27.
GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.30. At the beginning of the test, water was pumped
into the water tank at a relatively low flow rate (0.33 CFS) to gradually increase the water head on
the upstream side. At the meantime, the downstream water head was held by baffle boards covered
by the waterproof plastic sheet to keep the water head difference as low as possible. Piping and
slope failure were not observed before overtopping. When it reached the overtopping, no failure
was observed since there was no water head difference between upstream and downstream. The
flow rate was then increased to 1.85 CFS and the water head difference was increased to 4 inches.
Still no failure was observed (Figure 2.31a). After that, the flow rate was increased up to 3.5 CFS,
and the water head difference was increased to 25 inches, global failure was not reached, which is
attributed to the reinforcement of the Geosynthetics, but the entire outside R-2 Rock lining slope
was eroded under the extreme flood (Figure 2.31b).

Figure 2.30: Testing process for Test 13
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(a)

(b)

(c)
Figure 2.31: (a) no failure at the small water head difference under high flood, (b) surface Rock
lining were eroded at the maximum flow rate (3.5 CFS) when the water head difference is high,
core part of embankment reinforced by Geosynthetics stayed safe, and (c) the embankment when
the test was over
8.13. TEST 14 EMBANKMENT WITH POORLY PLACED GEOSYNTHETIC REINFORCEMENT AND
R2 ROCK LINING
Test 14 was conducted with the embankment shown in Experimental Setup 1 with the approach
slab present in the center (Figure 1.5). The downstream and upstream slopes were 1/1.25. The
embankment was comprised of #8 coarse aggregates as the structural backfill. The core part of the
embankment was reinforced by the Geosynthetics system, including the Geogrid and Geotextile
with a modified wrapping scenario, which is different from the Test 11-13. The embankment was
divided into 4 layers in the height direction, and each layer was approximately 6 in. tall.
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Two pieces of Geotextile (one whole piece with continuation on the bottom in Test 11-13), one at
the downstream side, another at the upstream side were applied together to wrap two layers of the
backfills. There was another layer of Geotextile, which was placed at the middle of each backfill
layer without wrapping. For the bottom wrapped backfill layer, the Geotextile wrapping length on
upstream and downstream sides were both around 2 feet at the top and the bottom of the backfill
layer. For the top wrapped backfill layer, the wrapping length below the approach slab was 6.5 in.
on both sides, and there was no overlap between upstream and downstream sides. Geogrid was
applied every two layers including the layer at the top of the backfill under the approach slab.
However, Geogrid was only placed between each backfill layers outside of the Geotextile without
wrapping. R-2 Rock lining were applied outside of the Geosynthetics-reinforced core part of the
embankment to achieve the slope of 1/1.25. #8 coarse aggregates were applied as a filter and
cushion layer between Rock lining layer and the reinforced core part. Details are shown in Figure
2.32.

Figure 2.32: Embankment reinforced by Geosynthetics (modified wrapping) and Rock lining
GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.33. At the beginning of the test, water was pumped
into the water tank at a relatively low flow rate (0.489 CFS) to gradually increase the water head
on the upstream side. The downstream water head was held constant at around 1 inch. Slope failure
was observed before overtopping at the water head difference of 21 inches when the flow rate was
at 1.1 CFS (Figure 2.34a). Further slope failure occurred at the overtopping at the water height
difference of 21 inches. The flow rate was then increased up to 2 CFS, global failure was reached
due to the unwrapping of the top layer Geotextile (Figure 2.34b).
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Figure 2.33: Testing process for Test 14

(a)
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Figure 2.34: (a) Slope failure before overtopping, (b) top layer Geotextile unwrapping, and (c)
the embankment when the test was over
8.14. TEST 15 EMBANKMENT WITH IMPROVED GEOSYNTHETIC REINFORCEMENT WITH
OVERLAP AND R2 ROCK LINING
Test 15 was conducted with the embankment shown in Experimental Setup 1 with the approach
slab present in the center (Figure 1.5). The downstream and upstream slopes were 1/1.25. The
embankment was comprised of #8 coarse aggregates as the structural backfill. The core part of the
embankment was reinforced by the Geosynthetics system, including the Geogrid and Geotextile
with an improved wrapping scenario based on the experience from Test 14. The embankment was
divided into 4 layers in the height direction, and each layer was about 6 inches’ tall.
Two pieces of Geotextile (one whole piece with continuation on the bottom in Test 11-13), one at
the downstream side, another at the upstream side were applied together to wrap two layers of the
backfills. There was another layer of Geotextile, which was placed at the middle of each backfill
layer without wrapping. For the bottom wrapped backfill layer, the Geotextile wrapping length on
upstream and downstream sides were both around 2 feet at the bottom and top of the backfill layer.
For the top of the bottom wrapped backfill layer, the Geotextile at the downstream side was placed
below the Geotextile at the upstream side with an overlap. For the top wrapped backfill layer, the
wrapping length below the approach slab was around 15 in. on both sides. The Geotextile at the
downstream side was placed below the Geotextile at the upstream side with a 15 in. overlap.
Geogrid was applied every two layers including the layer at the top of the backfill under the
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approach slab. R-2 Rock lining were applied outside of the Geosynthetics-reinforced core part of
the embankment to achieve the slope of 1/1.25. #8 coarse aggregates were applied as a filter and
cushion layer between Rock lining layer and the reinforced core part. Details are shown in Figure
2.50.

Figure 2.35: Embankment reinforced by Geosynthetics (improved wrapping) and Rock lining
GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.36. At the beginning of the test, water was pumped
into the water tank at a relatively low flow rate (0.283 CFS) to gradually increase the water head
on the upstream side. The downstream water head was held constant at around 1~3 inch. No piping
and slope failure were observed before and at the overtopping. Slope failure was observed after
the overtopping at a water height difference of 22 inches when the flow rate was up to 1.65 CFS
(Figure 2.37 a and b). The flow rate was increased up to 3.2 CFS, global failure was not reached,
which is attributed to the reinforcement of the Geosynthetics, but the entire outside R-2 Rock lining
slope and #8 coarse aggregates cushion layer were eroded under the extreme flood (Figure 2.37c).
The water height difference was a total of 22.5 inches.
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Figure 2.36: Testing process for Test 15

(a)
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(c)
Figure 2.37: (a) Slope failure after overtopping, (b) Slope failure under extreme flood, and (c)
surface Rock lining and #8 coarse aggregates were eroded at the maximum flow rate (3.2 CFS)
when the water head difference is high, core part of embankment reinforced by Geosynthetics
stayed safe
8.15. TEST 16 – CONTINUATION OF TEST 15 WITH APPROACH SLAB REMOVED
Test 16 was the continuation of the Test 15. Approach slab was removed after Test 15 to investigate
the erosion mechanism of the Geotextile wrapped top layer without the confinement of the
approach slab (Figure 2.39a). The testing process is illustrated in Figure 2.38. At the beginning of
the test, water was pumped into the water tank at a relatively low flow rate to gradually increase
the water head on the upstream side. The downstream water head was held constant at around 1~3
inch. The overtopping was then achieved and the flow rate was increased up to 3.3 CFS. The
Geotextile wrapped layers stayed well and no unwrapping was observed (Figure 2.39b).

Bridge Resiliency in Rain Events

92

Figure 2.38: Testing process for Test 16

(a)

(b)

Figure 2.39: (a) The approach was removed after Test 15, (b) Geosynthetics reinforced core part
of the embankment stayed safe under the extreme flood
8.16. TEST 17 - EMBANKMENT WITH IMPROVED GEOSYNTHETIC REINFORCEMENT WITHOUT
OVERLAP AND R2 ROCK LINING
Test 17 was conducted with the embankment shown in Experimental Setup 1 with the approach
slab present in the center (Figure 1.5). The downstream and upstream slopes were 1/1.25. The
embankment was comprised of #8 coarse aggregates as the structural backfill. The core part of the
embankment was reinforced by the Geosynthetics system, including the Geogrid and Geotextile
with an improved wrapping scenario without overlap at the bottom wrapped layer and the top
wrapped layer under the approach slab (Figure 2.40). The length of the embankment was enlarged
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to around 10 ft long to achieve the target of no overlap (Figure 2.41). The embankment was divided
into 4 layers in the height direction, and each layer was about 6 inches’ tall (Figure 2.43a).

Figure 2.40: No overlap at the bottom and top wrapped layers

Figure 2.41: Enlarged embankment reinforced by Geosynthetics (improved wrapping without
overlap on the top wrapped layer under the approach slab) and Rock lining
Two pieces of Geotextile (one whole piece with continuation on the bottom in Test 11-13), one at
the downstream side, another at the upstream side were applied together to wrap two layers of the
backfills. There was another layer of Geotextile, which was placed at the middle of each backfill
layer without wrapping. For the bottom wrapped backfill layer, the Geotextile wrapping length on
upstream and downstream sides were both around 2 feet at the bottom and top of the backfill layer.
For the top wrapped backfill layer, the wrapping length below the approach slab was 2 ft on both
sides. Geogrid was applied every two layers including the layer at the top of the backfill under the
approach slab. R-2 Rock lining were applied outside of the Geosynthetics-reinforced core part of
the embankment to achieve the slope of 1/1.25. #8 coarse aggregates were applied as a filter and
cushion layer between Rock lining layer and the reinforced core part. Details are shown in Figure
2.41.
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GoPros were setup on the downstream side and at the top of the embankment to record the test.
The testing process is illustrated in Figure 2.42. At the beginning of the test, water was pumped
into the water tank at a relatively low flow rate (0.265 CFS) to gradually increase the water head
on the upstream side. The downstream water head was held constant at around 1~3 inch. No piping
and slope failure were observed before and at the overtopping. Slope failure was observed after
the overtopping at a water height difference of 23 inches when the flow rate was up to 1.832 CFS
(Figure 2.43b and c). The flow rate was increased up to 3.3 CFS, global failure was not reached,
which is attributed to the reinforcement of the Geosynthetics, but the entire outside R-2 Rock lining
slope and #8 coarse aggregates cushion layer were eroded under the extreme flood (Figure 2.43d).
The water height difference was a total of 25.5 inches.

Figure 2.42: Testing process for Test 17

(a)
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(c)

(d)

Figure 2.43: (a) Enlarged embankment, (b) Slope failure after overtopping, (c) Surface erosion
under high flood, and (d) Geosynthetics reinforced core part of the embankment stayed safe
under the extreme flood
8.17. TEST 18 – CONTINUATION OF TEST 17 WITH APPROACH SLAB REMOVED
Test 18 was the continuation of the Test 17. Approach slab was removed after Test 17 to investigate
the erosion mechanism of the Geotextile wrapped top layer (no overlap) without the confinement
of the approach slab (Figure 2.45a). The testing process is illustrated in Figure 2.44. At the
beginning of the test, water was pumped into the water tank at a relatively low flow rate to
gradually increase the water head on the upstream side. The downstream water head was held
constant at around 1~3 inch. The overtopping was then achieved and the flow rate was increased
up to 3.3 CFS. Since there was no confinement of the approach slab, the unwrapping of the
Geotextile initiated after overtopping (Figure 2.45b). The red dash line in Figure 2.45b represents
the unwrapping of the top layer Geotextile under the water flow after overtopping. The red area
represents the erosion of the top layer #8 aggregate at the downstream side of the embankment
after overtopping since there was no reinforcement after the top layer Geotextile was unwrapped
(Figure 2.45c).

Figure 2.44: Testing process for Test 18
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(a)

(b)

(c)
Figure 2.45: (a) The approach was removed after Test 17, (b) top layer Geotextile was
unwrapped, and (c) top layer backfill materials were eroded under high flood

8.18. TEST 19 - LARGER EMBANKMENT WITH WING WALL WITH POORLY PLACED
GEOSYNTHETIC REINFORCEMENT AND R2 ROCK LINING WITH BRIDGE OPENING
Test 19 was conducted with the larger embankment with the wingwall next to the bridge abutment
(Figure 1.6). The bridge opening was left open throughout the experiment. #8 coarse aggregates
were used as the structural backfill. The downstream and upstream slopes were 1.25/1. During the
construction, #8 aggregate was gradually and slowly rained using shovels with no compaction.
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Shovels were lifted and kept at a constant height of approximately 16 in. above the soil surface.
Rock lining were applied to protect the slope. The core part of the embankment was reinforced by
the Geosynthetics, including the Geogrid and Geotextile with an improved wrapping scenario
without overlap at the bottom wrapped layer and the top wrapped layer under the approach slab.
Details are shown in Figure 2.46. The backfills at the corner of the wingwall were wrapped with
the separate edge wrapping pieces as shown in Figure 2.47.

Figure 2.46: Enlarged embankment reinforced by Geosynthetics (improved wrapping without
overlap on the top wrapped layer under the approach slab) and Rock lining with wingwalls

Figure 2.47: Small pieces of Geotextile to wrap the corner of the wingwalls
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GoPros were setup on the downstream side and at the top of the embankment to record the test.
Most of the water went through the bridge opening at the flow rate of 2.7 CFS during the
experiment. The maximum upstream water head was only around 18 inches, and the overtopping
was not achieved in Test 19. No failure was observed in Test 19 (a and b)

(a)

(b)

Figure 2.48: No failure from (a) top view and (b) downstream view
8.19. TEST 20 - LARGER EMBANKMENT WITH WING WALL WITH POORLY PLACED
GEOSYNTHETIC REINFORCEMENT AND R2 ROCK LINING WITH BLOCKED BRIDGE OPENING
Test 20 was conducted after Test 19, and the baffle boards were used to blocked the bridge
opening. GoPros were setup on the downstream side and at the top of the embankment to record
the test. At the beginning of the test, water was pumped into the water tank at a relatively low flow
rate to gradually increase the water head on the upstream side. At the meantime, downstream water
head was kept around 1 inch. When the overtopping was reached on the upstream side, flow rate
was gradually increased up to the maximum flow (around 3.76 CFS) and stayed for more than 10
minutes. No failure was found before overtopping. Overtopping was reached at the flow rate of
2.7 CFS. Slope failure occurred at the overtopping (Figure 2.49a) when the water head difference
was at 24.5 in. Unwrapping of the geotextile at the corner of the wingwall was then observed
(Figure 2.49b), followed by global failure (Figure 2.49c).
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(a)

(b)

(c)

Figure 2.49: (a) Slope failure at the overtopping, (b) Geotextile at the corner of the wingwall was
unwrapped under the high flood, (c) global failure after the Geotextile unwrapping, and (d) the
embankment when the test was over
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8.20. TEST 21 - LARGER EMBANKMENT WITH WING WALL WITH IMPROVED GEOSYNTHETIC
REINFORCEMENT AND R2 ROCK LINING WITH BLOCKED BRIDGE OPENING
Test 21 was conducted with the enlarged embankment with the wingwall next to the bridge
abutment (Figure 1.6). The bridge opening was blocked throughout the experiment. #8 coarse
aggregates were used as the structural backfill. The downstream and upstream slopes were 1.25/1.
During the construction, soils were gradually and slowly rained using shovels with no compaction.
Shovels were lifted and kept at a constant height of approximately 16 inches above the soil surface.
Rock lining were applied to protect the slope. The core part of the embankment was reinforced by
the Geosynthetics, including the Geogrid and Geotextile. Details are shown in Figure 2.50. The
backfills at the corner of the wingwall were wrapped on both longitude and latitude direction as
shown in Figure 2.51.
GoPros were setup on the downstream side and at the top of the embankment to record the test. At
the beginning of the test, water was pumped into the water tank at a relatively low flow rate to
gradually increase the water head on the upstream side. At the meantime, downstream water head
was kept around 0 inch. When the overtopping was reached on the upstream side, flow rate was
gradually increased up to the maximum flow (around 3.76 CFS) and stayed for more than 10
minutes. Piping was not observed and no failure was found before overtopping. Overtopping was
reached at the flow rate of 1.67 CFS. Slope failure occurred at the overtopping (Figure 2.53a).Flow
rate was then increased up to 3.76 CFS and stayed for 13 mins, no failure happened at the
reinforced core part of the embankment (Figure 2.53b). The observations during the Test 21 are
summarized in Table 2.1.

Figure 2.50: Test configurations of Test 20
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(a)
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(c)
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(d)
Figure 2.51: (a) First fold: wrap geotextile against the wingwall with a 2 ft overlap, (b) Second fold: wrap the downstream edge back toward
the upstream direction. Ensure that the downstream geotextile covers the backfill a horizontal distance of 4 ft toward the upstream edge. Tuck
the excess geotextile near the wingwall under the wrap; (c) Third fold: wrap the upstream edge over downstream geotextile with an overlap of
2 ft.; (d) Geotextile wrapping fold recommendations
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(a)

(b)
Figure 2.52: (a) Top view and (b) downstream view of the embankment of Test 21
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(a)

(b)
Figure 2.53: (a) Slope failure at the overtopping under high flow; (b) core part of the
embankment reinforced by Geosynthetics
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Table 2.1: Observations from Test 21

Time

Flow

Upstream

Downstream

rate

Water

Water Head

(ft^3/s)

Head (in)

(in)

Water
Head
Difference
(in)

Flow
Downstream

Velocity

Flow

Over

Velocity (ft/s)

Approach

Observations

Slab (ft/s)

10:04

1.005

7.5

0.2

7.3

No failure

10:17

1.384

18

1

17

No failure

10:22

1.665

24

1

23

No failure
Overtopping, downstream

10:24

1.665

28

1

27

slope rock protection
failure

10:27

3.76

29

2

27

1.30

1.2

10:40

3.76

29

2

27

1.30

1.2

More surface sliding
Most of the rock lining on
the surface were eroded,
core part stayed
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9. EROSION MECHANISMS IN CULVERT EMBANKMENTS
Erosion of embankments (Fujisawa et al., 2009, 2012; Powledge et al., 1989; Yuan et al., 2014)
and earthen dams (Abedini et al., 2012; Fread, 1988; Meyer et al., 1994; Van Tol et al., 2016; Wan
& Fell, 2004) has been widely investigated. Seepage erosion (Atkinson et al., 1990; Fell et al.,
2003; Jeong et al., 1989; Meyer et al., 1994) and overtopping (Abt & Johnson, 1991; Chanson,
2015; Hanson et al., 2003; McLean & Hansen, 1993) were identified as the main reasons leading
to failure of these structures. Failure modes include slope failure (Raj & Sengupta, 2014; Shiotani
& Ohtsu, 1999; Wang et al., 2020), toe failure (Abt & Johnson, 1991; Yegian et al., 1994), piping
(Foster et al., 2000; Leonards et al., 1991; Richards & Reddy, 2007), and breach erosion (Fread,
1988; Singh et al., 1988; Tingsanchali & Chinnarasri, 2001).
Culverts are normally constructed through a roadway, railway, highway, or trail embankment to
facilitate water passage and drainage. As noted by PennDOT publication 584, a culvert, unlike a
bridge is composed of structural material around its entire perimeter (PennDOT, 2015). These
systems are hydraulically designed to operate with the inlet submerged in a flood condition.
Culverts can utilize many cross-sectional shapes including circular (most common), box, arch, and
elliptical and can be detailed with different end treatments based on hydraulic and economic needs.
End treatments include projected ends, headwalls and wing walls. The culverts are fabricated from
concrete, steel, aluminum and plastic and come in both smooth and corrugated surfaces. The
erosion characteristics of a typical pipe culvert is examined in this study.
The erosion mechanism of embankments with culverts is similar to that of standard dams and
embankments but differs due to the construction details used. Granular materials are
conventionally selected as the surrounding backfill around culvert (Moore, 2001). Experimental
studies on culverts have indicated that both traditional external and internal erosion of the
embankment occurs. In addition, erosion also commonly occurs at the interface of the culvert and
surrounding backfill (Xie et al., 2019). When backfilling the material around the culvert interface,
it is difficult to completely fill the region under the culvert due to the difference in the curvature
of the pipe and the angle of repose of the fill (Figure 1). This creates a channel for seepage which
can result in interface erosion. The erosion of the backfill around the culvert can lead to a change
in the thrust distribution around the culvert (El Taher & Moore, 2011) which can lead to cracking
on the headwall (Najafi & Bhattachar, 2011), development of sinkholes (Stephenson et al., 1999),
and structural damage of the culvert (Beben, 2017).
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Figure 54: Void created at the culvert interface during the backfilling
(https://www.youtube.com/watch?v=1sWxrWmZ_8g)
Backfill around the culvert is usually compacted to mitigate the seepage erosion (Xie et al., 2019).
Compaction greatly reduces the rate of erosion, which enhances the seepage erosion resistance
(Hanson & Hunt, 2006). To further minimize seepage erosion, flowable backfill is widely used as
the backfill material around the culvert for erosion mitigation (Howard & Hitch, 1998; Meade et
al., 1994). Flowable backfill typically consists of a low strength mix of aggregate, cement, and
water. The water to cement ratio is kept high to allow for high flow and low strengths. The low
strength is needed to allow possible future excavation. Flowable backfills are low cost, easy to
construct and remove, are stronger than traditional backfill, and non-erodible (Kaneshiro et al.,
2001; Lee et al., 1999; Naik & Singh, 1997; Samadi & Herbert, 2003; Wu, 2005).
This report examines the performance of standard PennDOT circular pipe culverts in
embankments under flood events. The failure mechanisms are identified and the performance of a
flowable backfill strategy is shown.
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10. PENNDOT CULVERT RECOMMENDATIONS
Pennsylvania Department of Transportation recommendations for pipe culverts are outlined in
PennDOT Publication 408/2020 (PennDOT, 2020) and illustrated in PennDOT 72M RC-Drawings
(PennDOT, 2019). The various configurations specified by PennDOT are summarized in this
section. The recommendations summarized include the compaction and material used around the
trench and the use of flowable fill material.
10.1. PENNDOT PIPE CULVERT STANDARDS
The pipe installation procedures and the design details for culverts outlined in PennDOT 72M RCDrawings-30M (PennDOT, 2019) are reproduced below in Figure 2. Varieties of pipes are used
including concrete, metal, and thermoplastic pipes are used. The following procedures are outlined
by PennDOT.
The construction details cover the following conditions: (A) pipes lying on top of natural ground,
rock, or fill compacted to 97% standard proctor density (SPD); (B) the existing ground is between
the top and the bottom of the proposed pipe and the pipe is to be covered with earth fill; (C) the
top of pipe is below the level of the natural ground or compacted fill (to minimum 97% SPD) and
to be covered with earth fill to heights above the natural ground.
Step 1: Remove the topsoil (compressive layer of organic material) to a width equal to 5
outside diameters of the pipe in all fill conditions: (A), (B), and (C). Also if specified on the
contract drawing, undercut for the depth below the bedding as shown by design (make min
width 5 diameters of pipe).
Step 2: Construct the embankment to 4’-0” above the top of pipe or to the subgrade
elevation, whichever is less. For pipes 72” or greater, the installation is permitted without
placing the embankment first. Make the backfill envelope as shown in Figure 2 except
provide 2A material on each side of the pipe equal to one outside diameter or span of the
pipe. For concrete pipe, the width of uncompacted aggregate for bedding (AASHTO No.8)
remains at D0 +4’-0”.
Step 3: Excavate the trench to the width of the outside diameter of the pipe barrel plus 4’0” and create an appropriate bedding 6” deep.
Step 4: For concrete pipe, if this excavation is through rock, or hard shale, or in areas of
undercut, provide 6”+1/2 inch/ft of D0 +4’-0”, below the intended bottom elevation of the
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pipe, 16” max. If unsuitable material is found, undercut as directed and backfill with
suitable material to bottom of bedding elevation. (Unless otherwise specified).
Step 5: Lay pipe on appropriate bedding.
Step 6: For thermoplastic pipe, place 2A coarse aggregate material, in 5” loose layers,
adjacent to the lower haunches to a height of 12” above top of pipe. Compact to nonmovement. Test the backfill material and continue embankment in accordance with
PennDOT Publication 408/2020, section 601.
Note:
1: permit placement of backfill material in 10” loose layers, when using vibratory
compaction equipment in accordance with PennDOT Publication 408/2020, section
601.3(f)3.
2: Compact top 3’-0” of subgrade to 100% in accordance with PennDOT Publication
408/2020, section 206.3. Compact 2A coarse aggregate to non-movement in accordance
with PennDOT Publication 408/2020, section 206.3(b)1.c.
3: Use 2A coarse aggregate or suitable material in accordance with PennDOT Publication
408/2020, section 601.3(f)3.
The gradation of 2A coarse aggregate is listed in Table 3.3 in Task1.1 Evaluation of Backfill
Properties (PennDOT Publication 408/2020 Section 703.2(c), Table c). The requirement of
compaction is listed in PennDOT Publication 408/2020, section 206.3(b)1.c: Granular Material,
Type 2. Place Type 2 granular material for the full width of the embankment or fill in uniform
horizontal layers of not more than a compacted 8 in. depth. Compact material adjacent to structures
as indicated on the Standard Drawings. Except for pipe trenches, locations adjacent to structures,
and locations where standard, full scale compaction equipment is prohibited, may cause damage,
or is not practical due to space or other constraints, compact Type 2 granular material using a
smooth drum vibratory roller as specified in Section 108.05(c)3.i. For all other areas except pipe
trenches, use dynamic and/or vibratory equipment as specified in Sections 108.05(c)3.d or
108.05(c)4. Reduce lift thickness to 4 in. compacted depth or as directed by the Representative to
achieve the equivalent level of compaction as the full-scale compaction equipment. Compact Type
2 granular material for the full width of embankments or fills to a condition of non-movement
under the compaction equipment. Compaction acceptance will be determined by the
Representative. Non-movement under compaction equipment is defined as creating a stable
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condition of the compacted material. A stable condition occurs when there is no rutting,
displacement, or shear wave under compaction equipment. A shear wave is bulging of the material
surface in front of and behind the compaction equipment. Maintain Type 2 granular material in a
surface damp condition, but not wet (no excess moisture) at the time of compaction.
Based on these requirements the following details are used in the experiment: 1) #2A coarse
aggregate (Type 2 granular material) are used as the backfill material; 2) An 8 in. thermoplastic
pipe are applied as the pipe culvert; 3) APT 131/5214 Backfill Tamper are used as the compactor;
4) Slope of 1:2 are used to simulate an extreme condition; 4) Backfill material are placed in 4 in.
lifts that were each compacted to non-movement.
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Figure 55: Culvert construction and backfill placement configurations (Pub 72M RC-30M Updates Final)
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10.2. FLOWABLE BACKFILL RECOMMENDATIONS
To provide greater resistance to erosion of the pipe, a flowable backfill recommendation has been
developed by PennDOT. The flowable backfill is used to envelop the end section of the pipe on
both the inlet and outlet. This detail was approved in 2021 and is included in PennDOT 72M RCDrawings-30M (sheet 5 of 5).
10.3. FLOWABLE BACKFILL MIX DESIGN REQUIREMENTS
Flowable back fill material is defined in PennDOT Publication 408/2020, section 220. Flowable
backfill may be a mixture of coarse aggregate, fine aggregate, water and air entraining agents,
either cement or supplementary cementitious material, or a combination of both, and may or may
not include bottom ash, or other admixtures. There three types of flowable backfill: Flowable
Backfill, Type B is for use in regions where future excavation of the backfill may be necessary
such as at utility trenches, pipe trenches, bridge abutments, and around box or arch culverts. Type
C is for areas where excavation is not anticipated such as replacement of unsuitable soil under
foundations, and Type D is for areas where low-density backfill material is needed such as behind
retaining walls. For the application under investigation Type B flowable backfill must be used.
The flowable backfill mix design requirements for each type is summarized in PennDOT
Publication 408/2020, section 220.2(k) and is reproduced as Table 1. Details of the materials
allowed are listed in PennDOT Publication 408/2020, section 220.2 (a) to (f), and are reproduced
as follows:
(a) Cement. Type I, IP, IS, or II, Section 701. If using Type IP cement, adjust the quantity of fly
ash in the design as necessary. If using Type IS cement, adjust the quantity of slag cement in the
design as necessary. From a source listed in Bulletin 15.
(b) Fly ash. Type F or C fly ash, Section 724 except as follows:
•

Fly ash—conforming to AASHTO M 295 (or ASTM C 618) Table 1 requirements except
maximum loss on ignition is 16%, and excluding the requirements of Table 1A, 2, or 2A.
From a source listed in Bulletin 15 or tested and approved before incorporating into the
flowable backfill mix.

(c) Slag Cement. Section 724.3. From a source listed in Bulletin 15.
(d) Fine Aggregate. Type A, B, or C; Section 703.1; except, having a maximum loss of 20% in the
Soundness Test, PTM No. 510. The fine aggregate may be natural sand, manufactured sand, or
foundry sand meeting Section 703.1. From a source listed in Bulletin 14.
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(e) Coarse Aggregate. Type A, B, or C, AASHTO 10, Section 703.2. Except 10% maximum for
material finer than the No. 200 sieve. From a source listed in Bulletin 14.
(f) Bottom Ash. From a source listed in Bulletin 14. Coal ash having a maximum loss of 20% in
the Soundness Test, PTM No. 510, and conforming to the following dry sieve gradation
requirements:
Sieve Size
1/2-inch
No. 200

% Passing
100
0-10

Table 2: Flowable backfill mix design

*Quantities may be varied or alternate designs submitted to adapt mix to conform to
density and strength requirements or to adapt to specific site conditions.
**Requires using a suitable lightweight aggregate or air entraining admixture. Provide a
mix design that achieves the specified strength and density requirements.
***Approximate Value. Use of air entraining agent may reduce these values.
****Some applications may require containing flowable backfill by constructing dikes
from the mix by using less water to produce a 3-inch minimum slump, if approved by the
Representative. Thickening of the mix in other areas is allowed if approved by the
Representative.
As noted in Table 1, a general recommendation on materials and quantities are provided for Type
B Flowable fill. The general recommendation is that 50, 300, and 2600 lb/cyd of cement, SCM,
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and aggregate like material should be used, respectively. These values are general
recommendations with Note 1 stating that these can be varied as needed to achieve density or
strength requirements. The amount of water is not prescribed and instead the value must be
determined to achieve a maximum 28-day strength of 125 psi. This low strength is chosen to allow
for future excavation as needed. A minimum 7 in. slump is also required with allowance for lower
slumps with approval of PennDOT.
Flowable backfill mix designs have been developed by numerous ready-mix concrete suppliers in
Pennsylvania. A typical mix utilizes Portland Cement, Ground Granulated Blast Furnace Slag
(GGBFS), Type A Fine Aggregate with gradation as noted in Table 2, and water. Two PennDOT
approved mixes are summarized in Table 3. Note that water to cement ratios of 2.0 to 3.3 are
typically used to achieve the low strength limit. These mixes are examined in the following
sections.
Table 3: Type A Fine Aggregate Requirements (PennDOT 408 2020)

Table 4: PennDOT Approved Flowable Backfill Designs
Mix
A
B
Portland Type I Cement Sp. Gr.
3.150
3.150
Slag Specific Gravity
2.900
2.900
Fine Aggregate Specific Gravity/Absorption
2.608 / 0.84
2.632 / 0.40
Water/Cement Ratio by Weight
3.299
2.300
3
Portland Type I Cement (lbs/yd )
50
40
3
Slag Cement (lbs/yd )
50
160
Total Cementitious Material (lbs/yd3)
100
200
3
Fine Aggregate (lbs/yd )
2438
2781
Total Water (lbs/yd3)
330
460
28 Day Compressive Strength (psi)
70
110
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10.4. FLOWABLE BACKFILL PLACEMENT
The new recommendation on flowable backfill alters the standard pipe culvert installation
procedure outlined in RC-30M. When flowable backfill is used, Step 6 described in Chapter 2.1
and in Figure 2 is specified. The flowable backfill details provided in the updated PennDOT 72M
RC-Drawings-30M (sheet 5 of 5) are reproduced in are shown in Figure 3 and Figure 4. Notes
listed in sheet 5 are provided below:
1. Provide materials and construct as specified in publication 408, sections 601 and 220.
2. Payment for the backfill envelope (aggregate, bedding and backfill or flowable backfill
material) and suitable material up to 12" above the pipe is incidental to the pipe.
3. Flowable backfill will envelop the last section of pipe or end section. Construct dike of
flowable backfill material as specified in special provision or provide formwork to contain
flowable backfill.
4. The flowable backfill detail replaces steps 6a, 6b, 6c and 6d on sheet 4 when flowable
backfill is specified.
 If drainage is required to maintain positive flow of water away from the trench, it must
be provided by use of properly designed granular or synthetic drains.
*Suitable = Material containing no debris, organic material matter, frozen material or
large stones with a diameter greater than 2 in. in size. Suitable material can only be used
as specified in publication 408, section 601.3(f)3.
As illustrated, flowable backfill is specified for a minimum of 10 ft on both the inlet and outlet of
the pipe. Conventional backfill is used between these sections. For larger diameter steel or
thermoplastic pipes exceeding 36 in. in diameter additional ground anchors are also required to
help resist failure.

Bridge Resiliency in Rain Events

117

Figure 56: Flowable backfill detail 1 (PennDOT, 2019)

Figure 57: Flowable backfill detail 2 (PennDOT, 2019)
As noted in PennDOT Publication 584 several end treatments are used. The end treatments are
typically designed to act as a retaining wall to keep the roadway embankment material out of the
culvert. In addition the end conditions can be designed to improve performance of the culvert,
ensure public safety during flood events, and control the amount of debris that can accumulate
(PennDOT, 2015). The end treatment can consist of a projected end of the pipe, a projected bell
inlet, a head wall, or a head wall with wing walls to direct the flow. End walls and end sections for
culverts are specified in RC drawings (PennDOT, 2010). The end section details presented in RC33M are reproduced in Figure 5. As illustrated in the details a 1:3 slope is recommended at the end
region. These details would improve the resilience of the culvert against severe rain events.
Consequently, the experimental program examines the case of a projected end.
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Figure 58: End section for pipe culverts
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11. CULVERT EXPERIMENTAL PROGRAM
The culvert was evaluated using the balcony water tank at Lehigh University. The water tank
measures (L:W:H) of 26:16:3 ft. The flow rate to the experiment can be maintained at a constant
rate (maximum 3.5 ft3/s) and the rate of flow is controlled by a valve. A temporary wood wall was
fabricated 2 ft away from the side wall of the steel tank to create the desired culvert fill width. The
assumption was made that the culvert trench would be subject to erosion while the undisturbed
soil adjacent to the trench would be resistant to erosion. The walls of the tank were covered with
plastic sheets to minimize leakage. Videos were taken using GoPros located upstream, downstream,
and at the top of the culvert to record the experiment.
Three experimental setups were developed:
1) Standard compacted embankment culvert
2) Sloped uncompacted embankment culvert
3) Uncompacted embankment with flowable fill
The details of each setup are outlined in the following sections.
11.1. COMPACTED EMBANKMENT FOR CULVERT
The embankment with culvert design was based on the PennDOT Publication 408/2020
(PennDOT, 2020) and PennDOT 72M RC-Drawings-30M (PennDOT, 2019). The laboratory
model configuration is shown in Figure 6. The dimension of the pipe culvert and the dimension of
the backfill were scaled with a ratio of 1/3, which was limited by the height dimension of the water
tank. The size of the aggregates (No. 2A Coarse Aggregate) was not scaled since the water velocity
achieved in the lab was beyond the critical velocity of the No. 2A Coarse Aggregate to initiate the
erosion, which was discussed in Task12 - Assessment of Erosion of Abutment Backfill, Chapter
1.1. The required slope of the end section of the embankment is noted by PennDOT as 1:3 (Figure
5). The test configuration, however, used an embankment slope of 1:2 to simulate an extreme
condition. This slope was decided on during an update meeting with PennDOT on 05/26/2021. An
8 in. pipe was used as the model culvert size. The pipe culvert was placed on a 2 in. uncompacted
No.2A coarse aggregate bedding placed on the bottom surface of the tank as required for
thermoplastic pipes in RC-30M (Figure 2). No.2A coarse aggregate was then dumped to bury the
pipe culvert. The No.2A coarse aggregate on the side was compacted using an APT 131/5214
Backfill Tamper, weighing 37.5lbs with a 6 in. butt. The material was placed in 4 in. lifts above
the pipe that were each compacted to non-movement. After that, 4 in. of No.2A coarse aggregate
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was dumped on the top of the pipe culvert without compaction. The No.2A coarse aggregate above
and on the side of the uncompacted layer was compacted in three 4 in. lifts to a condition of nonmovement. The dimensions of the aggregate placement were in accordance with the requirements
of RC-30M and were conducted at the 1/3 scale factor. The as-built configuration is shown in
Figure 6 and an image of the culvert embankment prior to testing is shown in Figure 7.
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Figure 59: Test configuration of the compacted embankment with culvert
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Figure 60: Compacted culvert embankment prior to testing
11.2. COMPACTED EMBANKMENT FOR 2° TILTING CULVERT
In the second setup, the pipe was sloped downward at 2° from the inlet to outlet and the material
around the pipe was lightly compacted to non-movement using the cast steel hand tamper. The
hand tamper was lifted about 3 to 4 in. and then slammed down to compact the soil. These two
conditions were expected to create a condition where the embankment would be more prone to
erosion and failure. The tilted culvert setup is shown in Figure 8. The dimension of the pipe culvert,
the dimension of the backfill were scaled with a ratio of 1/3. The pipe culvert was tilted with a 2°
angle (upstream side higher than downstream side) on an uncompacted No.2A coarse aggregate
bedding material at the bottom of the tank. The No.2A coarse aggregate was then dumped to bury
the pipe culvert. The No.2A coarse aggregate on the side was compacted using the hand tamper.
The material was placed in 4 in. lifts above the pipe that were each compacted to non-movement.
After that, a layer of No.2A coarse aggregate was dumped on the top of the pipe culvert without
compaction. The No.2A coarse aggregate above and on the side of the uncompacted layer was all
compacted for every 4 in. to a condition of non-movement. A photo of the setup prior to testing is
shown in Figure 9.
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Figure 61: Test configuration of the uncompacted embankment with 2° tilted culvert

Figure 62: Uncompacted embankment with 2° tilted culvert prior to testing
11.3. FLOWABLE FILL EMBANKMENT FOR CULVERT
The final setup examines the performance of flowable fill and its ability to prevent erosion of the
pipe culvert embankment. The flowable backfill embankment with culvert was detailed in
accordance with PennDOT Publication 408/2020 (PennDOT, 2020) and PennDOT 72M RCDrawings-30M (PennDOT, 2019). The end sections on the inlet and outlet were constructed with
flowable backfill. The middle part of the embankment consisted of the compacted #2A coarse
aggregate. The laboratory model details are shown in Figure 10. The dimension of the pipe culvert,
the dimension of the backfill were constructed at a 1/3 scale. Wood forms were placed before
pouring the flowable backfill. Wood forms (Form 1 to Form 3) shown in Figure 10 were used to
form the flowable fill. The bottom half of Forms 1 were installed and a 2 in. layer of No. 2A Coarse
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Aggregate was dumped between bottom section of Forms 1. and used to support the pipe culvert.
Pipe culvert was placed on the bottom of Forms 1. A steel all-thread bar was run from one end of
the embankment to the other through the center of the pipe (from Form 2 to Form 2) and used to
keep the pipe straight and the end forms rigidly attached. The top of the forms 1 was then installed.
Forms 3 were set and fixed to the side wood wall to provide the appropriate slope on the flowable
fill embankment. Gaps between wood forms and water tank were sealed with duct tape. No.2A
coarse aggregate was then dumped to bury the pipe culvert between the two upper Form 1 pieces.
The No.2A coarse aggregate on the side was compacted in 4 in. lifts to a condition of nonmovement using the hand tamper. Once the aggregate reached the top of the pipe, an additional 4
in. of No.2A coarse aggregate was dumped on the top of the pipe culvert without compaction. The
No.2A coarse aggregate above and on the side of the uncompacted layer was compacted in three
4 in. lifts to a condition of non-movement as shown in Figure 12. Flowable backfill was placed
between Form 3 and Form 1. Form 3 was removed after 1 day of curing as shown in Figure 11.
Forms 1 were kept in place and acted as a collar for the embankment.
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Figure 63 Test configuration of the flowable backfill embankment for culvert with forms
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Figure 64: Test configuration of the flowable backfill embankment for culvert with forms removed
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Figure 65: Construction of flowable backfill
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12. CULVERT STUDY MATERIALS
The materials used in the overall research program are presented in this section. Note that some
of the material results presented describe materials used in Task 1.1 and 1.2 of the program that
were only recently tested and are included in this report for completeness.
12.1. RELATIVE DENSITY MEASUREMENT
Vibrating table tests were conducted to determine the relative density of the aggregates
(embankment material and #8 coarse aggregate from task 1.2, and #2A coarse aggregate used in
task 1.3) based on the ASTM D4253 and ASTM D4254 (ASTM, 2006a, 2006b). A mold of 0.1 ft3
volume (6 in. tall x 6 in. diameter) was used for the vibrating table tests. The specific gravity (Gs)
was then determined based on the ASTM C127 (ASTM, 2015a). The specific gravity of
embankment material was determined as 2.68, the specific gravity of #8 coarse aggregate was
determined as 2.66, and the specific gravity of #2A coarse aggregate was determined as 2.70. The
properties of the embankment material, #8 coarse aggregate, and #2A coarse aggregate measured
during the vibrating table tests are summarized in Table 4.
Table 5: Aggregate properties based on vibrating table test
3

ρdmin,n (g/cm )
γdmin (kN/m3)
emax
ρdmax,n (g/cm3)
γdmax (kN/m3)
emin
Dr (%)

Embankment material
1.54
15.13
0.74
1.80
17.65
0.49
25.26

#8 coarse aggregate
1.47
14.42
0.81
1.70
16.66
0.57
14.34

#2A coarse aggregate
1.55
15.25
0.74
2.06
20.20
0.31
30.95

Where,
ρdmin,n is the minimum index density for given trial,
γdmin is the minimum -index unit weight,
emax is the maximum-index void ratio,
ρdmax,n is the maximum index density for given trial,
γdmax is the maximum-index unit weight,
emin is the minimum-index void ratio,
Dr (%) is the relative density, 𝐷𝐷𝑟𝑟 (%) =
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γd is the dry unit weight of the soil determined using sand cone test during the lab construction.
Relative density, Dr, is expressed as a percentage of the difference between the maximum index
void ratio and any given void ratio of a cohesionless, free-draining soil to the difference between
its maximum and minimum index void ratios (ASTM, 2006b). Relative density indicates the
compaction level of the cohesionless soil. The maximum void ratio, emax, of the soil, represents
the loosest condition of the soil. The minimum void ratio, emin, of the soil, represents the densest
condition of the soil. The classification of the soil according to the relative density is shown in
Table 5. Hence, the natural existing state of the #8 coarse aggregate (Dr = 14.34%) can be classified
as the very loose soil, the embankment material (Dr = 25.26%) and the #2A coarse aggregate (Dr
= 30.95%) can be classified as the loose soil. In this study, the #2A coarse is denser than the
embankment material and the #8 coarse aggregate, and the hydraulic conductivity of the #2A
coarse aggregate is lower than the embankment material and the #8 coarse aggregate (Task 1.1
Evaluation of Backfill Properties, Chapter 5). Higher relative density indicates a lower void ratio
in the natural existing state of the soil, which leads to a lower hydraulic conductivity of the soil.
Lower hydraulic conductivity, which will increase likely head differential between the upstream
and downstream sections of the embankment during extreme weather events. This larger
differential accelerates the process to reach the overtopping condition, which makes the backfill
materials more susceptible to erosion mechanisms.
Table 6: Soil classification according to relative density (Mitchell &
Soga, 2005)
Relative Density, Dr [%]
Classification
0 to 20
Very Loose
20 to 40
Loose
40 to 60
Medium Dense
60 to 80
Dense
80 to 100
Very Dense
12.2. AASHTO #2A COARSE AGGREGATE
Coarse Aggregate meeting AASHTO #2A requirements was used as the main material for the
culvert test program. The gradation, hydraulic conductivity, and maximum dry density of
AASHTO 2A coarse aggregate used in this project were previously investigated and summarized
in Task1.1 Evaluation of Backfill Properties, Chapter 5.
12.3. FLOWABLE FILL MIX DESIGN
Preliminary tests were conducted to determine the mix design of the flowable backfill in lab based
on the mix design from PennDOT Publication 408/2020, section 220.2k (Table 1). The absorption
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of the coarse aggregate was determined based on the ASTM C127 – 15 (ASTM, 2015a), and the
absorption of the fine aggregate was determined based on the ASTM C128 – 15 (ASTM, 2015a).
Materials (cement, slag, aggregate, and water) were weighed and mixed in a standard concrete
mixer. The slump of the flowable backfill was then measured followed the ASTM C143 (ASTM,
2015b). The flowable backfill cylinders were prepared and cured in molds for a day. The mold
(4x8 Gray Concrete Test Cylinder w/ Flat Lid, from Paragon Products) has the diameter of 4 inches
and the height of 8 inches. Compressive strength of the flowable backfill cylinders was tested in
accordance with ASTM C39 (ASTM, 2012) using a CONTROLS-Automax Multitest frame.
Mixes were developed based on the PennDOT requirements and sample mix designs previously
discussed in section 2.3. Mixes were fabricated using combinations of Type III Portland cement,
slag, #8 coarse aggregate, PennDOT type A fine aggregate and water. The #8 coarse aggregate
used in trial No.1 was the same material used for task 1.2 testing. The gradation properties of that
material were previously reported. The fine aggregate consists of Type A material. The measured
properties are summarized in Table 6. The mill certifications on the cement and slag are shown in
Table 7 and Table 8.
Table 7: Properties of fine aggregate
Bulk specific gravity (SSD):
Bulk specific gravity:
Absorption:
Uncompacted voids:
Rock compositions and order of abundance:
Sodium sulfate soundness
Alkali-silica reactivity (ASR), ASTM C1293
ASTM C1293 reactivity class

2.622
2.608
0.54
40
QS (Quartz sand):1; CH (Chert):2
2%
0.022
R0

Three mix designs were examined to develop a viable proportion for the lab experiments. Trial #1
was based on PennDOT Specifications (as noted in Table 1) and utilized #8 coarse aggregates
(Figure 13). Trial #2 was based on mix design A summarized in Table 3 and utilized a fine
aggregate. Trial #3 was based on mix design B summarized in Table 3 and also utilized the fine
aggregate. The three mix designs as well as their measured slump and compressive strengths are
summarized in Table 9. Mix No.1 provided adequate slump however the strength after 4 days
already exceeded the max allowable 28-day compressive strength of 125 psi. The water to cement
ratio was greatly increased and the ratio of Type III cement to slag was adjusted for trial No.2.
Trial No.2 resulted in a non-flowable material (Figure 14) and consequently strength cylinders
were not taken. Trial No.3 produced adequate slump and low strengths as required by PennDOT
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Publication 408/2020, section 220.2k (Table 1). The 4 and 9-day compressive strengths were
measured as 79 psi and 83 psi, respectively. The average 28-day compressive strength (two
cylinders 130/158 psi) was measured to be 144 psi. This marginally exceeds the maximum
allowable 28-day compressive strength of 125 psi. The system however was tested at an age of 5
days which correlates to an approximate compressive strength of 79.8 psi based on linear
interpolation of the cylinder test results. Thus, while the pipe tests were conducted within the
allowable compressive strength, the mix would need to be redesigned to produce a lower 28-day
performance. This can be achieved with a marginal increase in the w/c ratio.
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Table 8: Mill certification for Type III cement used
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Table 9: Mill certification for slag used
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Figure 66: Flowable backfill cylinders using mix trial No.1
Table 10: Trial Flowable Fill Mix Designs
1

2

3

Type III Portland

Type III Portland

Type III Portland

Cement [lb/yd3]

50

50

40

Slag [lb/yd3]

300

50

160

Coarse #8

Fine Type A

Fine Type A

2566

2302

2596

2334

2742

Aggregate MC

1.33%

1.45%

1.96%

Aggregate Absorption

1.17%

0.54%

0.54%

Water Required [lb/yd3]
Weight of Agg In-Situ
[lb/yd3]
Water on Aggregate
[lb/yd3]
Total Water to be Added
[lb/yd3]
Water Cement Ratio

170.5

613.8

460

2600

2348

3.99

13.81

166.5

600

0.49

6.14

2.30

7.0

0

7.25

4

Not Measured

4 / 9 / 28

510 ± 52

Not Measured

79 / 83 / 144±13

Trial
Cement Type

Aggregate Type
Aggregate Oven Dried
[lb/yd3]
Aggregate SSD [lb/yd3]

Measured Slump
Strength Age [days]
Strength [psi]
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2781
38.73
421.3
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Figure 67: Slump for trial mix No.2

Figure 68: Compressive strength measurement of trial No.3 flowable fill
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13. CULVERT STUDY EXPERIMENTAL RESULTS
Four experiments were conducted and are summarized in this section. Test 22 examines a baseline
embankment with culvert constructed in accordance with PennDOT recommendations. Test 23
examines the same embankment with an obstruction in the culvert. Test 24 examines a lighter
compaction level and looks at the implication of a sloping culvert. Test 25 looks at the performance
of the flowable fill.
13.1. TEST 22 COMPACTED EMBANKMENT WITH CULVERT - PIPE OPEN
The embankment was constructed as described in Chapter 3.1. The No.2A coarse aggregate was
placed as the bedding material (Figure 16), and the pipe culvert was placed on the bedding material
(Figure 17). The material above the pipe culvert was compacted to non-movement using the APT
131/5214 Backfill Tamper, 37.5# (6"Butt) (Figure 18). Sand cone tests were conducted during the
construction to measure the in-situ density of the No.2A coarse aggregate. The average measured
in-situ unit weight (γt) of the uncompacted #2A coarse aggregate were determined to be 106.8 pcf
(16.8 kN/m3). The average measured moisture content of the compacted #2A coarse aggregate
removed from the embankment was 1.77%. From this a dry unit weight (γdry) of 104.9 pcf (16.5
kN/m3) was determined. The average measured in-situ unit weight (γt) of the compacted #2A
coarse aggregate were determined to be 126.8 pcf (19.9 kN/m3). The average measured moisture
content of the compacted #2A coarse aggregate removed from the embankment was 1.52%. From
this a dry unit weight (γdry) of 124.9 pcf (19.6 kN/m3) was determined. On average this achieved
89% of the maximum proctor density.

Figure 69: Uncompacted bedding material (No.2A coarse aggregate)
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Figure 70: Pipe culvert installed on the bedding material

Figure 71: No.2A coarse aggregate compacted to non-movement using a backfill tamper
The experiment started with the pipe culvert open. Scour of the bedding material and the
compacted backfill around the pipe was observed when the flow rate was 0.27 CFS before
overtopping (Figure 19). The flow rate was gradually increased 2.4 CFS to achieve overtopping
(27 mins). Significant surface scour occurred after the embankment was overtopped (Figure 20).
Water flow was maintained after overtopping leading to gradual surface erosion of the
embankment. Erosion was observed on both upstream and downstream sides (Figure 21).
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Figure 72: Scour of the backfill material under the pipe culvert

Figure 73: Significant surface scour after overtopping
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Figure 74: Erosion of both upstream and downstream sides
13.2. TEST 23 COMPACTED EMBANKMENT FOR CULVERT WITH PIPE BLOCKED
The embankment after Test 22 was kept using in Test 23. The upstream of the pipe culvert was
blocked after Test 22 to examine a greater demand scenario for the embankment. Flow rate was
kept as 0.27 CFS throughout the experiment until overtopping (10 mins). Piping and the seepage
flow through the embankment were not observed during the experiment (Figure 22). Significant
surface scour occurred after the embankment was overtopped as shown in Test 22. The
accumulated surface scours on both upstream and downstream sides after Test 22 and 23 were
found after overtopping (Figure 23).
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Figure 75: Outlet view prior to overtopping indicating no piping through the embankment

Figure 76: Significant surface scour visible after overtopping (image taken post-test)
13.3. TEST 24 COMPACTED EMBANKMENT WITH 2° TILTED CULVERT WITH PIPE BLOCKED
Pipe culvert was tilted placed on the bedding material with the upstream side higher than the
downstream side. The No.2A coarse aggregate in the compacted area was hand compacted to nonBridge Resiliency in Rain Events
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movement with the compactor. Sand cone tests were conducted during the construction to measure
the in-situ density of the No.2A coarse aggregate. The average measured in-situ unit weight (γt) of
the uncompacted #2A coarse aggregate were determined to be 105.1 pcf (16.5 kN/m3). The average
measured moisture content of the compacted #2A coarse aggregate removed from the embankment
was 2.34%. From this a dry unit weight (γdry) of 102.7 pcf (16.1 kN/m3) was determined. The
average measured in-situ unit weight (γt) of the compacted #2A coarse aggregate were determined
to be 124.0 pcf (19.5 kN/m3). The average measured moisture content of the compacted #2A coarse
aggregate removed from the embankment was 2.09%. From this a dry unit weight (γdry) of 121.5
pcf (19.1 kN/m3) was determined. On average this achieved 86% of the maximum proctor density,
which was closed to (2% less) what was achieved using the Backfill Tamper.
The upstream pipe culvert was blocked to simulate the worse-case scenario at the beginning of the
test. The flow rate was kept as 0.29 CFS to slowly reach the overtopping (approximately 14 min.
to overtopping). Bedding material scour was found as the water level at the upstream side increased
(Figure 24). Scour occurred around pipe when the flow rate was at 0.38 CFS, but no piping or
seepage flow through the embankment were observed during the experiment (Figure 25).
Significant surface scour was observed on both downstream and upstream sides after the
embankment was overtopped (Figure 26The flow was kept running until most of the backfill
material was eroded (Figure 27).
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Figure 77: Bedding material scour under outlet

Figure 78 No piping or flow through the embankment in Test 24

Bridge Resiliency in Rain Events

143

Figure 79 Surface scour after overtopping on the downstream side

Figure 80 Erosion condition after completion of test
13.4. TEST 25 FLOWABLE FILL EMBANKMENT FOR CULVERT WITH PIPE BLOCKED
The flowable backfill embankment was constructed as described previously. Wood forms were set,
and No.2A coarse aggregate was filled and compacted in the middle of the embankment before
placing flowable backfill (Figure 28). Flowable backfill was mixed using the mix design No.3 in
the concrete mixer (Figure 29). Figure 30a and b show the flowable backfill embankment after
wood forms were removed.
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Figure 81: Wood forms setup and No.2A coarse aggregate placement

Figure 82: Flowable backfill mixed in the concrete mixer

Bridge Resiliency in Rain Events

145

(a)

(b)
Figure 83: Flowable backfill embankment (a) top view, and (b) downstream view
The pipe culvert was blocked during the experiment. The initial flow rate was set as the 0.77 CFS
to reach the overtopping and increased up to 2.48 CFS after overtopping (3 mins). The flow
velocity was measured as 1.8 ft/s on the top of the embankment and 3.5 ft/s on the downstream
slope. Piping and no seepage flow went through the embankment. Besides, surface erosion, slope
failure, and global failure were not observed on either the flowable backfill slopes or the middle
of the embankment made by compacted No.2A coarse aggregate (Figure 31). Overtopping was
kept under the high flood for 40 minutes, which was four times longer than any other tests
conducted before, and no failure was found (Figure 32).
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Figure 84: After overtopping

Figure 85: After 40 minutes of overtopping
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14. RECOMMENDED CULVERT CONFIGURATION
As shown in the experimental program compacted No.2A coarse aggregate constructed in
accordance with PennDOT Publication 408/2020, and PennDOT 72M RC-Drawings-30M
(PennDOT, 2019, 2020) provides good performance. The compaction recommendations can
effectively mitigate piping and seepage erosion before overtopping. However, significant surface
scour occurs after the embankment is overtopped. To provide resilience against erosion following
overtopping, flowable backfill, as specified in the PennDOT Publication 408/2020, and the
updated PennDOT 72M RC-Drawings-30M (sheet 5 of 5) (PennDOT, 2019, 2020) is
recommended for the end sections of the embankments with culverts. Compacted No.2A coarse
aggregate can be used in the mid-section of the embankment between the flowable fill end sections.
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