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Abstract
Traditionally, culverts are built with integral wing walls. This style of culvert has shown
consistent issues at the joint where the wing wall frames into the culvert bodies due to differential
settlement and inadequate reinforcement for the stresses that accumulate at this location. For the
purpose of this study, three culverts were constructed utilizing a design in which the wing walls
were completely separated from the culvert barrels and laterally supported by a tab that extends
from the culvert.
During construction, each tab was instrumented with vibrating wire earth pressure cells to
monitor the pressure that was induced within the tab. The wing walls were also instrumented to
monitor movement relative to the culvert. This data was used to develop an LRFD design
procedure that suggests a design load based upon the dimension of the wing wall along with the
height and soil properties of the backfill.
Based upon their geometry and suspected loading conditions, it was suggested that the tabs
extending from the culvert be designed as corbels in the manner laid out in the AASHTO LRFD
Bridge Design Specifications. This suggestion was validated following a year of data collection at
the three culvert sites. The observations made through this period also allowed for the conclusion
that the studied culvert design was effective at mitigating the issues that occur when constructing
the wing wall monolithically with the culvert.
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CHAPTER 1: INTRODUCTION

1.1

Introduction
Traditionally, cast-in-place reinforced concrete box culverts are built integrally with their

wing walls resulting in a monolithic structure. While this design is expedient due to being less
formwork intensive, it results in a concentration of stress where the wing wall joins the culvert. As
the structure settles, the difference in weight as well as bearing area of the two components leads
to a differential settlement between the culvert barrels and the wing walls. This differential
settlement, which can be exacerbated by scour, poor construction, and the out-of-plane flexibility
of the wall, causes a moment to occur at the aforementioned concentration of stress. To explain
this, the wing wall is considered to be a cantilevered beam which transfers moment to the body of
the culvert. The flexure which results from the differential settlement creates tensile stresses in the
extreme fibers which, in turn, lead to cracking, as shown in Figure 1-1. Depending on which
element settles more quickly, this distress can occur at either the bottom or top of the junction and
proliferate from there. This cracking reduces the effective cover of the reinforcement and can lead
to a host of issues, such as corrosion, spalling, and in extreme cases, failure of the wing wall.
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Figure 1-1: Distress at Wing Wall Connection to Culvert (Minton, 2012)
In order to mitigate this recurring problem, an alternative design, shown in Figure 1-2 and
Figure 1-3, was proposed by Alabama Department of Transportation (ALDOT). In the proposed
design, the wing wall is entirely separated from the culvert and supported on its own foundation.
This allows for the two components to settle and deflect independently, eliminating the issues
associated with differential settlement. To ensure the two structural elements continued to perform
jointly in resisting the loads associated with backfill, a tab was added to each corner of the body
of the culvert to serve as a horizontal bearing support for the wing walls. In this way, the wing
walls still benefit from the lateral stiffness of the culvert, but restraint is removed from what was
previously a concentration of stress. The result is a decrease in the probability of significant
cracking, meaning a design with improved durability and longevity.
2

Figure 1-2: Proposed Wing Wall Detail

Figure 1-3: Proposed Tab Detail

3

1.2

Objective and Scope
The objective of this research project was to develop a recommended design procedure for

the culvert tabs based on both the field observation of stresses induced within the tabs and the
predictions of analytical computer models.
The scope of work encompassed in this thesis is as follows:


Review of the existing literature related to both the stresses in culvert wing walls and their
causes.



Material testing of the concrete used for each culvert to determine representative moduli
of elasticity and further refine the accuracy of the analytical computer models.



Installation of earth pressure cells within the culvert tabs during construction to measure
the resulting loads.



Measurements of the pressure cells recorded periodically to detect patterns and determine
representative magnitudes of load.



Monitoring of gap width between the culvert tab and wing wall to track movement in two
axes.



Development of a design procedure to aid in the tab design of future culverts built in this
manner.
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW

2.1

Overview
As stated in the research proposal, titled “Culvert Wing Tab Design Loads” and submitted

to ALDOT by the Department of Civil Engineering at Auburn University in January of 2013, there
is a dearth of published studies regarding the loading of culvert wing walls. As such, the goal of
this literature review was to take a holistic approach toward understanding the various elements
that must be considered as contributing factors to said loading. Furthermore, relevant background
information was provided to add context to the purpose of this research study and introduce the
thinking that went into the selection of procedures used.
This section is organized as follows:
First, culverts are discussed in general, with an explanation of their purpose and component
parts, as well as a discussion on the justification for this research project. Because this research is
focused solely on concrete culverts, this is followed by a discussion of concrete, with an emphasis
on its various failure mechanisms. Then, as it is the primary source of the loading on wing walls,
an explanation of earth pressure and the way its magnitude is estimated and measured is provided.
Next, because the design procedure proposed in this thesis models the culvert tabs as corbels, a
brief introduction to corbels is provided. Finally, a discussion of the rationale behind the LRFD
factors chosen for the proposed design procedure is given.
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2.2

Culverts
The Federal Highway Administration (FHWA) publication, Hydraulic Design of Culverts,

defines a culvert as “a conduit which conveys stream flow through a roadway embankment or past
some other type of flow obstruction.” Because the hydraulic considerations in the design of a
culvert allow for more substantial headwater than when designing a bridge, culvert installations
typically feature a smaller opening than would a bridge in the same location, as illustrated in Figure
2-1. While the smaller opening allows for a smaller structure overall, it also raises concerns over
potential debris and the passage of aquatic organisms that must be considered in the design of the
culvert. The allowance of headwater also leads to concerns about potential flood damage (Schall,
Thompson, Zerges, Kilgore, & Morris, 2012).

Figure 2-1: Bridge versus Culvert (Schall, Thompson, Zerges, Kilgore, & Morris, 2012)
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If the considerations at a given location allow for the use of a culvert, however, the culvert
tends to be the more economical option. This is due to both the construction and maintenance costs
of culverts being less, in general, than they are for comparable bridges. It is important to note that
the National Bridge Inspection Standards (NBIS) considers culverts that extend beyond 20 feet in
span length to be bridges for the purposes of maintenance, which means that at this span length,
some of the relative economy of a culvert over a bridge is lost (Schall, Thompson, Zerges, Kilgore,
& Morris, 2012).
2.2.1

Culvert Materials
Culverts come in many variations and are thus adaptable to many applications. According to

Schall, et al. (2012), the primary materials used for culvert construction are: “concrete (both
reinforced and non-reinforced), corrugated metal (aluminum or steel), and plastic (high-density
polyethylene [HDPE] or polyvinyl chloride [PVC].” Historically, materials such as clay, stone, or
wood were also used, but this practice is much less common today. Typically, culverts are made
entirely of one material. The selection of this material depends heavily on the required strength,
cost of construction, and various hydraulic performance considerations (Schall, Thompson,
Zerges, Kilgore, & Morris, 2012).
2.2.2

Culvert Shapes
While culverts are constructed in many varied shapes, these shapes are broadly divided into

two main categories: closed conduit and open-bottom. Typical cross sections for closed conduit
culverts are shown in Figure 2-2 while typical cross-sections for open-bottom culverts are shown
in Figure 2-3.
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Figure 2-2: Commonly Used Closed Conduit Shapes (Schall, Thompson, Zerges, Kilgore, &
Morris, 2012)

8

Figure 2-3: Commonly Used Open-Bottom Shapes (Schall, Thompson, Zerges, Kilgore, &
Morris, 2012)
2.2.3

Reinforced Concrete Box Culverts
The three culverts constructed for the purpose of this research study were all cast-in-place

reinforced concrete box culverts and therefore discussion of this type of culvert will be the focus
of the remainder of this section. Information on the actual constructed culverts is found in
CHAPTER 3: Constructed Culverts.
The primary components of a cast-in-place reinforced concrete box culvert are shown in
Figure 2-4, which serves to provide context for the nomenclature used throughout this thesis.
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Figure 2-4: Components of a Box Culvert (Kerenyi, Jones, Goeden, & Oien, 2005)
2.2.3.1 Wing Walls
Culvert barrels are typically narrower than the channel the culvert spans. This contraction of
flow results in a loss of energy for the flow which can lead to the buildup of sediment at the culvert
inlet, as well as potential damage to the culvert from other hydrological consideration. To address
this, wing walls, shown in Figure 2-4, are typically constructed with a flare, or angle, relative to
the path of travel of the culvert barrels. This flare, as well as the beveling of corners, makes the
contraction of flow more gradual and, thus, reduces the aforementioned effects. The wing walls
also serve as retaining walls that maintain the integrity of the subgrade for any roadway that passes
over the culvert, as well as prevent backfill from obstructing the barrels of the culvert. (Schall,
Thompson, Zerges, Kilgore, & Morris, 2012). If no flare is used, these walls are then referred to
as head walls at the inlet of the culvert and end walls at the outlet. This is more typical for when
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the culvert sits well below the finished grade of the roadway (Center for Dirt and Gravel Road
Studies, 2004).
Figure 2-5 shows the appropriate terminology for the component parts of wing walls that are
used throughout this thesis. The wing walls in this project were designed as long-heeled cantilever
retaining walls, meaning the heel extends further than the toe.

Figure 2-5: Component Parts of a Cantilever Wing Wall (FHWA, 1999)
Non-Integral Wing Walls
The culverts constructed for the purpose of this project differ from the norm in that the wing
walls were not placed integrally with the barrels of the culvert. Unlike cast-in-place culverts,
precast culverts are segmented and assembled on site. As such, the wing walls in precast culverts
are similarly not placed integrally; thus, some states have codes that provide guidance regarding
the method of connection for wing walls to barrels. An evaluation of precast box culvert systems
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performed by the University of Florida provided a review of these state specifications. Given
below is a brief summary of some pertinent state requirements for non-integrally placed wing walls
taken from the aforementioned evaluation (Cook & Bloomquist, 2002).


Kansas requires all flared wing walls to be cast-in-place and have a special cast-inplace section for transition to the precast sections, although no explanation of the
details of this transition is given.



Louisiana uses standalone cast-in-place head walls with their precast culverts
although no insight is given into the use of flared wing walls.



Missouri requires that end components be integral with the barrels of the culvert



Nevada requires that all end components be cast-in-place and mechanically
connected to the barrels with dowels.



Pennsylvania requires cast-in-place end components to be mechanically connected to
the barrels with dowels.



Tennessee requires cast-in-place end components to be mechanically connected to
the barrels with dowels.



Washington requires that all end components be mechanically attached to the barrels.

The above summary highlights that, even among culverts with non-integral wing walls, the
three culverts constructed for this project were novel in that no mechanical connection to the
barrels of the culverts was provided.
Causes of Distress in Wing Walls
The impetus for this project was the frequent distress seen in wing walls at the location where
they frame into the culvert barrels. A master’s thesis by Minton (2012) discussed a thorough survey
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of the box culvert crack conditions in the state of Alabama which concluded that the intersection
of the culvert barrels and wing walls should be redesigned in order to mitigate the cracking at this
location.
Ahmed, et al. (2002) found that soil settlement is the largest factor that leads to cracks in
culverts. Figure 2-6 depicts how settlement can lead to damage in concrete structures. Figure 2-7
shows how differential settlement of the wing wall and culvert can lead to distress at the wing wall
support. The dotted line in this figure represents he original location of the wing wall prior to
settlement. As previously stated, the disparity of the masses of the culvert and wing walls, coupled
with the difference in bearing areas, leads to a potential for differential settlement. This causes a
concentration of stresses at the juncture of the culvert and wing walls, as well as throughout the
wing walls. This is exacerbated by the disparity between the flexibility of the two members, as this
juncture restrains the wing walls tendency toward out-of-plane deflection.

Figure 2-6: Structural damage due to settlement (Burland & Wroth, 1974)
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Figure 2-7: Distress in support of wing wall (Minton, 2012)
The separation of the wing wall and culvert through their foundation allowed for the free
rotation of the wing walls with respect to the culvert. This removal of the restriction on motion
alleviated the stresses associated with differential settlement as well as any possible stresses from
drying shrinkage.
2.3

Concrete
Concrete is defined as “a hard strong building material made by mixing a cementing material

(as Portland cement) and a mineral aggregate (as sand and gravel) with sufficient water to cause
the cement to set and bind the entire mass” (Merriam-Webster, 2016). The final product of this
mixture resembles a rocklike substance with significant strength in compression, but much lower
tensile strength. Due to this tensile weakness, in most structural applications it is necessary to
supplement the concrete with mild steel reinforcing bars which results in what is referred to as
reinforced concrete (McCormac & Brown, 2014).
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2.3.1

Mechanisms of Concrete Failure
As the goal of this research project was to address a common failure observed in the wing

walls of the standard culvert design, it is important to understand the factors that contribute to this
failure. There are many mechanisms through which concrete may fail, but this section will focus
on those that are of concern to the project at hand and explain why the cracking that has been
observed in the traditional culvert design is an issue that must be addressed.
2.3.1.1 Embedded Metal Corrosion
According to the Portland Cement Association, the corrosion of embedded metals is the
leading cause of concrete deterioration. The increase of steel volume that occurs due to precipitates
from corrosion, shown in Figure 2-8, leads to increased internal stresses in the concrete which in
turn can cause cracking (Portland Cement Association, 2014). The larger the ratio of concrete
cover to reinforcing bar diameter, the larger the amount of corrosion required to induce cracking.
The majority of cracks due to corrosion occur parallel to the reinforcing bars. In some cases, the
corrosion causes a portion of the concrete cover to completely disengage from the concrete
member, in what is called spalling (Emmons, 1993).

Figure 2-8: Reduction in Steel Section (Portland Cement Association, 2014)
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While corrosion causes precipitates that increase the volume of the reinforcing steel, the
diameter of the effective bar is reduced due to loss of effective bar cross-section, as shown in
Figure 2-8, thus reducing the overall capacity of the member. Furthermore, the cracking and
spalling that occur in the concrete reduce the effective cross section of the concrete which also
reduces the compressive strength of that member (Emmons, 1993).
Excessive cracks in a concrete structure increase the amount of reinforcing steel exposed to
corrosive environments and thus accelerate the deterioration of the overall structure, which
illustrates one of the reasons that led to the redesign central to this research project.

Figure 2-9: Embedded Metal Corrosion (Tullmin, 2001)

2.3.1.2 Concrete Disintegration
Several environmental factors can lead to the disintegration of concrete. This disintegration
is concerning on its own, but it also leads to a reduction in concrete cover of reinforcing steel.
This, as previously discussed, increases the susceptibility of the reinforcing steel to corrosion. As
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culverts will necessarily be exposed to water during their service life, these following mechanisms
are of particular concern.
Exposure to Aggressive Chemicals
There are five categories of aggressive chemicals that will attack various constituents of
concrete: inorganic acids, organic acids, alkaline solutions, salt solution, and miscellaneous. Acids
attack the concrete due to their reaction with the hydroxide present in the hydrated Portland
cement. This reaction produces water soluble calcium compounds which are leached away
allowing the aggregate to fall out. When limestone or dolomitic aggregates are used, the acid may
actually completely dissolve them (Emmons, 1993).
Freeze-Thaw Disintegration
Freeze-thaw disintegration only occurs if there is a cycle of freezing and thawing. Water
populates pores within the concrete and proliferates through capillary action. As the water freezes,
it expands and induces tension forces within the concrete that fracture the surrounding concrete
matrix. This cracking allows more water to enter into pores and the issue propagates. Due to the
poor thermal conductivity of concrete, the exterior of the concrete members is typically colder and,
therefore, this issue generally starts on the exterior and works inward. This typically occurs on
horizontal surfaces, or vertical surfaces at the waterline of water submerged structures (Emmons,
1993). This issue can be largely mitigated by ensuring that the concrete used has an appropriate
air content. All concrete placed for the purpose of this project was tested for air content by ALDOT
prior to placement (ALDOT, 2012). In areas where this is of particular concern, air-entraining
admixtures can be used in the concrete mix design.
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Alkali-Aggregate Reaction
Certain aggregates, such as reactive forms of silica, react with potassium, sodium, and
calcium hydroxide to create a gel around the reacting aggregates. When this gel is exposed to
moisture it expands which then induces tensions forces within the concrete similar to the forces
that occur during freeze-thaw cycles. Aggregate is typically tested to determine if it is reactive but
there is no easy was to determine if the aggregate is reactive based solely on silica content
(Emmons, 1993). ALDOT requires all aggregates used to come from approved sources that are
subject to rigorous oversight (ALDOT, 2005).
Sulfate Attack
Sulfates react chemically with the hydrated lime and hydrated calcium aluminate within the
cement’s paste. This reaction forms solid products with greater volume than the originally reacting
agents. Precipitates, such as gypsum and ettringite, expand, pressurize, and disrupt the paste which
causes disintegration and eventually deterioration. If sulfates are present in the clinker and the
concrete reaches a high in-place temperature during very early stages of hydration, delayedettringite formation, which is another manifestation of sulfate attack, may occur, although it
typically affects mass concrete or precast concrete members (Emmons, 1993).
Erosion
Erosion may be caused by cavitation or abrasion. Cavitation occurs due to the formation of
vapor bubbles that are generated by pressure changes within a high velocity water flow. The
bubbles flow downstream and when they reach an area of higher pressure, they collapse and cause
water to jet with extreme force at the surface below. This results in the erosion of the cement matrix
which leaves harder aggregates in place. If the velocities of water in question are sufficiently high,
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significant quantities of concrete may be eroded away. This is most easily avoided by producing
smooth surfaces and avoiding protruding obstructions to flow. Abrasion is the erosion of the
surface that is caused by rubbing and friction. This generally wears away the surface uniformly,
including cement matrix and aggregate alike (Emmons, 1993).
2.3.1.3 Moisture and Thermal Effects
The moisture content and temperature of both concrete and its surroundings have a
significant impact on the development of stresses within concrete. Understanding how concrete
will react to its environment is a crucial aspect of design and must be considered in order to
minimize the concentration of stresses at undesirable locations within a structure. The following
are some of the ways in which these issues can manifest.
Drying Shrinkage
When exposed to the atmosphere, concrete naturally loses some water through evaporation,
which causes the concrete to shrink. When the concrete is unrestrained, there is no buildup of
internal stresses. When the member is restrained against deflection, however, this causes internal
stresses to occur within the member. These stresses sometimes exceed the tensile strength of the
concrete and cause cracking. Correctly placed reinforcement steel can be used to control the size
of the cracks and distribute the stresses throughout the member (Emmons, 1993).
Moisture Content Induced Volume Change
Concrete changes length based on moisture content, as evident in drying shrinkage. Moist
concrete that dries out will shrink while dry concrete that encounters moisture will expand. This
effect is evident during the course of seasonal changes, as a hot, humid summer will cause concrete
to expand while a cold, dry winter will cause it to shrink. As discussed with drying shrinkage,
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restraint against this volume change induces stress within the concrete and can lead to cracking
(Emmons, 1993).
Temperature Induced Volume Change
Concrete, like all materials, changes volume due to changes in temperature. As the
temperature increases, so does the volume of concrete. Much like drying shrinkage, if a member
is unrestrained, this does not cause any internal stresses to occur, but if a member is restrained
against deflection, internal stresses will occur due to the change in volume (Emmons, 1993).
Early Thermal Cracking of Freshly Placed Concrete
As concrete hydrates, its temperature increases to a certain peak temperature, dependent
upon the ambient temperature when the concrete is placed. As it cools from this peak, it reaches a
point of zero-stress. As it continues to cool, tension can occur within the member. This heating
typically occurs within the first few hours of the concrete being placed, which means the concrete
has not yet built up significant tensile strength. Thus, this tension within the member can cause
cracking early within the life of the concrete. As stated, the zero-stress temperature is an artifact
of the conditions when the concrete set and thus, the higher the environmental temperatures at the
time the concrete sets, the greater the zero-stress temperature and the greater the potential
temperature difference. For this reason, concrete placed in the summer exhibits more severe
incidences of this stress mechanism. If the concrete later exceeds the zero-stress temperature, it
can also induce compression forces within the member (Emmons, 1993).

20

Thermal Movements in Existing Cracks
When cracks are already present, due to drying shrinkage for example, the movement of
these cracks can allow for thermal change strain to be absorbed. This does, however, reduce the
amount of movement at planned expansion joints (Emmons, 1993).
2.3.1.4 Load Effects
Structures are designed to support a certain load, be it self-weight or imposed load. Under
these loads, concrete typically deflects, cracks, and even spalls. Different loading states and
connections, however, may induce cracking in distinct patterns or locations as well as different
magnitudes of deflection. This is due to the different associated load paths, points of concentration,
end conditions, etc. Furthermore, if the structure is loaded beyond the design load, the associated
distresses will be emphasized.
Cracking due to load effects can be caused by flexure, shear, or a combination of the two. In
a simply supported span, flexural cracks occur around mid-span while the diagonal cracks that
form from a combination of shear and flexure occur toward the supports. In continuous structures,
flexural cracks also occur at the supports at the location of negative moment and diagonal shear
cracks occur in the areas where there is a transition from negative to positive moment (Emmons,
1993).
2.3.1.5 Faulty Workmanship
Finally, even when environmental and material factors are accounted for, it is important to
have a qualified team placing the concrete, as improper construction can lead to structural
deficiencies. This is also an important consideration during the design phase of a structure, as
increased complexity of a design increases the chances that the design will be executed poorly.
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The following are common examples of ways in which faulty workmanship can negatively impact
a structure.
Improper Reinforcing Steel Placement
Reinforcing steel is designed to carry the tension that occurs within a member. If the steel is
not placed correctly during construction, the tensile capacity of the member may be jeopardized.
Furthermore, misplacement of the steel may create a situation with insufficient cover which in turn
makes the steel more susceptible to corrosion. If the reinforcing steel is too congested, it may not
allow for the concrete to flow through the grate and thus a void will occur around the reinforcing
steel or there may again be insufficient cover. When a bend is present in a member, there may be
insufficient development of the steel if the ends are placed too close to the exterior, which could
in turn cause spalling to occur. Also, stirrups must be placed as designed or they may not pick up
the intended forces which can lead to failure of a member (Emmons, 1993).
Premature Removal of Forms
If the concrete has not reached its proper strength when formwork and shoring is removed,
the premature loading of the structure can cause excessive compression and tension stresses which
may cause cracking, excessive deflection, and possibly even collapse (Emmons, 1993).
Segregation
Segregation, or insufficient mixing of the various sized aggregates within concrete, can occur
due to over-vibration, improper handling of the concrete (such as pouring from too high an altitude
above the desired level), or incorrectly batched concrete. The result is that larger aggregate settles
at the bottom whereas the top portion of the concrete consists of excessive amounts of fines and
22

may have an excessive water-cement ratio. The placed concrete may lack the necessary strength
and may not be sufficiently durable (Emmons, 1993).
Improper Grades of Slab Surfaces
If a slab requires that it have certain slopes to aid in drainage, improper grading may slow
this process and even allow liquid to pond at low points in the surface. This ponding allows time
for water to saturate the concrete which in turn speeds along the distresses that coincide with
moisture effects. Also, if the water is not drained as quickly as needed, it provides more time for
the water to invade cracks and joints and again speeds along related distresses (Emmons, 1993).
Construction Tolerances
If a member is cast out of tolerance, it may lack adequate cover for the reinforcing steel or
adequate cross-section dimensions which can cause eccentric loading (Emmons, 1993).
2.4

Earth Pressure
The purpose of the culvert tabs that are the focus of this research was to provide an

impediment to excessive rotation of the wing walls. These wing walls were designed as longheeled cantilever retaining walls and as such, the primary lateral load of concern was that caused
by the backfill. It was necessary to understand the methods used to estimate the magnitude of
lateral earth pressures to develop a robust and flexible design approach. This section addresses
both the manner in which lateral earth pressure is calculated and the manner in which field
measurements of lateral earth pressure were recorded.
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2.4.1

Lateral Earth Pressure
Section 3.11.5.1 of the American Association of State Highway and Transportation

Officials (AASHTO) LRFD Bridge Design Specifications defines lateral earth pressure with
AASHTO LRFD Equation 3.11.5.1-1, shown below as Equation 2-1:

Equation 2-1

Where:
p

=

lateral earth pressure (ksf)

k

=

coefficient of lateral earth pressure (dependent upon classification of pressure)

γs

=

unit weight of soil (kcf)

z

=

depth below the surface of earth (ft)

The value of k is a ratio of the horizontal effective stress to the vertical effective stress
induced by the backfill loading and is a function of the shear strength of the soil. As stated above,
the selection of the design k value is dependent upon whether the pressure acting on the wall is
classified to be in the at-rest, active, or passive condition, which is determined by the amount of
deflection expected or allowed for the designed member. This also assumes there is no hydrostatic
pressure on the wall.
The AASHTO LRFD Bridge Design Code allows for the use of either of two methods, one
based on the Coulomb Theory and the other on the Rankine Theory, for calculating the value of k.
The Coulomb Theory, which is based upon force equilibrium, is used by default in AASHTO, as
it allows for there to be a frictional interaction between the soil and the face of the wall which
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interferes with the development of the failure wedge within the backfill. Rankine theory does not
account for this frictional interaction and thus should not be used when cohesive soils are used for
backfill. Rankine theory, however, may be used for long-heeled cantilever walls, such as the ones
studied in this project, and thus the two methods will be discussed (AASHTO, 2012).
What follows is an explanation of the distinctions between the pressure classifications and
how the various values of k are calculated by the two methods.
2.4.1.1 At-Rest Earth Pressure
The At-Rest Earth Pressure gives an intermediate magnitude of lateral earth pressure in
comparison to the three classifications. It is appropriate to use at-rest earth pressure for rigid
structures where deflection is not desirable. Typically, the addition of a backfill load would cause
some sort of deflection or rotation of the wall and thus a portion of the lateral component of the
load would be relieved. For the at-rest condition, however, it is assumed the total lateral component
of the naturally occurring loads due to the weight of the overburden soils must be resisted
(AASHTO, 2012).
For this condition, both Coulomb and Rankine methods calculate the coefficient of lateral
earth pressure for normally consolidated soils using the Equation 3.11.5.2-1 from the AASHTO
LRFD Bridge Design Specifications, shown below as Equation 2-2:
1
Where:
k0
’f

=

coefficient of at-rest lateral earth pressure

=

effective friction angle of soil (degrees)
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Equation 2-2

For over consolidated soils, the coefficient can be modified using Equation 3.11.5.2-2 from
the AASHTO LRFD Bridge Design Specifications, shown below as Equation 2-3:
Equation 2-3

1
Where:
OCR

=

overconsolidation ratio

However, the commentary in this section specifically states that it is common to not know
the OCR with enough accuracy use Equation 2-3 (AASHTO, 2012).
2.4.1.2 Active Lateral Earth Pressure
For both active and passive lateral earth pressures to be applicable, movement at the top of
the wall is required. Approximate ratios of these required movements relative to wall height are
given in Table C3.11.1-1 of the AASHTO LRFD Bridge Design specifications and reproduced
below in Table 2-1:
Table 2-1: Approximate Values of Relative Movements Required to Reach Active or
Passive Pressure Conditions (AASHTO, 2012)

Where:
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Δ

=

movement of top of wall required to reach minimum active or maximum passive

pressure by tilting or lateral translation (ft)
H

=

height of wall (ft)

For the active case, the wall deflects away from the soil pressure. This does not impact the
vertical stress related to the soil load, but decreases the horizontal stress to the minimum allowable
without failure, according to the Mohr-Coulomb Failure Envelope, the equation for which is given
below as Equation 2-4 (Coulomb, 1776):
Equation 2-4
Where:
τf

=

shear stress at failure (ksf)

c

=

cohesion of soil (ksf)

σ

=

normal stress (ksf)

For the active condition, the coefficient of lateral earth pressure for the Coulomb theory is
given by Equation 3.11.5.3-1 in the AASHTO LRFD Bridge Design Specifications, shown below
as Equation 2-5:
Equation 2-5
sin
In which Γ is given by Equation 3.11.5.3-2, shown below as Equation 2-6:

1

sin

sin

sin

sin
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Equation 2-6

Where:
ka

=

coefficient of active lateral earth pressure

δ

=

friction angle between fill and wall (degrees)

β

=

angle of fill to the horizontal

θ

=

angle of back face of wall to horizontal

The notations of δ, β, and θ are depicted graphically in Figure 3.11.5.3-1, reproduced below
in Figure 2-10.

Figure 2-10: Notation for Coulomb Active Earth Pressure (AASHTO, 2012)
The value of δ can be determined using Table 3.11.5.3-1 from the AASHTO LRFD Bridge
Design Specifications, which is reproduced below in Table 2-2.
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Table 2-2: Friction Angle for Dissimilar Materials (AASHTO, 2012)

The equation for the Rankine value for coefficient of active earth pressure is given below as
Equation 2-7 (Rankine, 1857):
45

Equation 2-7
2

It is typically assumed that the deflection at the top of retaining structures will be sufficient
to develop the entirety of the active lateral earth pressure (AASHTO, 2012).
2.4.1.3 Passive Lateral Earth Pressure
As with active lateral earth pressure, passive lateral earth pressure requires movement of the
structure to be activated. The magnitudes of this movement are significantly larger than those
associated with active pressure. Approximate ratios of the required movement to achieve passive
pressure relative to wall height are given in Table 2-1 above.
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Unlike the active case, wherein the movement of the structure is away from the soil pressure,
for the passive case, the structure moves into the soil. This does not impact the magnitude of the
vertical stress, but the horizontal stress increases to the maximum allowable without failure, as
discussed in section 2.4.1.2.
The Coulomb equation for the coefficient of passive lateral earth pressure is given below as
Equation 2-8 (Coulomb, 1776):
Equation 2-8
sin
In which Γ is given by the equation shown below as Equation 2-9:

1

sin

sin

cos

Equation 2-9

cos

Where:
kp
’f

=

coefficient of passive lateral earth pressure

=

effective friction angle of soil (degrees)

δ

=

friction angle between fill and wall (degrees)

β

=

angle of fill to the horizontal

θ

=

angle of back face of wall to horizontal

The notations of δ, β, and θ are depicted graphically in Figure 3.11.5.3-1 of the AASHTO
LRFD Bridge Design Specifications, reproduced above in Figure 2-10. The value of δ can be
determined using Table 3.11.5.3-1, which is reproduced above in Table 2-2.
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The equation for the Rankine value for coefficient of passive earth pressure is given below
as Equation 2-10 (Rankine, 1857):
45

Equation 2-10
2

2.4.1.4 Other Impacts on Lateral Earth Pressure
Effect of Groundwater
Typically, the horizontal pressure along the wall varies linearly with depth and creates a
linear distribution with an easily calculated resultant. When water is present, however, this is not
the case, as the effective unit weight of the soil must be modified at any depth below the water
table, thus resulting in a bilinear distribution. This is illustrated in Figure 2-11, reproduced from
Section 2.5 of the FHWA Reference Manual for Retaining Structures.
It is typical to specify that a free draining backfill be used and to design the structure to
include weep holes, which provide a path through the retaining structure for the water to drain and
thus relieve the wall of the hydrostatic pressures that would otherwise build up along the face of
the structure. In some instances, however, economic considerations lead to the use of locally
sourced cohesive backfill without free draining properties and these hydrostatic pressures must
then be accounted for in the design of the structure. In some cases, these hydrostatic pressures can
far exceed the lateral earth pressure. It may also be undesirable to allow water to drain through the
structure due to the impact on the settlement of adjacent structures (FHWA, 1999).
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Figure 2-11: Lateral Pressures for Static Groundwater Case (FHWA, 1999)
Effect of Surface Surcharge Loads
A retaining structure is responsible for the component of lateral load that results from the
placement of any mass in addition to the soil backfill. Unlike the soil backfill, the impacts of these
surcharge loads are often more difficult to conceptualize. These loads do not come into contact
with the structure and the load path taken through the soil is uncertain, making this impact more
difficult to estimate. In the case of evenly distributed surcharges that cover a significant area, it is
typical to treat this mass as an equivalent height of additional backfill and calculate the lateral
component accordingly. For other common surcharges, specifically point loads, line loads, and
strip loads parallel to the wall, Section 2.6 of the FHWA Retaining Wall Manual (1999) has
provided empirical methods, based on the work of French mathematician Joseph Valentin
Boussinesq, through which their lateral components may be estimated. These methods are
provided in Figure 2-12. Common examples of these surcharges relevant to this project include
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highways, electric/communications towers, and construction equipment. Note that these methods
were developed with the assumption of an unyielding wall which is conservative and yields nearly
double the values calculated in an elastic half space, thus their applicability may vary from project
to project (FHWA, 1999).

Figure 2-12: Lateral Pressure Due to Surcharge Loads (FHWA, 1999)
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Earth Pressures Due to Compaction
As it is necessary to compact the backfill in order to maintain the integrity of the road surface
subgrade, it is important to consider the additional lateral load that results from this compaction.
Because these loads can be substantial, it is common to specify lower compaction criteria for the
area of backfill immediately surrounding the wall. Due to the inelastic nature of soil, some of this
increased lateral load is present even after the compaction process is completed. The magnitude of
this change is dependent upon the compaction equipment and methods used, as well as the rigidity
of the wall (FHWA, 1999).
This increase of lateral load is most pronounced at the ground surface and by a depth of 18
feet, it has typically become negligible. This is evident in Figure 2-13, taken from Section 2.7 of
the FHWA Retaining Wall Manual and used to calculate the impact of compaction on the
magnitude of the lateral load. The dash-dot lines in Figure 2-13 represent the value of the At-Rest
Earth Pressure and the solid lines represent the increased values due to compaction. The circled
numbers on the solid lines are the values of
corner of the chart. For values of

calculated using the equation given in the lower left

not given, it is appropriate to interpolate. The dotted lines near

the top of the chart are representative of the fact that the impact of compaction is slightly larger
for cohesive soils near the surface. The table in the bottom portion of Figure 2-13 gives
multiplication factors for corrections that account for varying lift thickness, distance of compactor
from the wall, roller width, and friction angle of the compacted soil. As with the surcharge load
calculations, this method is based upon the assumption of a rigid wall and is therefore conservative
(FHWA, 1999).
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Figure 2-13: Earth Pressures due to Compaction with Rollers (FHWA, 1999)
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2.4.2

Full Scale Culvert Load Tests
A field investigation performed by the University of Nebraska observed the structural

behavior of a full-scale double barrel cast-in-place box culvert. Using 28 vibrating wire soil
pressure cells placed around the perimeter of the culvert, as well as 40 vibrating wire strain gauges
placed on reinforcement prior to installation, the researchers were able to measure the soil pressure,
moment, and deflection of the structure. Measurements were recorded from each instrument
following the placement of 2 feet of fill up to a fill height of 12 feet above the top slab.
Furthermore, live load measurements were recorded in two manners. Wheel load tests were
recorded by placing the rear axle of a test truck with a 22.8 kip load at 8 locations following each
2 feet of fill. After each 4 feet of fill, concentrated load tests were performed using a hydraulic
press. This was done to observe the distribution of live load through soil layers of increasing depth.
The live load measurements were then reduced by the corresponding soil load recorded at each fill
level so that the effect of the live load could be isolated (Abdel-Karim, Tadros, & Benak, 1993).
Figures depicting the moments measured in this investigation are reproduced below.
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Figure 2-14: Measured Moments due Only to Soil (Abdel-Karim, Tadros, & Benak, 1993)

Figure 2-15: Measured Moments due Only to Wheel Loads (Abdel-Karim, Tadros, &
Benak, 1993)
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While the culvert investigated by the University of Nebraska had wing walls, these were not
instrumented. Few full-scale load tests have been published, however, and several items of
pertinence to this current thesis were gleaned from this investigation. As is seen in Figure 2-14 and
Figure 2-15, significant moments were induced at the corners where the wing walls frame into the
culvert. Also of note is the fact that the smaller the amount of fill above the top slab, the larger the
effect of live load on this location. As the culverts constructed for the purpose of this current thesis
had less than 2 feet of fill above the top slab, it follows that repeated wheel loads over the service
life of these structures would induce moments at these corners which, when coupled with the
already complex loading state that results from the lateral earth pressure upon the wing walls,
could lead to cracking of traditionally built integral wing walls.
2.5

Corbel Design
A corbel is a “short (haunched) cantilever that projects from the face of a column or wall to

support a concentrated load or beam reaction” (Caltrans, 2003). An example of a corbel with
typical reinforcement is given below in Figure 2-16 which is a reproduction of Figure 8.15.5.8
from the Caltrans Bridge Design Specifications.

Figure 2-16: Corbel with Typical Reinforcement (Caltrans, 2003)
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The variables shown in Figure 2-16 are defined as follows:
An

=

area or reinforcement in corbel resisting tensile force, Nc

av

=

shear span, distance between concentrated load and face of support

As

=

area of flexural tension reinforcement

d

=

distance from extreme compression fiber to centroid of tension reinforcement

h

=

overall thickness of member

Nc

=

design tensile force applied at top of corbel acting simultaneously with V

V

=

design shear force at section

(Caltrans, 2003).

V
Nc

Figure 2-17: Proposed Tab Detail
Comparing Figure 2-16 with the proposed tab reinforcement, shown again above in Figure
2-17, it can be seen that the proposed tab design differs from a typical culvert in two key ways:
1. The lack of a tapering of the member at the face of the support
2. The lack of closed stirrups or ties
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Beyond these two items, the proposed tab detail is sufficiently similar to a corbel to analyze
it as such; however, these items are of concern when considering the provisions that must be met
in order to use the corbel guidelines provided by Caltrans. First, the lack of a tapering does not
constitute an inherent inability of the structure to resist the expected loads. If the tab itself is
sufficiently thick to meet the shear demand, this difference can be overlooked. Second, the stirrups
need not be closed if they have sufficient room to be developed fully, as is the case in the proposed
culvert tab design.
The guidelines laid out by Caltrans were compared to and found to be consistent with the
guidelines laid out by AASHTO (AASHTO, 2012). As Caltrans presents this information more
succinctly, the guidance of Caltrans is thus used moving forward. The provisions, taken nearly
verbatim from Section 8.15.5.8 of the Caltrans Bridge Design Specifications but with slight
alterations for clarity, are as follows:
1. The ratio of av/d must not exceed 1. The magnitude of Nc must not exceed the
magnitude of V. Distance d shall be measured at support.
2. Depth at outside edge of bearing area shall not be less than 0.5d.
3. Section at face of support shall be designed to resist simultaneously a shear Vu, a
moment Mu, calculated as [Vav +Nc(h-d)], and a horizontal tensile force Nu. These
forces are shown in a Free Body Diagram below in Figure 2-18. As shown, distance
h shall be measured at the face of support. Figure 2-19 gives a diagram of typical
corbel reinforcement to resist these loads.
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Figure 2-18: Corbel as a free body diagram (Mattock, 1976)

Figure 2-19: Typical corbel reinforcement (Mattock, 1976)
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4. Closed stirrups or ties parallel to the primary flexural reinforcement (As), with a total
area Ah not less than 0.5(As-An), shall be uniformly distributed within two-thirds of
the effective depth adjacent to As.
5. Ratio ρ = As/bd shall not be taken less than 0.04(f’c/fy).
Where
b

=

width of the tab.

For the purposes of this research, b is actually taken to be the width of a discrete
design strip of the tab, as shown below in Figure 2-20 with the thick black lines and
double-headed arrow.

Figure 2-20: Design strip of a tab
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6. At front face of corbel, primary tension reinforcement As shall be anchored by some
form of positive anchorage.
7. Bearing area of load on bracket or corbel shall not project beyond straight portion of
primary flexural tension bars As, nor project beyond interior face of transverse anchor
bar (if one is provided) (Caltrans, 2003).
2.5.1

Corbel Section Capacities
Per Caltrans, the section capacities of the corbel are as follows:
1. Shear strength, Vn, shall not exceed 0.2f’cbwd nor 800bwd in pounds. For shearfriction reinforcement perpendicular to shear plane, shear strength is computed as
shown in Equation 2-11:
Equation 2-11
Where
Avf

=

Area of shear-friction reinforcement across the shear plane

fy

=

yield stress of reinforcement

m

=

coefficient of friction, taken as 1.4 for concrete placed monolithically



AASHTO also requires that Vn not exceed the following:
i.
ii.
Where
K1 = fraction of concrete strength available to resist interface shear,
taken as 0.3 for concrete placed monolithically
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K2 = limiting interface shear resistance, taken as 1.8 for concrete
placed monolithically
Acv = area of concrete considered to be engaged in interface shear
transfer, taken to be b*d (in2)
(AASHTO, 2012)
2. Moment capacity, Mn, is calculated using Equation 2-12:
2

Equation 2-12

Where “a” is calculated using Equation 2-13:
a

=

.

Equation 2-13

3. Tensile capacity, Pnt, is calculated using Equation 2-14:
Equation 2-14
Where
An

=

Area of closed stirrups

Ultimate tensile load, Nuc, shall always be regarded as a live load and shall not be
taken as less than 0.2Vu unless special provisions are made to avoid tensile forces.


Per ACI 318 – 14, the treatment of this tensile load as a live load is due to the
large uncertainty involved in determining its magnitude, thus the use of the
higher load factor given for live loads (ACI Committee 318, 2014).

4. As shall be at least the greater of the following:


Af + An



2Avf/3 + An
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Where Af is the area of steel resisting moment, which in this instance is equivalent to
As.
(Caltrans, 2003)
2.5.2

LRFD Factors and Load Combinations
While the analysis and section capacities laid out by Caltrans coincided with AASHTO

LRFD, there were differences between the two in regards to load factors, resistance factors, and
load combinations. For the purposes of this research, the decision was made to defer to AASHTO.
For the purposes of this project, the tab of the culvert should be designed according to the
Strength I Limit State, as outlined in the AASHTO LRFD Bridge Design specifications. The
corresponding load combinations and load factors for these limit states is given in Table 3.4.1-1
of the AASHTO LRFD Bridge Design Code, which is reproduced below in Table 2-3: Load
Combinations and Load Factors Table 2-3. A thick black box has been added around the Strength
I Limit State to clearly indicate the relevant information. In instances where the expected dead
load is more than 7 times larger than the expected live load, the Strength IV Limit State is
appropriate; however, the only live load used in this analysis is the tension force, which is taken
to be 20% of the dead load, and thus this limit state will never apply.

45

Table 2-3: Load Combinations and Load Factors (AASHTO, 2012)

As seen in Table 2-3, except for live load, all of the relevant loads are multiplied by the load
factor for permanent loads, γp. The appropriate value of this load factor is determined through use
of Table 3.4.1-2 from the AASHTO LRFD Bridge Design Code, which is reproduced below in
Table 2-4. Live load is multiplied by a factor of 1.75.
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Table 2-4: Load Factors for Permanent Loads, ϒp

As seen in Table 2-4, both a maximum and minimum load factor is given for each load type.
It is appropriate to use the maximum load factor except in instances where the force effect of the
load in question decreases the effect of another load.
For the purposes of this research, At-Rest earth pressure was used in the analysis and thus,
the relevant load factor for Horizontal Earth Pressure would be 1.35. When Vertical Earth Pressure
factors into the analysis, the appropriate factor would be 1.00, as its impact would serve to reduce
the load on the tab being designed and this pressure is acting upon a retaining wall.
AASHTO gives a resistance factor of Φ = 0.70 for compressive capacities when designing
using a strut-and-tie model. Both the ACI and Caltrans guidance on the designing of corbels dictate
one resistance factor to be used for all capacities because failure of brackets and corbels is
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predominantly controlled by shear (ACI Committee 318, 2014). Because the factor of 0.70 is
conservative in comparison to all other resistance factors that could arguably be applied, it was
decided to follow this convention in the analysis performed on this project.
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CHAPTER 3: Constructed Culverts
This section provides information on the three culverts constructed for the purpose of this
research project. All three used a novel approach previously mentioned in this thesis wherein the
wing walls were constructed separately from the culvert as opposed to the typical practice of being
cast integrally with the barrels. This approach alleviated the distresses associated with differential
settlement. To allow for the now separated wing walls to take advantage of the stiffness of the
culvert in resisting the lateral earth pressures associated with the backfill, tabs were added to the
corners of the culvert which provided bearing support for the wing walls.
3.1

Chambers County Culvert
The culvert constructed in Chambers County crosses Whatley Creek on Chambers County

Road 258.
3.1.1

Important Dates and Construction Photos

Figure 3-1: Replaced Bridge in Chambers County
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N

Figure 3-2: Location of Chambers County Culvert (Google Maps, 2017)
Below is a list of significant dates during the construction and analysis of the culvert in
Chambers County, followed by a selection of photos showing the construction process.


June 29, 2015: The southern wall of the culvert was placed with the pressure cells
installed integrally in western tab.



July 6, 2015: The pressure cells were installed in the eastern tab of the southern wall
and the southern wing walls were placed.



July 21, 2015: The southern half of the elevated mat was placed.



August 24, 2015: The northern wall of the culvert was placed.
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August 27, 2015: Pressure cells were installed in both northern tabs and the northern
wing walls were placed.



September 9, 2015: The northern half of the elevated mat was placed.



January 12, 2016: Significant backfill had been placed but no pavement.



March 31, 2016: The pressure cell wires at Tab 3 were cut but still readable and a
measurement recorded during significant rainfall.



April 19, 2016: The first measurements after paving were recorded.



September 13, 2016: A 24-hr cycle of measurements was recorded.



November 17, 2016: All DEMEC studs and tell-tales were installed.

Figure 3-3: Workers construct formwork for southern end of culvert
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Figure 3-4: Formwork for embedded pressure cells

Figure 3-5: Southern wing wall formwork removed
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Figure 3-6: Formwork for northern half of elevated mat

Figure 3-7: All formwork removed
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Figure 3-8: Backfill completed

Figure 3-9: Paving completed
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3.2

Lee County Culvert
The culvert constructed in Lee County crosses a tributary to Halawakee Creek on Lee County

Road 156.
3.2.1

Important Dates and Construction Photos

Figure 3-10: Replaced Bridge in Lee County
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N

Figure 3-11: Lee County Culvert Location (Google Maps, 2017)
Below is a list of significant dates during the construction and analysis of the culvert in Lee
County, followed by a selection of photos showing the construction process.


January 14, 2016: The first visit to the site was made. Demolition of existing structure
had not yet been completed.



February 26, 2016: The culvert barrels were placed.



March 8, 2016: Pressure cells were installed in the eastern tabs of the culvert and
both eastern wing walls were placed.



March 22, 2016: Pressure cells were installed in the western tabs of the culvert and
both western walls were placed.
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August 29, 2016: Researchers were alerted that backfill was underway.
Measurements were recorded periodically, as well as with an approximately 40 ton
truck located near each tab location.



September 28, 2016: Backfill had been completed and a tack coat was placed in
preparation for the placement of a bearing surface.



September 29, 2016: Measurements were recorded after each lane of the bearing
surface was placed.



October 13, 2016: Initial DEMEC studs were installed.



November 4, 2016: Improved DEMEC studs were installed along with all 4 tell-tales.

Figure 3-12: Water flow redirected
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Figure 3-13: On-site water retention

Figure 3-14: Water flow redirected to construct western wing walls
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Figure 3-15: Completed culvert

Figure 3-16: 40 ton truck placed near tab
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Figure 3-17: Culvert in process of being paved

Figure 3-18: Paving competed
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3.3

Coosa County Culvert
The culvert constructed in Coosa County crosses Shelton Creek on Coosa County Road 68.

3.3.1

Important Dates and Construction Photos

Figure 3-19: Replaced Bridge in Coosa County

N

Figure 3-20: Location of Culvert in Coosa County (Google Maps, 2017)
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Below is a list of significant dates during the construction and analysis of the culvert in Coosa
County, followed by a selection of photos showing the construction process.


March 29, 2016: The first visit to the site was made. Formwork for both culvert walls
was already being erected and the necessary block out locations were explained.



April 7, 2016: The western wall of the culvert was placed.



April 14, 2016: The elevated mat of the culvert was placed.



May 4, 2016: The northern wing walls were placed without pressure cells placed due
to an error by the contractor regarding the placement of block-outs. The southern tabs
were chiseled away to make space for the pressure cells to be placed appropriately.



May 5, 2016: Pressure cells were installed in both of the southern tabs.



May 9, 2016: The southern wing walls were placed.



October 8, 2016: The first measurements post paving were recorded.

Figure 3-21: Workers construct formwork for barrels
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Figure 3-22: Workers install pressure cells in corrected block outs

Figure 3-23: Completed culvert
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CHAPTER 4: CULVERT INSTRUMENTATION

4.1
4.1.1

Tab Pressure
Field Measurement of Lateral Earth Pressure

The primary load concern for the purposes of this project was that associated with lateral earth
pressure. The magnitude of this pressure acting upon the tabs of the culverts was measured using
Model 4810 Vibrating Wire Pressure Cells manufactured by Geokon, Inc, shown in Figure 4-1.
This model was chosen because its intended use is the measuring of soil pressure on structures and
because the expected values of pressures predicted by the finite element models fell within the
applicable range and granularity of the sensors. Furthermore, the thin profile and 9 inch diameter
of the pressure cells fit well within the necessary area of the tab and did not add much complexity
to the construction process.

Figure 4-1: Model 4810 Contact Pressure Cell (Geokon, Inc., 2011)
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These pressure cells operate based on hydraulic principles. Two thin, round, flat plates were
welded together along their circumference and the gap between them was filled with hydraulic
fluid. The specific cell used for this research was made with one rigid plate for bearing against the
structure and on flexible plate which deforms according to the applied pressure. The flexibility of
the plate exposed to the pressure functions such that the external soil pressure is in equilibrium
with the hydraulic fluid between the plates. This fluid is connected hydraulically to a vibrating
wire pressure transducer which converts the pressure into an electrical signal through the use of a
plectrum that induces a corresponding vibration. This value is then transmitted through the
connected wires. Also, a thermistor located within the transducer which provides a value for the
temperature at the location of the cell. A depiction of this pressure cell is given in Figure 4-1
(Geokon, Inc., 2011).
Although it is typical to install these cells with the deformable face directly exposed to soil,
the aim of this project was not to measure soil pressure, but rather the pressure experienced by the
tab of the culvert. The cells were installed in the gap between the tab and wing wall and therefore
measured the magnitude of the pressure transferred into the tab through contact with the wing wall.
Review of literature did not uncover any previous attempts at using these pressure cells in a similar
manner; however, the use of a bituminous material to cover the deformable face of the pressure
cells ensured that the pressure applied to the cells was distributed appropriately and therefore it
was believed that this application of these cells was valid.
The measurements recorded from the pressure cells were given in digits which were then
converted to pressure values in both kPa and psf using the Equation 4-1 and Equation 4-2 (Geokon,
Inc., 2011):
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Equation 4-1
Where:
PLinear

=

Linear calculation of pressure (kPa or psf)

G

=

Linear gage factor (kPa/digit or psf/digit)

R1

=

Gage reading (digits)

R0

=

Initial gage reading (digits)

K

=

Thermal factor (kPa/°C or psf/°C)

T1

=

Temperature measurement from internal thermistor (°C)

T0

=

Initial temperature measurement from internal thermistor (°C)

S1

=

Barometric pressure at time of measurement (kPa or psf)

S0

=

Initial barometric pressure (kPa or psf)

Equation 4-2
Where:
PPoly

=

A, B, and C

Polynomial calculation of pressure (kPa or psf)
=

Constants provided for each individual cell based on laboratory testing

Because there was no reliable method to accurately determine the barometric pressure at the
locations of the culverts and because the pressure cells were embedded within the culverts, the
barometric pressure was assumed to be constant for the purpose of this research. The spreadsheets
used to calculate pressure for this project were used to determine that this assumption had minimal
effect on the magnitudes calculated.
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Each instrumented tab contained three pressure cells distributed through its height, as shown
below in Figure 4-2, with one placed 1 inch above the location of the cold joint at the bottom of
the tab, one placed 2 inches below the lowest point of the slope of the top of the tab, and another
placed directly in between the other two cells.

Figure 4-2: Post installed pressure cells
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In order to take measurements from the pressure cells, a handheld reader was connected via
alligator clamp to the five exposed wires of the pressure cells. The readout gave a temperature and
a digit value which was then used to calculate pressure.
Prior to the construction of the first culvert, two methods of cell installation were proposed:
embedded installation and post-construction installation. Each was utilized in the field in order to
determine the best method with which to proceed.
4.1.2

Embedded Installation
The embedded method of installation required that the pressure cells be attached to the

formwork, as shown below in Figure 4-3, so that they could be completely embedded in to the
concrete of the tab, as shown be below Figure 4-4. The cells were attached using steel wire so that
the wire could be cut when it came time to remove the formwork. Plastic cable ties were used to
ensure the cables would follow an appropriate path to the top of the tab.
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Figure 4-3: Formwork prepared for embedded installation of pressure cells
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Figure 4-4: Pressure cells embedded in culvert tab
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This method proved to be labor intensive due largely to the difficulty associated with the
added care necessary to place the formwork with attached pressure cells while navigating through
already placed reinforcing steel. There was also an increase in the difficulty of removing said
formwork.
4.1.3

Post-Construction Installation
The post-construction method of pressure cell installation, shown above in Figure 4-2,

involved using block-outs on the formwork, shown below in Figure 4-5, in order to create recesses
in the hardened concrete of the tab, shown below in Figure 4-6, into which the cells could be
installed using concrete screws. The cables were attached to the perimeter of the cells using zip
ties to ensure that the cables would not pass in front of the cells and affect pressure measurements.

Figure 4-5: Formwork with block-outs for post installation
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Figure 4-6: Recesses in tab for post installation
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The method of post-construction installation allowed for reusability of formwork and
resulted in an easier construction process overall in comparison to the embedded method of
installation. An added benefit of this method was that, unlike the embedded cells, the post installed
cells protruded a slight amount beyond the face of the tab which increased the likelihood of contact
with the wing wall registering as pressure on the cells. For these reasons, it was decided that the
post-construction installation method was the better choice; thus, it was utilized for all subsequent
installations on this project.
4.2

Gap Movement Measurement across Horizontal Face
The movement of the gap between the wing wall and tab on the horizontal face of each was

measured using a 200 mm Mayes demountable mechanical concrete strain gauge (DEMEC),
shown below in Figure 4-7. The DEMEC gauge has one fixed point and one movable point that
are set apart at a fixed distance by a rigid bar. The movable point allows for variability in the
distance between the two points and their separation is measured by the attached dial gauge.

Figure 4-7: DEMEC Concrete Strain Gauge
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To use the DEMEC, metal studs, with dimples that serve as receptacles for the two points on
the DEMEC, were installed a set distance apart into the concrete, as seen in Figure 4-8. The xmarks on Figure 4-9 indicate the approximate location of the studs on the culvert.

DEMEC Stud

Gap between
wing wall and tab

Figure 4-8: DEMEC Studs

Figure 4-9: Location of DEMEC Studs
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These metal studs were fabricated by sawing off small lengths of 3/8 inch threaded rod.
Dimples in these lengths were created using a drill press. The studs were installed by first drilling
two holes into the concrete using a template to ensure the proper separation, then filling the hole
with a quick setting epoxy, and finally placing the studs into the holes. Originally, the dimples
were created using a 3/32 inch drill bit, with this diameter allowing for the use of a setting tool to
create small indentations within the dimples for the placement of the DEMEC points when taking
readings. These studs, however, quickly showed signs of rust when installed and thus, it was
decided to fabricate new studs using a 1/16 inch drill bit and going deeper into the stud than was
previously done with the wider diameter. This allowed for the points of the DEMEC to seat upon
the perimeter of the dimple which decreased accuracy, but increased the repeatability of the
process while mitigating the effects of rust. A picture of the two types of installed studs is shown
below in Figure 4-8, with the top two being those with the larger diameters which show faint signs
of rust. This picture was taken at the culvert in Lee County as it was the only culvert where the
larger diameter studs were installed.
To take measurements with the DEMEC gauge, first a measurement was recorded from a
reference bar which allowed for the effects of temperature to be taken into account. Then, the
DEMEC gauge was placed into the metal studs and another measurement was recorded. The gauge
is read such that the smaller circle provides the first two digits of the measurement and the outer
circle provides the values of the last two digits. To get a value for the movement of the gap, the
Equation 4-3 was used:
∗
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Equation 4-3

Where:
Δ

=

change in gap opening with respect to initial gap width (mm)

R

=

measurement recorded from the studs installed into the concrete

Rref =

measurement recorded from the reference bar

k

=

constant representing the strain value of division on the dial (shown in Figure 4-7)

l

=

gauge length of the DEMEC used (200 mm)

d0

=

initial gap width (mm)

This method assumes that all movement between the studs is concentrated within the gap;
however, this is not necessarily the case. The movement of the concrete caused by temperature
change could change the distance between the studs without an impact on the width of the gap by
a magnitude large enough to be registered by the gauge used.
4.3

Gap Movement Measurement across Vertical Face
The movement of the gap between the wing wall and tab on the vertical face was measured

using tell-tales, as shown below in Figure 4-10. These were used in place of the DEMEC due to
the potential for larger displacements that fall outside of the range of the DEMEC. The tell-tales
provided a visual depiction of gap movement by attaching one half of the tell-tale to either side of
the gap, with the graduated half of the tell-tale overlapped by an indicator for the original location
of the center. Over time, the magnitude of the movement of the gap was quantified by reading
where the indicator aligned with the scale.
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Figure 4-10: Tell-tale
The tell-tales were installed by first marking the location of the tell-tale holes on the concrete
with a marker, such that the center of the tell-tale aligned with the gap. As shown above in Figure
4-10, only two screws were used to install the tell-tales due to the holes in the tell-tale being too
close for two holes to be drilled on one side without compromising the integrity of the concrete
between the two holes. A caulk gun was then used to fill the holes with silicone adhesive and a
screw was placed head first into each hole. Once the adhesive had set, the parts of the tell-tale that
would make contact with the concrete were also coated in adhesive and the tell-tale was placed
onto the screws and pushed flush with the concrete. Finally, a washer and nut were fixed onto the
exposed threads of the screws and hand tightened.
In order to track the movement of the gap, a photo of each tell-tale was taken during all site
visits that followed their installation.
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CHAPTER 5: RESULTS AND DISCUSSION

5.1

Overview
This section contains the charts created using the data collected from the pressure cells and

the DEMEC strain gauge. Also included is the procedure used for and results obtained from the
tests run on the concrete used during this research project. The raw data used in the generation of
these charts and tables is provided in Appendix A.
Note that only two tabs of the culvert constructed in Coosa County were instrumented due
to an error with formwork and a need to maintain the construction schedule.
5.2

Pressure versus Time
The charts in this section show the pressure measurements recorded at each pressure cell

over the course of data collection. The vertical scale of each chart is scaled to the maximum
pressure measured over the course of the entire project. The dataset displayed for each cell begins
from the measurement that was recorded when the cell was installed with the face open to air.
The legend in the top left corner uses a two character abbreviation to explain the significance
of each data set. The first character is either a ‘B’ to signify the bottom cell, ‘M’ to signify the
middle cell, or ‘T’ to signify the top cell. The second character gives the number of the tab that
contains the cell. The schematic of the culvert in the top right corner gives a reference arrow to
orient the culvert to cardinal directions, uses ‘≈’ to show the orientation of water flow beneath the
culvert, and the circle indicates the tab that is represented in the given chart. Finally, vertical lines
and text callouts are used to highlight key events that occurred over the course of observation.
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5.2.1

Chambers County

First measurement
following backfill

Measurement
recorded during
significant rainfall

First measurement
following paving

Figure 5-1: Chambers County Tab 1, Pressure versus Time

First measurement
following backfill

Measurement
recorded during
significant rainfall

First measurement
following paving

Figure 5-2: Chambers County Tab 2, Pressure versus Time
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First measurement
following backfill

Measurement
recorded during
significant rainfall

Northern half of
elevated mat placed

First measurement
following paving

Figure 5-3: Chambers County Tab 3, Pressure versus Time

Measurement
recorded during
significant rainfall

First measurement
following backfill

First measurement
following paving

Northern half of
elevated mat placed

Figure 5-4: Chambers County Tab 4, Pressure versus Time
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5.2.2

Lee County

First measurement
following backfill.
Maximum forced
with truck load

Measurement
recorded after paving

Measurement
recorded
following
significant rainfall

Figure 5-5: Lee County Tab 1, Pressure versus Time

First measurement
following backfill.
Maximum forced
with truck load
Measurement
recorded following
significant rainfall

Measurement
recorded after paving

Figure 5-6: Lee County Tab 2, Pressure versus Time
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First measurement
following backfill.
Maximum forced
with truck load
Measurement
recorded following
significant rainfall

Measurement
recorded after paving

Figure 5-7: Lee County Tab 3, Pressure versus Time

First measurement
following backfill.
Maximum forced
with truck load

Measurement
recorded
following
significant rainfall

Measurement
recorded after paving

Figure 5-8: Lee County Tab 4, Pressure versus Time
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5.2.3

Coosa County

First measurement
following paving

Figure 5-9: Coosa County Tab 1, Pressure versus Time

First measurement
following paving

Figure 5-10: Coosa County Tab 2, Pressure versus Time
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5.2.4

Pressure versus Time Discussion
Through visual inspection of the charts generated showing the change in tab pressure over

time, several things were inferred about the pressure acting upon the tab.
First, it was evident that until backfill was placed, the tab experienced negligible pressure
from the bearing force of the wing wall. Unfortunately, the culvert in Lee County was the only
culvert for which the contractors gave notice to the researchers that back fill was underway.
Because of this, it is likely that the largest magnitude of tab pressure at the culverts in Coosa
County and Chambers County were not recorded. The largest magnitude of pressure recorded in
Lee County, as well as in general for the project, occurred on August 29, 2016, when backfill
reached the required height prior to pavement. In addition to backfill, this measurement was
recorded with an approximately 40 ton truck load parked as close to each tab as possible. This was
done to exaggerate the surcharge load that would be associated with trucks carrying backfill and
associated with compactors. Measurements were also recorded during compaction; however, these
did not reach the same magnitudes.
Second, it was observed that the general trend over time, following the placement of backfill,
was a gradual reduction of pressure, trending toward zero. Certainly, fluctuations of load still
occurred within this time frame due to environmental factors, chief among them being rain, but
the culvert in Coosa County is the only culvert with an overall maximum pressure observed after
the placement of pavement. This is almost certainly because of the lack of communication with
contractors and the travel distance to Coosa County, which resulted in crucial measurements not
being recorded. It is likely that the maximum pressure in Coosa County went unrecorded. Aside
from the culvert in Coosa County, only Tab 4 of the culvert in Lee County (Figure 5-8) experienced
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a local maximum pressure after the placement of pavement. On January 9, 2017 during an extended
period of heavy rain, this tab experienced a pressure 17% higher than its previous maximum
pressure which was observed during backfill; however, this local maximum pressure was only
46% of the maximum pressure recorded for that culvert during backfill.
Finally, it was observed that the maximum pressure occurred most often at the bottom of the
tab. This observation is more clearly demonstrated in the following section.
5.3

Pressure versus Height
The charts in this section were generated using the same data given in the previous section;

however, on these charts, the data is presented in a way that allows for a visual representation of
the vertical distribution of the load acting on the tab and has been pared down by eliminating data
sets that were redundant. Each data line on the chart represents one set of measurements recorded
from each cell within the tab. Each data point on a line represents the height of a pressure cell. As
with the previous section, these charts are scaled to accommodate the maximum pressure recorded
over the course of the entire project.
The schematic of the culvert in the top right corner gives a reference arrow to orient the
culvert to cardinal directions, uses ‘≈’ to show the orientation of water flow beneath the culvert,
and the circle indicates the tab that is represented in the given chart. The legend beneath this
schematic indicates the importance of the date represented by each of the data sets. Each chart
includes the initial measurement, the key measurements indicated with vertical lines on the charts
in Section 5.2, and the latest measurement recorded. The charts generated for Coosa County
include all measurements due to the overall lack of them.
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5.3.1

Chambers County

Figure 5-11: Chambers County Tab 1, Pressure versus Height

Figure 5-12: Chambers County Tab 2, Pressure versus Height
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Figure 5-13: Chambers County Tab 3, Pressure versus Height

Figure 5-14: Chambers County Tab 4, Pressure versus Height
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5.3.2

Lee County

Figure 5-15: Lee County Tab 1, Pressure versus Height

Figure 5-16: Lee County Tab 2, Pressure versus Height
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Figure 5-17: Lee County Tab 3, Pressure versus Height

Figure 5-18: Lee County Tab 4, Pressure versus Height
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5.3.3

Coosa County

Figure 5-19: Coosa County Tab 1, Pressure versus Height

Figure 5-20: Coosa County Tab 2, Pressure versus Height
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5.3.4

Pressure versus Height Discussion
The charts in Section 5.3 Pressure versus Height show the pressure distribution along the

height of the tab at each discrete instance when a measurement was recorded. This provided some
insight into the way the wing walls moved in relation to the tab. Three general types of wing wall
movement were predicted as possibilities: uniform translation resulting in equal pressure at all cell
locations, rotation or flexure resulting in greater pressure at the bottom cell locations, and rotation
or flexure resulting in greater pressure at the top cell location.
The culvert in Chambers County displayed evidence in support of each of the three types of
wing wall movements. Tab 1 (Figure 5-11) showed a strong linear correlation in support of the
rotation which would place greater pressure on the bottom of the tab. Tab 2 (Figure 5-12) showed
evidence which predominantly supported this same rotation; however, on two instances, early
during construction and prior to the placement of backfill, the bottommost cell experienced a
pressure roughly equivalent to the cell placed in the middle of the tab. In both instances, the
topmost cell experienced significantly less pressure. If this was indicative of uniform translation,
it is possible that the unrestrained nature of the top of the tab, in relation to the heel and embedded
toe restrained bottom of the tab, allowed for more flexibility and thus a reduction in the induced
pressure. Tab 3 (Figure 5-13) showed evidence of rotation of the wing wall which resulted in a
linear distribution in which the greatest pressure occurred at the top of the tab. Comparing this
with the Pressure versus Time graph for the same tab (Figure 5-3) showed that this pressure
distribution occurred on September 15, 2015, which was during the construction of the culvert and
prior to backfill. Most of the discrete measurements recorded on this tab, however, support a
uniform translation, with the magnitudes at each cell location being roughly the same, albeit
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comparatively small. As with Tab 3, Tab 4 (Figure 5-14), showed evidence of translation;
however, it is noteworthy that Tab 4 experienced very little pressure in general.
The culvert in Coosa County displayed evidence of wing wall rotation about the horizontal
axis at all tab locations; for every measurement recorded, the bottom cell experienced the greatest
pressure and the pressure decreased with height. Tabs 2 and 3 (Figure 5-16 and Figure 5-17)
showed strong linear correlations which supported the assumed linear distribution used when
modeling lateral soil pressure. Tab 1 and 4 (Figure 5-15 and Figure 5-18) showed evidence of a
nonlinear distribution of pressure; however, the concavity was such that a linear approximation
was appropriate and conservative for design.
The culvert in Coosa County presented evidence of uniform translation as well as rotation
resulting in greater pressure at the top of the tab on Tab 1 (Figure 5-19); however, Tab 2 (Figure
5-20) showed a potentially unforeseen type of behavior for the wing wall wherein the center
portion of the wing wall bulged, resulting in a distribution where the pressure was greatest at the
central cell and nearly zero at both other locations. It is important to note the magnitudes of all
pressures in Tab 2 of the culvert in Coosa County were quite small and thus the effect of this
nonlinearity was minimal.
Although evidence for all proposed types of movements were observed, seven of ten
instrumented tabs predominantly exhibited evidence of wing wall rotation about the horizontal
axis which resulted in the greatest pressure being recorded at the bottom cell. Furthermore, both
of the tabs in Coosa County were among the three other cases and these both experienced
comparatively small pressures. These results, taken in total, suggest that the greatest pressure will
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occur at the bottom of the tab, but it is still important to provide reinforcement for potential
maximum pressures throughout.
5.4

Pressure Comparisons between Tabs by Location
The charts in this section again present the same data; however, rather than showing the

pressures occurring at a single tab, each chart represents a cell location and shows the data from
that location at each of the instrumented tabs at a given culvert. Unlike the previous charts, these
charts are scaled to accommodate the local maximum pressure in order to magnify the pressure
trends and more easily allow for the comparison of the trends observed at each cell height.
The legend in the top left corner uses a two character abbreviation to explain the significance
of each data set. The first character is either a ‘B’ to signify the bottom cell, ‘M’ to signify the
middle cell, or ‘T’ to signify the top cell. The second character gives the number of the tab that
contains the cell. The schematic of the culvert, typically located in the top right corner, gives a
reference arrow to orient the culvert to cardinal directions, uses ‘≈’ to show the orientation of water
flow beneath the culvert, and each tab is marked with a number to indicate how that tab was labeled
for this research.
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5.4.1

Chambers County

Figure 5-21: Chambers County Bottom Cells

Figure 5-22: Chambers County Middle Cells
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Figure 5-23: Chambers County Top Cells
5.4.2

Lee County

Figure 5-24: Lee County Bottom Cells
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Figure 5-25: Lee County Middle Cells

Figure 5-26: Lee County Top Cells
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5.4.3

Coosa County

Figure 5-27: Coosa County Bottom Cells

Figure 5-28: Coosa County Middle Cells
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Figure 5-29: Coosa County Top Cells
5.4.4

Discussion
The charts given in Section 5.4 illustrate that, although the magnitude of the pressure may

vary wildly, the trends in pressure follow roughly the same trajectory over time for each
comparable cell location in each tab at a given culvert location. These charts were magnified such
that the trends were more readily apparent on the culverts that experienced minimal load.
5.5

24-Hour Cycle Pressure Measurements
The charts in this section depict the pressure measurements recorded hourly over the course

of a 24-Hour period at Chambers County. Rather than depict the actual magnitude of the pressure
observed, these charts display the variation in the pressure in relation to the initial measurement.
The charts are scaled to accommodate the largest variation observed at a location and the data is
presented both in tab groupings and in cell location groupings.
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The legend in the top left corner uses a two character abbreviation to explain the significance
of each data set. The first character is either a ‘B’ to signify the bottom cell, ‘M’ to signify the
middle cell, or ‘T’ to signify the top cell. The second character gives the number of the tab that
contains the cell. The schematic of the culvert in the top right corner gives a reference arrow to
orient the culvert to cardinal directions and uses ‘≈’ to show the orientation of water flow beneath
the culvert. The graphs that depict the results in tab groupings use a circle to indicate the tab that
is represented in the given chart and those that depict the results in cell location groupings label
each tab with the number was assigned to each tab for this project.
5.5.1

Chambers County
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Figure 5-30: Chambers County Tab 1, 24-Hour Cycle
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Figure 5-31: Chambers County Tab 2, 24-Hour Cycle
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Figure 5-32: Chambers County Tab 3, 24-Hour Cycle
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Figure 5-33: Chambers County Tab 4, 24-Hour Cycle

Figure 5-34: Chambers County Bottom Cells, 24-Hour Cycle

101

Figure 5-35: Chambers County Middle Cells, 24-Hour Cycle

Figure 5-36: Chambers County Top Cells, 24-Hour Cycle
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5.5.2

Pressure Comparisons between Tabs by Location Discussion
These results illustrate that throughout the course of an entire day, barring rain, the variation

in tab pressure was comparatively minimal. These charts were generated using data collected from
the culvert in Chambers County over a 24-hour period starting at 5:00 AM on September 13, 2016.
The points plotted on the charts represent the change in pressure relative to the 5:00 AM value.
The top pressure cell in Tab 1 (Figure 5-30) experienced the greatest magnitude of variation
at that location, with the maximum change being an increase of 10 psf observed at 8:00 PM. While
this was a 25% change from the starting pressure, it is important to note that the top cell at this
location generally experiences very little pressure in general, as can be seen in Figure 5-1. For
further context, this change was equal in magnitude to 1.0% of the maximum pressure observed at
this culvert. Because the top cell is nearest to the surface, it follows that the concrete surrounding
it would be more impacted by the heat of the sun. This could, in turn, lead to a higher pressure
measurement by the cell if the concrete expands such that the joint between the wing wall and
culvert tab narrows. The increase in pressure held relatively stable from 2 PM until 8 PM,
suggesting there is a lag between the increase in environmental temperature and the increase in
pressure at the cell level.
The bottom pressure cell in Tab 2 (Figure 5-31) experienced the greatest magnitude of
variation at that location, with the maximum change being a decrease of 12 psf observed at 4:00
PM. This represented at 13% change from the starting pressure; however, as with Tab 1, it is
important to note that Tab 2 typically experienced very little pressure in general. This change was
equal in magnitude to 1.2% of the maximum pressure observed at this culvert. The pressure at the
top cell held relatively steady while the pressure at the other locations dropped starting at 9:00
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AM, following a brief period of increase for the pressure at the middle cell. That the top cell did
not experience a similar drop in pressure is partially explained by its proximity to the surface and,
therefore, increased susceptibility of the surrounding concrete to the heat of the sun.
The middle pressure cell in Tab 3 (Figure 5-32) experienced the greatest magnitude of
variation at that location with the maximum change being an increase of 27 psf recorded at 3:00
PM. This was also the largest magnitude recorded in general and represented an increase of 140%
from the starting pressure, which included a transition from negative pressure values to positive
pressure values, taken relative to the 5:00 AM measurement. Again, it is noteworthy that, as seen
in Figure 5-3, Tab 3 typically experienced very little pressure and that this pressure change was
equal in magnitude to 2.8% of the maximum pressure recorded at this culvert. A potential
explanation for this increase is that Tab 3 is the less shaded of the two eastward facing tabs and
thus, its face was the most exposed to the rising sun. The pressure began increasingly rapidly at
9:00 AM and continued at a near constant rate until 3:00 PM, at which point it decreased at a
similar rate. This was indicative of the same lag between external temperature and cell pressure
discussed for Tab 1. It was strange, however, that this large increase at the middle cell location
coincided with decreases at both other cell locations. Perhaps the expansion of the middle cell due
to heat created a bridging effect between the tab and wing wall and relieved the other two cells of
pressure throughout the course of the day.
The top pressure cell in Tab 4 (Figure 5-33) experienced the greatest magnitude of variation
at the location with the maximum change being an increase of 18 psf observed at 8:00 PM. This
pressure held relatively constant from 5:00 PM until 8:00 PM at which point it decreased at a
similar rate to that at which it had grown. This represented a 21% change from the initial pressure
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and a magnitude of change equal to 1.9% of the maximum pressure observed at this culvert. Like
all previous tabs discussed, it is important to point out that the pressures observed at Tab 4 were
minimal, which can be seen in Figure 5-4. Another noteworthy item about this chart was that the
middle cell experienced a similar trend in pressure to the top cell, while the bottom cell experienced
a decrease. A potential explanation was that the temperature increased similarly for the concrete
surrounding the two upper locations while the concrete surrounding the bottom cell was kept cool
by running water.
Figure 5-34, Figure 5-35, and Figure 5-36 showed that the trends of the pressure variation
were most similar across the bottom cells while the other two locations varied significantly. With
the variations being so comparatively small throughout the day, it was likely that this is due to
environmental factors, such as the degree of exposure to direct sunlight and atmospheric pressure,
which was neglected in this research. Atmospheric pressure typically varies by around 0.0435psi
daily (Mentzer, 2017). This range of atmospheric pressure corresponds to roughly 12 psf difference
in a given cell with all other things held equal, meaning the daily change in atmospheric pressure
could potentially explain the majority of this pressure variation. The similarity between the bottom
cells was perhaps explained by their proximity to running water which could serve as an agent of
cooling for the concrete surrounding these cells.
5.6

Gap Width
This chart depicts the change in the width of the gap between the wing wall and the culvert

tab at the top face of each. Each data point represents a change from the base measurement which
has been set to zero based on the date of installation. A positive value on this chart indicates a
widening of the gap while a negative value represents a narrowing of the gap. This assumes that
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all movement between reference points was concentrated within the gap, although this is not
necessarily true, as the expansion of concrete due to temperature could result in the reference points
being further away from each other while the gap has actually narrowed.
The legend in the top right corner indicates which data set represent the trend for each tab.
The schematic of the culvert, typically located in the top right corner, gives a reference arrow to
orient the culvert to cardinal directions, uses ‘≈’ to show the orientation of water flow beneath the
culvert, and each tab is marked with a number to indicate how that tab was labeled for this research.
5.6.1

Lee County

Figure 5-37: Lee County Gap Width
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5.6.2

Discussion
Figure 5-37 shows the change in the width of the gap between the wing wall and culvert tab

starting from the reference width that existed on November 4, 2016. Negative values indicate a
closing of the gap while positive values indicate an opening of the gap. It was theorized that the
gap movement would correspond to pressure changes experienced by the topmost cell, due to the
location of the gap measurements; however, attempts to find correlations were not fruitful. This
was likely due to the changes being on the order of hundredths of an inch while the studs were
fabricated in a way that does not allow for this level of accuracy.
5.7
5.7.1

Concrete Testing
Modulus of Elasticity Testing
As part of the overall project, a separate researcher, Pavel Voitenko, created finite element

computer models of each culvert to predict the loads experienced by the wing walls. In order to
refine these models, concrete samples were taken from each project placement and tested to
determine representative value of compressive strength (f’c) and modulus of elasticity (Ec) for each
of the culverts per ASTM Specification C469. The average values for each culvert can be found
in this section with the raw data provided in Appendix A.
5.7.1.1 Specimen Creation Procedure
During each concrete placement, three representative cylinders were created per ASTM
Specification C31, using a standard 12 in. tall cylinder mold with a 6 in. diameter. Each cylinder
was created using three lifts of roughly equal depth and each lift was tamped 25 times using a steel
rod prior to the next lift being added. Once all lifts had been completed, the perimeter of each
cylinder was knocked with a rubber mallet to work out any excess air bubbles and water. Next, the
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surface of the cylinder was screeded to ensure a smooth surface. The cylinder mold was then
capped and placed in a water filled box on site where it was left to cure for two days. After this
period had passed from the creation of a cylinder, it was then transferred to Auburn University
where the mold was stripped, the cylinder was marked with its date of casting and the location of
the project, and the cylinder was placed in the Auburn University moist curing room until 28 days
had elapsed from the date of casting.
5.7.1.2 Testing Procedure
Once a group of cylinders had aged to 28 days, they were removed from the moist curing
room, their surface was wiped dry, and they were tested per the standards set forth in ASTM C649.
A picture of the test set up with a cylinder and compressometer is shown below in Figure 5-38.
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Figure 5-38: Modulus of Elasticity testing
Once all of these runs were completed, the collected data was used to calculate a
representative value of the modulus of elasticity using Equation 5-1 (ASTM C469/C469M, 2014):
Equation 5-1

%
%

2
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0.00005

Where:
Ec

5.7.2

=

Modulus of Elasticity (psi)

P40% =

Target Load for each run (lbs)

P50με =

Average of recorded loads at 50 microstrains (lbs)

A

=

Cross-sectional area of cylinder (in2)

ε40%

=

Average of recorded strains at target load (in/in)

lg

=

gauge length of compressometer (in)

Concrete Test Results
Table 5-1: Culvert Concrete Averages

5.8

Summary
The broad lessons that can be learned from the information provided in the above charts are

as follows:


The greatest pressure in the culvert tab is likely to occur at the bottom of the tab



The greatest pressure in the culvert tab is likely to occur during the process of backfill



Over time, the pressure on the culvert tab trends toward zero



Daily variations in tab pressure are minimal but occur most predominantly in the
upper portions of the tab
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CHAPTER 6: RECOMMENDED DESIGN PROCEDURE
6.1

Overview
Considering that soil is the primary load source involved in the interaction between the wing

wall and culvert tab, a design procedure was developed which determined design loads for the
culvert tab based upon the dimensions of the wing wall and soil properties of the backfill while
considering two possible critical loading conditions. Following the determination of a design load,
the controlling load was used to design 1 foot tall horizontal strips of the culvert tabs as corbels
per the guidelines discussed in Section 2.5: Corbel Design.
6.2

Analytical Justification
Prior to developing a design approach, it was necessary to determine an analytical procedure

to estimate design loads that were theoretically possible and reasonably conservative in
comparison to the experimental values observed in the field.
6.2.1

Assumptions
To perform this analysis, at-rest lateral earth pressure was used as (a) it provides an

intermediate value of earth pressure and (b) the wall rotation magnitudes required to develop active
or passive pressure was not likely to occur.
The unit weight of concrete was conservatively assumed to be the following:


wc = 150pcf

Soil properties were assumed in keeping with guidelines laid out in AASHTO. The Iowa
DOT explicitly states conservative estimates for soil properties that align with these AASHTO
guidelines and with typical assumptions made in practice. These are as follows:
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Φ’f = 30°, angle of internal friction of soil



β = 10°, slope angle of backfill surface behind retaining wall



γ = 120 pcf, unit weight of soil

(IOWA DOT, 2013)
The friction factor for soil acting upon the concrete was taken from the FHWA Retaining
Wall Manual and is as follows:


tan(δ) = 45°

(FHWA, 1999)
6.2.2

Soil Load Determination
To estimate the loads acting upon the tab, it was necessary to first estimate the resultant

forces caused by the lateral earth pressure acting upon the wing wall. These were determined using
the following procedure, referencing the free-body diagram given in Figure 6-1:
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Figure 6-1: Wing Wall Free-Body Diagram
1. Height of wing wall, h, was expressed as function of its length, as shown in Equation
6-1:
Equation 6-1
Where
mwall

=

slope of wing wall height,

hi

=

initial height of wing wall taken at culvert support, ft

hf

=

height of wing wall at furthest point from culvert, ft

lw

=

length of wing wall, ft

x

=

distance along wing wall taken from culvert, ft
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2. Height of soil exerting pressure, Hsoil, was expressed as a function of the height of
the wing wall and assumed backfill slope, as shown in Equation 6-2:
tan

Equation 6-2

Where
=

dfooting
Bheel

=

depth of the footing, ft
width of wing wall heel, ft

3. The resultant force of the lateral earth pressure, P(x), expressed as a force per unit
length was determined as a function of the height of the soil and assumed soil
properties using Equation 6-3:
0.5

Equation 6-3

Where
k0

=

coefficient of at-rest lateral earth pressure,

1

The origin of these expressions given in steps 2 and 3 can be better understood by reviewing
Figure 6-2 below.
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Figure 6-2: Resultant forces from lateral earth pressure (FHWA, 1999)
4. The horizontal resultant force of the total lateral earth pressure acting on the wing
wall, Phwall, was determined by integrating the p(x) over the length of the wing wall,
as shown in Equation 6-4:
cos

Equation 6-4

5. The vertical resultant force of all earth pressure, Pvwall, was determined by integrating
the vertical component of the lateral earth pressure and the weight of the soil over the
length of the wing wall, using assumed soil properties, as shown in Equation 6-5:
Equation 6-5

sin
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6.3
6.3.1

Critical Loading Conditions
Wing Wall Translation
The first critical loading condition considered was that of out-of-plane translation of the wing

wall. For this scenario to occur, some sort of failure of the toe wall would be necessary; therefore,
the impact of the toe wall was neglected. Without the effect of the toe wall, there is nothing to
provide stability to the wing wall at the end furthest from the culvert in the event of a translation.
For this reason, it is conservatively assumed that all of the lateral soil pressure on the wall would
be transmitted to the culvert tab. If this scenario were to occur, the wing wall would likely have
failed and require rehabilitation; however, with the culvert tab being designed to withstand a
maximum loading of this nature, the damage to the body of the culvert itself would be mitigated,
unlike with integrally constructed wing walls.
To determine this maximum tab loading, the horizontal resultant force of lateral earth
pressure, Phwall, was converted to an equivalent linear distribution along the height of the tab,
similar to the distribution shown in Figure 6-3, as if the magnitude were the resultant force of an
earth load acting solely upon the tab, rather than the entire surface of the wall. The magnitude of
the base of this distribution was then used as the design force for each horizontal design strip of
the tab. This magnitude, ptab, was calculated using Equation 6-6:
2∗
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Equation 6-6

Phwall

p(x)

ptab

Figure 6-3: Wing Wall Translation Tab Loading
This technically produces a force per unit length, as with p(x), and thus must be multiplied
by the width of the tab. This width was 1ft at all locations. Table 6-1 below compares the
unfactored results of this analysis to the maximum forces observed in the field. Field observations
were recorded in psf, but considering the area of the pressure cell was less than 1ft2, these values
were conservatively assumed to be constant over an entire 1ftx1ft design strip of the tab, and thus
were converted to kips.
Table 6-1: Wing Wall Translation Analytical versus Experimental
Chambers
County

Lee
County

Coosa
County

Panalytical (kips)

6.4

4.7

6.6

Pexperimental (kips)

0.97

2.6 (3.8)

0.99

Of note, only the culvert constructed in Lee County was observed during the process of
backfill and this was when the maximum pressure within the parentheses and marked with an
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asterisk was recorded. When this pressure was recorded, a fully loaded dump truck, weighting
approximately 40 tons, was placed as near to each tab as possible. The effect of the truck could be
estimated by treating it as a surcharge, as outlined in Section 2.4.1.4.2, but as the observed pressure
was less than the pressure calculated through analysis, these steps were not taken. The value
outside of the parentheses was measures after backfill after the dump truck had been removed.
6.3.2

Wing Wall Rotation
The second scenario considered was rotation of the wing wall which would result in contact

between the culvert tab and wing wall at the top of the tab. Static analysis was performed
referencing the free-body diagram shown in Figure 6-4. For this scenario, the horizontal resultant
force of the lateral earth pressure was placed at the vertical coordinate of the centroid of the soil
load. The toe wall was taken as the fulcrum of rotation, but the soil loads upon the toe wall were
neglected. The vertical coordinate of the centroid of the soil load, , was calculated using Equation
6-7:
Equation 6-7

1
3
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Figure 6-4: Wing Wall Free-Body Diagram
The variables shown in Figure 6-4 are defined as follows:
R

=

the force transmitted from the wall to the tab

twall

=

thickness of the wing wall

ttoewall

=

thickness of toe wall

Btoe

=

width of toe

Bheel

=

width of heel

Hi

=

maximum height of wing wall

ht

=

height of toe wall

EV

=

vertical earth pressure, Pv

EH

=

horizontal earth pressure, Ph

The magnitude of R was calculated using Equation 6-8:
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0.5

0.5

Equation 6-8

Table 6-2 below compares the unfactored results of this analysis to the maximum pressures
observed in the field. Of note, only the culvert constructed in Lee County was observed during the
process of backfill and this was when the maximum pressure within the parentheses and marked
with an asterisk was recorded. When this pressure was recorded, a fully loaded dump truck,
weighting approximately 40 tons, was placed as near to each tab as possible. The effect of the truck
could be estimated by treating it as a surcharge, as outlined in Section 2.4.1.4.2, but as the observed
pressure was less than the pressure calculated through analysis, these steps were not taken. The
value outside of the parentheses was measures after backfill after the dump truck had been
removed.
Table 6-2: Wing Wall Rotation Analytical versus Experimental
Chambers
County

Lee
County

Coosa
County

Ranalytical (kips)

-16

-17

-11

Rexperimental (kips)

0.97

2.6 (3.8)

0.99

The negative values calculated in this process represent a reaction that acts opposite the
direction shown in the free-body, meaning there would be a tensile force on the tab. No such load
could be imparted upon the tab as the tab is completely separated from the wing wall and as such,
this load will not be used in design. This negative value is due to the large width of the heel which
bears a significant amount of soil weight to counteract the overturning that would be required for
this loading mechanism. It is still important to perform this check in design for cases where a
smaller heel is used. The larger magnitude of these loads also highlights the amount of force that
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occurs at this joint for traditionally built culverts with integral wing walls. Because the values
returned from the wing wall translation case controlled, these values were taken to be the shear
demand, V.
6.4

Design Procedure Results
Using the provisions outlined in Section 2.5.1, capacities for each of the three constructed

culverts were calculated using the sectional properties given below in Table 6-3.
Table 6-3: Culvert Tab Sectional Properties
Chambers
Lee
County
County

Coosa
County

Avf (in2)/ft

0.8

0.8

0.8

An (in2)/ft

0.4

0.4

0.4

As (in2)/ft

0.4

0.4

0.4

Ast (in2)/ft

0.9

0.9

0.9

f'c (psi)

4000

4000

4000

fy (ksi)
b (in)
d (in)
a (in)

60
12
5.75
0.60

60
12
6.75
0.60

60
12
7.75
0.60

These properties were taken from the design drawings, as explained below using Figure
6-5 and Figure 6-6.
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Figure 6-5: Wall Tab Detail Plan View

Figure 6-6: Wall Tab Detail End View
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As can be seen in Figure 6-5 and Figure 6-6, the area of shear resisting reinforcement, Avf,
comprised four legs of a #4 bar, which amounted to 0.8 in2. No stirrups were used, which is
reasonable considering the narrowness of the member, but a value for An of 0.4 in2, or half of the
bars active in shear, was used in order to determine the amount of steel that was active in resisting
tension, Ast, per the provisions given in Section 2.5.1. Moment-resisting reinforcement comprised
two legs of a #4 bar, thus As was taken 0.4 in2.
While test values of concrete compressive strength were determined for each culvert during
the course of this research, the f’c value of 4000 psi was specified on the design drawings and was
thus used in this analysis. The 60 ksi value of fy was also specified on the design drawings. The
value of b was taken to be 12 in./ft as this was the design width used for analysis. The only
dimension in which the three culverts differed was that of effective depth of reinforcement, d, due
to the difference in tab thickness at each culvert. This value was determined by subtracting the
typical 2 in. of cover from each of the tab thicknesses and half of a bar diameter. The value of “a”
was calculated using the equations provided in Section 2.5.1. Using this information, section
capacities were calculated using the equations provided in Section 2.5.1. As stated in Section 2.5.2,
all section capacities were reduced by applying a factor of 0.70.
Ultimate tensile load, Nuc, was taken to be 20% of the shear load, Vu. Ultimate moment, Mu,
was calculated as laid out in Section 2.5. Shear span, av, of each of the culvert tabs was
conservatively taken to be 10 in., determined by subtracting the 2 in. of cover from the 12 in. length
of the tab. The shear load, V, was multiplied by a load factor of 1.35 per Table 2-3, to determine
Vu.

123

Table 6-4, below, gives the results of these calculations for each culvert tab. As can be seen,
flexural demand controlled for each tab, but no tab failed under any of the design considerations.
Table 6-4: Section Demands and Capacities
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CHAPTER 7: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1

Summary
Three culverts were constructed utilizing a design wherein the wing wall was separated from

the culvert and laterally supported by a tab protruding from the body of the culvert. This was done
to mitigate issues that frequently arise in culverts constructed with integral wing walls due to
differential settlement and localized accumulation of stress at the joint where wing walls frame
into the body of a culvert. Earth pressure cells were installed in the tabs of these culverts to measure
the stresses that were induced within these tabs. Periodic data collection was performed and
showed that the tabs likely experienced the greatest pressure condition during the backfill and
paving portions of construction and that this initial spike gradually reduced over time, except when
environmental conditions, such as rain, lead to temporary spikes.
During construction of each culvert, concrete samples were taken and tested to provide more
accurate concrete data for the analytical computer models being built in tandem to perform more
rigorous analysis on the proposed culvert design.
Following the construction and monitoring of these culverts, an LRFD design procedure was
formulated which took into account the lateral earth pressure acting upon the wing walls and
considered two possible mechanisms of load transfer to the tabs. The values of structural demand
arrived at through this procedure were compared with the pressure values observed in the field to
gauge the validity of this approach.
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Finally, the culvert tabs were analyzed using the approach outlined for corbels in the Caltrans
Bridge Design Specifications to determine if the loads dictated by the aforementioned approach
resulted in a reasonable reinforcing demand.
7.2

Conclusions
The design analyzed in this research proved to adequately address the issues it was intended

to address. Removing the mechanical connection between the wing wall and culvert body
eliminated the cracking that is frequently seen at this joint. Furthermore, designing the wing walls
as independent retaining walls resulted in a design that minimally loaded the culvert tabs. While
the slightly more labor intensive construction necessitated by the increased intricacy of this design
may have caused a slight increase in construction costs, the mitigation of the issues faced by
integral wing walls presents an opportunity for cost savings in maintenance over the service life
of the culvert.
The design procedure recommended in this thesis yielded a reasonably conservative design
load and the practice of designing the culvert tab as a corbel resulted in a design that resisted these
prescribed loads with a reasonable amount of reinforcing steel. As such, it is the conclusion of this
thesis that the proposed design is efficient and worthy of continued use.
7.3

Recommendations
The conclusions of this thesis were based upon a relatively short period of observation and

thus it is recommended that the culverts continue to be monitored for any possible signs of distress
which may not yet be evident.
It is recommended that the suggested design procedure be implemented in the design of all
future culverts of this type. The design of the culvert tabs as corbels necessitates a slight shift in
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the configuration of reinforcing from that seen in the culverts constructed for this research;
however, the volume of steel necessary is not increased.
If future culverts of this kind are instrumented in a similar manner, it is recommended that
the importance of notifying the researchers prior to backfill be stressed even more emphatically.
This notification requirement was stipulated on the construction documents and was repeated to
the contractors often; however, two of three culverts were backfilled with no notification given to
the research team and the third culvert was roughly 75% backfilled when notification was given.
As seen in this thesis, this period of time produced the greatest pressure measurement and thus
monitoring of this period of time on future culverts could potentially change the findings of this
research.
It is also recommended that measures be taken to monitor the moment that is induced in the
reinforcing steel in both the culvert tab and the reinforcing wall near the culvert. This could perhaps
be done through the use of strain gauges attached to the reinforcing steel prior to installation. This
would allow for further refining of the design procedure of the culvert tabs and could give insight
into the bending condition of the wing wall. The bending of the wing wall becomes more of a
concern if the size of the wing wall heel is reduced and the likelihood of a rotation condition is
increased.
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Appendix A: Raw Data
Constructed Culvert Design Drawings and Boring Logs

Figure A-1: Chambers County Boring Logs

Chambers County

A- 1 -

A- 2 Figure A-2: Chambers County Boring Logs

A- 3 Figure A-3: Chambers County Design Drawings

A- 4 Figure A-4: Chambers County Design Drawings

A- 5 Figure A-5: Chambers County Design Drawings

Figure A-6: Lee County Boring Logs

Lee County

A- 6 -

A- 7 Figure A-7: Lee County Boring Logs

A- 8 Figure A-8: Lee County Design Drawings

A- 9 Figure A-9: Lee County Design Drawings

A- 10 Figure A-10: Lee County Design Drawings

Figure A-11: Coosa County Boring Logs

Coosa County

A- 11 -

A- 12 FigureA-12: Coosa County Design Drawings

A- 13 Figure A-13: Coosa County Design Drawings

A- 14 Figure A-14: Coosa County Design Drawings

A- 15 Figure A-15: Coosa County Design Drawings

Pressure Cell Calibration Data
Chambers County:
Table A-1: Chambers County Cell B1 - Serial Number 1504285

Table A-2: Chambers County M1 - Serial Number 1504284

A- 16 -

Table A-3: Chambers County T1 - Serial Number 1504286

Table A-4: Chambers County B2 - Serial Number 1517360

A- 17 -

Table A-5: Chambers County M2 - Serial Number 1517358

Table A-6: Chambers County T2 - Serial Number 1517359

A- 18 -

Table A-7: Chambers County B3 - Serial Number 1518127

Table A-8: Chambers County M3 - Serial Number 1518125

A- 19 -

Table A-9: Chambers County T3 - Serial Number 1518126

Table A-10: Chambers County B4 - Serial Number 1518128

A- 20 -

Table A-11: Chambers County M4 - Serial Number 1518129

Table A-12: Chambers County T4 - Serial Number 1518130

A- 21 -

Lee County:
Table A-13: Lee County B1 - Serial Number 1606017

Table A-14: Lee County M1 - Serial Number 1606020

A- 22 -

Table A-15: Lee County T1 - Serial Number 1606015

Table A-16: Lee County B2 - Serial Number 1606022

A- 23 -

Table A-17: Lee County M2 - Serial Number 1606023

Table A-18: Lee County T2 - Serial Number 1606024

A- 24 -

Table A-19: Lee County B3 - Serial Number 1606016

Table A-20: Lee County M3 - Serial Number 1606021

A- 25 -

Table A-21: Lee County T3 - Serial Number 1606019

Table A-22: Lee County B4 - Serial Number 1606018

A- 26 -

Table A-23: Lee County M4 - Serial Number 1606026

Table A-24: Lee County T4 - Serial Number 1606025

A- 27 -

Coosa County:
Table A-25: Coosa County B1 - Serial Number 1606031

Table A-26: Coosa County M1 - Serial Number 1606032

A- 28 -

Table A-27: Coosa County T1 - Serial Number 1606036

Table A-28: Coosa County B2 - Serial Number 1607328

A- 29 -

Table A-29: Coosa County M2 - Serial Number 1606035

Table A-30: Coosa County T2 - Serial Number 1606034

A- 30 -

Raw Measurements
Chambers County
Table A-31: Chambers County Raw Measurements B1

A- 31 -

Table A-32: Chambers County Raw Measurements M1

A- 32 -

Table A-33: Chambers County Raw Measurements T1

A- 33 -

Table A-34: Chambers County Raw Measurements B2

Table A-35: Chambers County Raw Measurements M2

A- 34 -

Table A-36: Chambers County Raw Measurements T2

Table A-37: Chambers County Raw Measurements B3

A- 35 -

Table A-38: Chambers County Raw Measurements M3

Table A-39: Chambers County Raw Measurements T3

Table A-40: Chambers County Raw Measurements B4

A- 36 -

Table A-41: Chambers County Raw Measurements M4

Table A-42: Chambers County Raw Measurements T4

A- 37 -

Table A-43: Chambers County Modulus of Elasticity Data

Table A-44: Chambers County Modulus of Elasticity Data

A- 38 -

Lee County
Table A-45: Lee County Raw Measurements B1

A- 39 -

Table A-46: Lee County Raw Measurements M1

A- 40 -

Table A-47: Lee County Raw Measurements T1

A- 41 -

Table A-48: Lee County Raw Measurements B2

A- 42 -

Table A-49: Lee County Raw Measurements M2

A- 43 -

Table A-50: Lee County Raw Measurements T2

A- 44 -

Table A-51: Lee County Raw Measurements B3

A- 45 -

Table A-52: Lee County Raw Measurements M3

A- 46 -

Table A-53: Lee County Raw Measurements T3

A- 47 -

Table A-54: Lee County Raw Measurements B4

A- 48 -

Table A-55: Lee County Raw Measurements M4

A- 49 -

Table A-56: Lee County Raw Measurements T4

A- 50 -

Table A-57: Lee County Modulus of Elasticity Data

Coosa County
Table A-58: Coosa County Raw Measurements B1

A- 51 -

Table A-59: Coosa County Raw Measurements M1

Table A-60: Coosa County Raw Measurements T1

Table A-61: Coosa County Raw Measurements B2

Table A-62: Coosa County Raw Measurements M2

A- 52 -

Table A-63: Coosa County Raw Measurements T2

Table A-64: Coosa County Modulus of Elasticity Data

A- 53 -

