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Abstract

Culverts are criticalhydraulic and transportation structures. They are often
subjected to complex load conditions such as badditth pressure and traffic live load.
Culverts may experiencéotal and differential soil settlement of underlying soils,
hydrostatic pressure, and aggradation/degradation scour. Any of these mayl&radde
usually in the form of crackingften immeliately after constructiorDne way to mitigate
this problem is to alter the wing wat-culvert connectionThis researclprojectfocused
on studying the behavior of a new tabbed wing sw@ltulvert connection design and
developing the design guidelinks it.

Three culverts with tabbed wing wad-culvert connection were constructed
Alabama During the construction, earth pressure cells were installed on each tab to
monitor the changes in the compression pressure that was generated within Thestab.
data was used to support the numerical resulisedicting the theoretical force normal to
the tab surface.

The failure mechanism of the wing wall was studied using alinear three
dimensionalfinite elementanalysis.A number of models withdifferent geometries,
material properties, design loads, and extreme events were dev&tqumpelanalysis was
used to replicate the construction process and model scour development. Distribution of

stresses normal to the contraction joint surface and mewnt of the wing wallwere



studied Theseresults were used to predict the maximum forces acting on the tab

overlapping surface and state after which the wing wall can no longer perform its function.
The design procedure for the new wing wall tab desigg\developedo articulate

with the AASHTO LRFD Bridge Design Specification014) Load and resistance

factors were determinagsingthe reliability based procedure involving variability of soil

and structure material parameters.
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Chapter 1. Introduction

Culverts play animportant role in highway infrastructure as hydraulic and
transportation structures. In certain conditiondverts may be more economically
attractive than bridges or provide resistanceigberstreamvelocitiesor resistance tae
loading Culvert failures areless critical in comparison toridge failures due to smaller
scale and location beneath the road embanknimtertheless, significant damage or
failure of the culvert component mayentupt highway servicg§Scanlon 2012)

Culverts as a type of hydraulic structunes distinguishedrom bridges by being
embeddednto the soiMNDOT 2000) Whenthe structure is more than-fiOwide in the
direction parallel to the roadway,i# classifiedasa speciatategory obridge(MNDOT
200Q Scanlon 2012)This definition corresponds tbe classification by ALDOT(2008
and FDOT(2011) except the maximum span length for a crlgbould not exceed 20ft.

The retaining structures located on both sides of the culvert at the waterway opening
are commonly referred to as wing walls and leg elemens of a culvert. The pmary
functionsof wing wallsareto hold the backfill from th entrance and protect the soil from
erosion(FHWA 1983) Unlike the culvert barrel, theing wallsare rarely directly affected
by traffic loads. The wing wall is usually cast-place andituatedat an angle to the box,
and theyare subjectetb less lateral soil pressure than a retaining wall of the same size.
Since the soil conditions are unique for each site, specifically desi¢gjReding wdls are

recommendedFDOT 2011) but can also bgrecast Wing walls may or may not be



attached to the headwall. However, for large culverts, the headwalls and wing walls should
always be ggarated by a structural expansion jqiRHWA 1983)

During ther service life, bridge type culvertse exposetb cycles of traffic load,
hydrostatic pressures, and ramiform soil pressures which can resultdamageof the
structural components and loss of serviceability. Since the backfill soil usually consists of
different layered components (various typessoii), there is a probability of uneven
settlement under the applied load. These deformations are often the cause of crack
formation in culverts. Because of contact with the water under the roadway, these structures
are subject to constant deterioratiamdaherefore musbe designedconstructed and

maintained appropriateffscanion 2012)

1.1 Problem statement
Cracking along the veadal wing joint in newly built culvertsvas recently reported
in Alabama(ALDOT 2012a) The culvert, lcated on AL49 neabadeville has cracked

along the wingto-tab joint after constructiorF({gure1-1).

Figure 1-1. Culvert distress on AL 49 near Dadeville, AL

A secondculvert near Centerville, cracked after ttoemwork was removednd

before backfill was placed-{gure1-2). Uneven settlement of the sédlundationunder



the culvert and wing wall, as well as inappropriate/inadeqgouateg were reported as

possible reasorfer therapidcrack formation after construction.

Figure 1-2. Culvert distress near Centerville, AL

Substantiakracking shownin
Figure 1-3, was noticed during an inspection of the large culverd561.36
located 12 miles east of U0 near Mitchell, IN Part of the wing wall rdhmany stress
cracks at both ends/entrances o #tructure. The vertical crack propagation led to the
total failure of the wing walto-culvert connection. More cracks through the slab top at the
northeast sidevere indicatedd ur i ng i nspection withinthe m;:

(INDOT 2012)

Figure 1-3. Large Culvert 50-47-51.36



Consideringthese distresses dhe joint between headwall and wing wall new
design proposetb disconnect the members to eliminate the stress transfer between them.
The projectdescribedereinis a part ofa largeroverall effort by the Alabama Department
of Transportation (ALDOT) to investigate a new method of culvert construction in
response @ crack formation often seen in newly built culverts immediately after

construction.

1.2 Objectives
Theproposed solution to th@oblem of cracking along the wirtg-culvert jointis
by involves changing both th#ooting width and the wing walio-culvert connection
(Figurel-4). Thenewdesign eliminatethe connection and leasthe wing wall to deflect
sepaately from the barteas cantilever retaing wall with a pinsupport along one side.
The objectives of this study wete
1. Determinethe mechanism that causes cracking at the culvert to wing wall
connection
2. Determine the critical stress distributionthe culvert wing tab surface
3. Develop an LRFD design procedure for the culvert wing tab to determine
dimensions and reinforcing steel details

4. Develop reliability factors for the design procedure
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Figure 1-4. Front and plan view of the wing wallto-culvert joint

1.3Scope of Work
The research objectives were accomplished by the following scope af work
1. A detailed literature reviewas conducted
2. Three dimensiondinite element analysis was used to simulate culvert
construction
a. Numerical modelsvere developetbr three constructed culverts
b. Stresses and displacemewesre determinedlong the tab surface for
different stages of construction
c. The procedure to evaluathe magnitude of shear force acting on the tab
surface was developed using the results of numerical simulation
3. To evaluate the numerical mogdtde verificationwas performeavith theoretical
solutions and laboratory tests
a. Lateral earth pressudistribution

b. Behavior of interface element



c. The material model was calibratedsimulate the behavior of filling
material realistically
4. A field study was conducted in parallel to determinestinessson the culvert tab
at full scale under real conditions
5. The results of tasks3 were used to develop a design procedure based on treating
the culvert tab as a corbel
6. A reliability studywas conducted
a. Sensitivity analysis was performed to determine the impact of dimensions
of the structure and main design nieteparameters
b. The structural performance of three constructed culvwatsevaluateth
terms ofreliability index
c. The load and resistance factarsre calculatedor the culvert tab design

using reliability procedure



Chapter 2. Background and Literature Review

2.1. Overview
Structural behavior ofulvers under various loads depeswh thecategoryof the
culvert Culvertsare categorizeds arch, box, circular and masoiBcanlon 2012)
Theshape ot culvertdependsnostlyon hydrostatic conditions but mosttyn depth
and headwall elevation. All culverts mbg dividednto five main groupgALDOT 2008;
ConnDOT 2000)

A PipeArchi not atypical structuralshapethatis mostly used for limited clearness
and cover height. Usualljadewith the same materials ascular.

A Archesi bottomless, arcishaped structures witkatural stream bottonCastin-
placeconcrete is preferablenaterial.

A Box Sectiori rectangular or square (CIP or precast concrgtess sectiosanbe
adjustedio any site conditiondBecause of angular corners, box cresstion is
not hydraulically efficient in comparison with a circular.

A Multiple Barrelsi commonshapefor wide waterwaysor low embankment. The

walls between openings may cause clogging by catching debris.

Culvertsare typically madef reinforced concretéConnDOT 2000) However,
stee| and more recentlyolyethyleng and reinforced plastiare usedin accordance with
Coghlan, B. K(1916)wooden,castiron, vitrified clay pipe and stonéox culvertswere
usedin constructionConcrete culverts, either castplace (CIP) or precast, goeeferable
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over other materials due to relatively high resistance to applied loesistance to
environmental hazards (such as corrosiorteonperature changes during fre¢zaw
periodd and low maintenance cogisDOT 2011)

Dependingon the complexity of the desigooncrete culverts can lm®nstructed
with precast members castin-place While precasisectionsare standardizedegarding
thar shapeand the size, cagst-place concrete construction can be specially designed to
meet thein-situ requirements. Unlike precast, whiee producedfor severalspecific
strength classes, CIP box culverts barmanufacturetbr various load and environmental
conditions. In thecaseof CIP constructionbox culverts are usually built on site using
readymixed concrete. Thus, the structure barconstructedithout joints thateducethe
risk of corrosion(ConnDOT 2000; KYTC 2011) Since CIP culvertare designedor
specific loadconditions additional reinforcement cadre placedn high stres$ocations

A number ofcases otarly cracking of the structural components of culveréese
reported as well as techniques to analyze the behavior of the damaged strSciumes.
culverts were instrumentexhd rehabilitated recentfAhmed, B. et al. 2003; Hurd 1991;
IODOT 2013; Musser 1995kinite elementnodelingwas used along with laboratory tests
to investigate the behanr of these culvertsTo understand the reasons that lead to
structural distress numerical analysis was repeated multiple times for different material

properties and load combinations.

2.2. Background

2.2.1. Earth pressure theory
Standaloneculvert wing walls are retaining structgréhat protect backfill from

eroding into the culvert entrandBeing fully disconnected from the culvert bayrbleir
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behavior is similar to cantilever retaining walls. To properly design and construct these
structuresthe lateral earth pressure acting on the retaining structures from the sdiemust
predicted The lateral earth pressure estigiatbasedn the state of plastic equilibrium as
defined by the Rankin€Rankine 1857)and the assumption that tlaetive pressure
develops in the soil on the heel side of the wall and the passive pressure on the toe side.
The passive and active pressure develop witfficient wall movement so that the full
shear strength of the backfill soil occiHuntington 1957)The third type ofoil pressure
acting on the buried structures isRést earth pressure which requires no wall movement.

The lateral earth pressures ¢anexpresseds

s, =K @ Equation2-1

where:
, | effective normal stress on the bage: [ 30
[ T unit weight of soil
H 1 depth below the surface of earth
KT coefficient of lateral earth pressure

The coefficient of lateral earth pressure expresses the ratio oéftibetive
horizontal stresses to theffective verticaktress. After natural or artificial compaction of
backfill, the value oK takes the form oKo known as the coefficient of earth pressure at
rest. With the horizontal expansion of the soil, the valuk décreases until it becomes
equal toKa, known as an active earth pressure coefficient. The horizontal compression of
the soil mass increases tue ofK until it becomes equal to the passive earth pressure

coefficientKp (Terzaghi et al. 1996)



Distinctions between various methods to estimate twefficient of lateral earth

pressurareexplainedn this section.

2.2.1.1. At-Rest Earth Pressure Coefficient (I§)

At-Rest earth pressurdi@ure 2-1) is lateral pressure acting on a rigid body,

represented by horizontal earth pressure coefficiads, For cohesionless soils, its value

can be approximated using Equatie2.2An cohesie soils, the lateral earth pressure will

not be developedill some depth, so thed€an be calculated using elastic theory through

Poisond Ratio (Equation 23).
For cohesionless soi{Saky 1948)
K, =1 -siry
For cohesive soiléTschebotarioff 1973)

n
K =——
° 1-n

For overconsolidated sqiMayne and Kulhawy 1982)
K,(OC) = K, OCR"™
where:
* | effective friction angle of soil

T Poisons ratio

OCRI overconsolidation ratio
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Figure 2-1. Distribution of lateral earth pressures at rest

2.2.1.2. Active and passive pressure (Rankig Coulomb)

Active and Passive Earth Pressuigigre2-2) are the most significant stresses in
retaining structureesign. Active is an earth pressure on the retaining system that develops
when the retaining structure tends to move away from the soil fill to the excavation. Unlike
active, passive pressure isusad by the movement of structure elements toward the soil.
Approximate ratios of these required movements relative to wall heiglgivenin Table
2-1 of the AASHTO LRFD (2014).

Table 2-1. Approximate values ofrelative movementsrequired to reachactive or
passivepressureconditions (AASHTO LRFD 2014)

Values of A/H
Type of Backfill Active Passive
Dense sand 0.001 0.01
Medium dense sand 0.002 0.02
Loose sand 0.004 0.04
Compacted silt 0.002 0.02
Compacted lean clay 0.010 0.05
Compacted fat clay 0.010 0.05
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Coulomb (1776) and Rankine(1857) theories are most commignused to
determineactive and passive earth coefficients. Coulomb theory dfsatsnthe active
state of stress develops behind the wall and the soil within the failure weddkeasstate
of plastic(force)equilibrium Figure2-2). The valus of Ka andKp areobtained assuming
plane strain conditions, uniform shear resistance along the rupture surface, inclined wall
geometry and friction develops between the wall and the soil.

The distribution of active Higure 2-2) and passive pressure is linear with the

resultant force acting at the distance of-timed of the wall height above its base.

K = sin® (g+ /) 2
) A — Equation 2-5
2 e 8 fsing + g n( j -)be
sin“g@in( g )%10 sin(g- g€n( g4
K sin? (g+ /)
P

= W= ==/ Equation 2-6
Lo e . ysm(/ +dsn( j -)b2
sin q@ln(q+)§1o —sin(cﬁ o én( q+)b5

where:
» - friction angle of soil
U - friction angle between fill and wall
b - theangleof fill to the horizontal

d - theangleof the back face of the wall to horizontal
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Figure 2-2. Failure wedge and distribution of lateral active Coulomb eartlpressures

Ran ki n e avas develaedongidering the same assumptions as @ubl|
except the frictionless interface between soil and the structure. Without Soilcture
friction the resultant force from active earth pressure is parallel to backfill suFiacee
2-3). The failure happens when one of the principal stresses reaches the maximum
compressiomstresgBruner et al. 1983)'he limitationof this theory for thetructures with
substantiavall friction (Rankine 1857)

The Rankine equation for the coefficients of active and passive earth preggkure

inclined kackfill are

%:osb— \/ (cod b-cos )
é::osb t/(coé b €05 J)

K, =cosb Equation 2-7
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‘?cosb+\/ (cod b-cos )
K, =cosb & . Equation 2-8
gcosb \/ (coé b €05 /)
where:
- friction angle of soill;
b - theangleof fill to the horizontal
| 18 |
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Figure 2-3. Failure wedge and distribution of lateral passive Rankine earth
pressures
AASHTO LRFD (2014) allows either Coulomb theory or Rankimeorybe usedd
calculate thevalueof lateral earth pressure coefficient. It is recommertdatkglectany
contribution from passive earth pressune stability calculations as its development
requires up to ten timéargermovement then faactivepressure. Exceptions may be made
for the cases when the structurelé&eperthan thetheoreticaldepth of the soil that could

be weakened or removed due to scour, erosion, fthere or any other means. In the
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calculations, only theffectiveembedmentlepth, the depth below the disturbed soil, shall

be considereAASHTO LRF2014)
2.2.1.3. Surcharge Load

Surcharge loads arealditional vertical loads acting on tkeil behind theetaining
structure. By itdefinition, these can be permanent loads (dead load) or temporary (live
loads). The dead loadse causedy the soillayersabove the top of the wall (backfill),
adjacent suctures or pavement. Live loads mostly result from highway traffgadked
cars

The theory of elasticity can be useddstimate the lateral pressure from point
(Figure2-4a), line Figure2-4b), strip Figure2-4c), and uniform surcharge loa@owles
1988) The equations developed bgoussinesq(1885) for rigid structurs, are
incorporate in AASHTO LRFD (2014 to estimate the horizontal pressure from these
loads. This approach involveéise load positioninr espect t o the struct

Ratio to characterize the soil.

{ (farcallangth)

x P (load) %

= ?"
Lion zl
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Figure 2-4. Horizontal pressure on the wallAASHTO LRFD, 2014)
Forauniformly distributed loagthe horizontal pressecanbe calculated using the

coefficients of lateral earth pressiiflASHTO LRF2014)
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D, X, of Equation 2-9
where:

gs 1 uniformsurcharge load.
Ks 1 coefficient of earth pressure due ts@charge loadCan be equal t&o, Ka, Kp
depending on the case.

The horizontal pressure on the wall from the point I@@idure 2-4a) can be

calculated as(AASHTO LRF[2014)

P 8T B RLEM

D B
R R R Z

Equation

2-10
where:

Pi point load
R radius distance from the point of loagdplicationto the considering point on the wall
asshownon Figure2-4a
X1 distance from the wall to the point of load application
Z'i depth to the consideringpint on the wall
3TPoi ssonds ratio
The horizontal pressure on the wall from the infinitely long line [Gaglure2-4b)

canbe calculatedas(AASHTO LRF2014)

A@ez

D
ph p g R4

Equation 2-11
where:

Q1 line load

The horizontal pressure from the unifornibadedstrip (Figure 2-4c) parallel to

the wall carbe calculatedas(AASHTO LRFD2014)
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D,, —4/?3[0’ sin dcad( a2 4 Equation 2-12

where:
p1 uniform load on a strip

U, i anglesshownon Figure2-4c

2.2.14. Hydrostatic Load

The typicaldesign ofretaining structures, which do not retain avater, eliminate
thedevelopmenof hydrostatic pressure ahewall (AASHTO LRFD2014) However, in
casethe groundwateievel increasedue to floodhg, heavy rainor any othe event the
hydrostatic pressure calevelopbehind an undrained walFigure 2-5). Since water does
not change volume under the appliead,it generates equal stresses in all directions. Thus,

the water pressure develops linearly witbreasinghe depth(Bowles 1988)
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Figure 2-5. Lateral pressure from groundwater table
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2.2.2. Scour
The erosion of soil due to tlw of water inthe stream bet often referredhs

scour(Arneson et al. 2012%cour carbe characterizeds:

Aggradation.Defined by anoverallincrease of thestream bedlue to the

accumulatiorof sediments.

- Degradation. Unlike aggradation, is a decrease of the stream bed height due
to eosionby the stream flow.

- Contraction scout occurs with the presence afstructure in the stream.
A structure interrupts the natural stream flow forcing it to change direction
and speed.

- Local scour. Refers to the scour due to increasing water acceleration around

the structure that obstrsthe flow.

AASHTO LRFD (2014) defiestheExtreme Event [ITable2-2) load combination
to analyze structural stability of the culvert due to scour. The possible scour depth should
be estimatedby hydraulic and subsurface exploration if the structure locatedlood
pronearea. Also, the provisions of Section 2.6.4.4.2 of AASHTO LRFD (264l be
appliedfor the design against scour.

In this study,a scouilis considere@s an extnme event that may damagerender
thedisconnected wing wallnserviceableTo investigate the effect of scowoil elements

were incrementally removdukereaththe wing wall.

2.2.3 Design of Retaining Structures
The traditional desigof a cast in place box culvarbnsiders the culvert and wing
wall integral asone systenfAASHTO LRFD2014; IODOT 2013; NYSDOT 2012 he

18



connection betweethe culvert and wing wal may be designedvith or without an
expansion joint. However, while culvert barraledesigned similato bridges(AASHTO
LRFD 2014) wing wallsareusuallydesignedas cantileveredetaining walls to resist out
of-plane bakfill pressurefFHWA 1983)

Wing walls as cantileveretaining wals,are designetbr thestrength anéxtreme
event limit state (AASHTO LRF2014) The drength limit state includes calculation of
structuralfailure, bearingcapacityfailure (Figure2-6a), lateral sliding Figure2-6b), and
loss of base contact due to eccentric loadiigure2-6¢). At theextreme event limit state,
the structure shalble investigatedbr overall stabity failure (Figure2-6d).

Overturning stability analysiss accomplishedby comparing the moments
produced by the force that tends to overturn the wall andntireents ofthe resisting
forces.As itis specifiedn Section 11.6.3.3 AAASHTO (2014) the resultant eccentricity
of the loads acting on the structure determine®taeturning resistance of the structure.
The allowable eccentricitg is limited to 1/6 of the footing widtB on either side of the

center of footingFigure2-7).
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Figure 2-6. Forms of stability failure: a) sliding, b) overturning, c) bearing d)and
overall

The dimensions of the footing should peescribed to provide sufficiembntact
surface to distribute the acting pressure without exceeding the bearing capacity of the soil.
Bearing resistance shall be evaluated in accordanceheignovisions of Section 11.6.3.2
of AASHTO LRFD (2014). For retaining structures supportedalspil foundation, the
stress distribution under the footing should be assumed uniformly distrilbtigeoe2-7)

and calculate as follows:

Equation 2-13

where:

F M Summation of vertical forces
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Bi Footing base width
el eccentricity
The factored bearing resistangeshall be calculateth accordance witlsection

10.6.3.1 of AASHTO (2014) using following equation:

q=7f, Q 3 Equation 2-14

where:

g Factored bearing resistance

gnT Nominal bearing resistance (AASHTO 10.6.3.112a

Ovi Vertical stressEquation 213)

The diding failure limit state of CIP cantilever wallgrevents the excessive
movement of the structure. The safety margiprovidedoy reducing theshearresistance
along the interface through the load facidne facored resistance against failure sttel

calculatedollowing the provision of Section 10.6.3.4 of AASHTO LRFED(4)

R=FfR =fR R, Equation 2-15
where:
RrT Factored resistance agaifature by sliding
RnT Nominal sliding resistance against failure by sliding
«i Resistance factor for shear between soil and foundation

Rui Nominal sliding resistance between soil and foundation (AASHTO LRFD Eg.

10.6.3.42)
«epi Resistance factoof passive resistance

Repi Nominal passive resistance of soil throughout the life of the structure
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Figure 2-7. Bearing stress criteria for CIP cantilever walk on soil (AASHTO LRFD
2014)

The resistanc@rovided by passive earth pressurg $houldbeneglectedn the
design if the soil in front of the wall cdoe removedlue to erosion.

The globalstability of a cantilever wall is closely related to tlailure of the
retained slope. Thus,stability analgis mustbe performedo produce a single factor of
safetyFSas specified in Section 10.6.2.3 of AASHTO LRFD (20T4e resistance factor
U eplends on the quality of-gitu soil investigation and obtained geotechnical parameters
as well as on present$ surcharge elementi.can take theralueof 0.75 for weltdefined
soil parameters and 0.6 in case of limited information.

The load considered in wing wall desigkigure2-8), are thdollowing:

- self weight dead load of structural components (DC)

- self weightof future wearing surface (DW)
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- vertical earth pressure (EV)

- horizontal earth pressure (EH)
- earth surcharge load (ES)

- water pressure (WA)

- live load (LL)

Load factors for considered load combinations @ulined in Section 3.4.1 of
AASHTO LRFD (2014)and summarizeth Table 2-2. Load factors for Strength | and
Extreme Il load combinations are applicable for slidengd eccentricity limit states
anal ysi s. The notati ons i antaxinaumvhlue8 bfdoadr e f e r
factors, respectively. The minimum load factavere appked to the vertical loads
representing resistance while maximum load factors, to the horizontal loads, which
represent load component in the design formula. Fdveébangimit state maximum load
factors for both vertical and horizontal loads applied depending on Strength Ib, Extreme

IV, and Extreme llIb load combinatio8ASHTO LRF2014)
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Figure 2-8. Consideredload components
Table 2-2. Load factors
Load Load factors
Combination| DC, EV, LLv, LLH, EH, Application
Limit State JpC JEv JLL vV OLL_H OEH
Strength la | 0.90 | 1.00 i 175 | 150 | _Shding,
Eccentricity
Bearing,
Strength Ib 1.25 1.35 - 1.75 1.50 Strength,
Design
Bearing,
Strength IV | 1.50 | 1.35 - - 1.50 Strength,
Design
Extremella 0.50 | 1.00 - - - Sl'd'ng’.
Eccentricity
Extreme Ib 125 | 1.35 - - - Bearing
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Geotechnical resistance factors for shallow foundations specified in Section
10.5.5.2.2. of AASHTO LRFD (2014) depend on soil type tym of concrete wall.
Applicablefactors forbearing and sliding limit statese summarizeth Table2-3.

Table 2-3. Resistance factors for geotechnical resistan¢BASHTO LRFD, 2014)

Method/Soil/Condition Resistance
Factor
Theoretical method (Munkafakh et al., 2001), in cla| 0.5
Theoretical method (Munkafakh et al., 2001), in saf
using CPT 0.5
Bearing Theoretical method (Munkafakh et al., 2001), in saf
Resistance ® using SPT 0.45
Semiempirical methodMeyerhof, 1957), all soils 0.45
Footing on rock 0.45
Plate Load Test 0.55
o _ | Castin-Place Concrete on sand 0.8
Sliding W :
. Castin-Place Concrete on clay 0.85
Resistancg
tep [ Passive earth pressure component of sliding resistd 0.5

2.2.4. Corbel Design

A corbel (Figure 2-9) is a short cantilever reinforced concrete memisast
monolithically with the column or wall elemenised to suport concentrated loads or
beam reactionsThe potential failure modes afcorbel are(Mattock 1976; Powell and

Foster 1996)

yielding of atensiletie due to azombinationof theflexural and axial load

shear interface failure of the contact surface with the column

flexural failure leading to the diagonal splitting of the concrete

splitting of the endanchorage othe tensildie

In accordance witdesign provisions summarized in Section 5.13.2.4 of AASHTO

LRFD (2014), the potential failure modes of corbaldude the loss of flexural or shear
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capacity crushing or splitting of the compression strut and failure of the end agehof

the tensiletie. Failure modes of corbehre shownn Figure2-10. A shear crack occurs
near the point of application of tkencentrateforce and propagates to the bottom corner
of the corbel interface~{gure2-10a). It can also start at the upper corner of the tab and
proceed vertically to the bottom fibéfigure2-10b). Failure due to the splitting of concrete
around the tensile reinforcement may occur if the anchorage lerigtuficient (Figure
2-10c). Inadequate proportions of the tab casult in failuredue crushing of the concrete

under concentrated loaBigure2-10d) (Ashari 2014; Mattock 1976)
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Figure 2-9. Corbel with typical reinforcement (AASHTO LRFD 2014)
General provisions for corbel desigrelaid out by AASHTO(AASHTO LRFD
2014)as follows:
- The position of ultimate shear foreeshould not bgreaer than theeffective
depthd of the corbel section.
- The sectiorat the face of supposhallbe designedo simultaneously resist a

factored shear forcé,, factored momentu, and horizontal tensile fordéuc.
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The magnitudef horizontal tensile forc&lu, unless any specific provisions
applied,shallnot be taken less th&@n2\i.

The area of reinforcemeRtsto resist factored shear forshall be calculated
using the provisions of Section 5.8 of AASHTO LRFD (2014).

The area of reinforcemen to resist factored horizontal tensile fosteallbe
calculated using the provisions of Section 5.13 of AASHTO LRFD (2014).
The area ofmainreinforcementAs shell be calculated using the provisions of
Section 5.13 of AASHTO LRFD (2014).

The area of clogkstirrupsAnshell be calculated using the provisions of Section
5.13 of AASHTO LRFD (2014).

The reinforcement ratip sell not be smaller than the rati@04€9f,) as
specified in the provisions of Section 5.13 of AASHTO LRFD (2014).

The tensile reirdrcementshall be anchoredn accordance witlprovisions of
Section 5.11 of AASHTO LRFD (2014) as close to the outer face of the tab as

allowed by coverequirements

b c d

Figure 2-10. Modes of failure of corbel(Ashari 2014)
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2.2.5. Reliability Theory

Reliability analysis isusedto account for uncertainties associated with load and
resistancén structural desigrMost of the parameters consideneddesigrand evaluation
procedures are not deterministic quantities but random variables or functions of them
(Nowak and Collins 2012)Determination ofthe loadcarrying capacityof a structure
involves estimation of the loaahd resistance components. The difference between load
(Q) andresistanc€R) components defines the probability of faildfgprobability of the

situation when the load component exceedsitminalresistance(Figure2-11).

1
g h?nd e fa ) o = sinndard deviaton of R- @
35 Duwribulion, ¢ R R £ = relability mdex
g _ I;hiﬂ ':' ¥ Py = probability of failure
) sirbution,
= (
-y
i
-
g,. Failure
> Region, Pj}/
Magnitude of (or R 0 s
g=R-Q
a) b)

Figure 2-11: Probability density functions of a) load and resistance components and
b) limit state function values Nowak and Colins, 2012)
New generation design codes, such as AASHTO LRFD (2pidyide a safety
margin due to load and resistance factors determined using relidlaiigd calibration
procedurs (Nowak and Lind 1979)and (Nowak and Cdins 2012) Such probabilistic
analysis requires available statistical parameters of the load and resistance in each

considered case. The performance of the strutsuegaluatedn terms ofthe reliability
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index,b and its closeness to the targetaskiliity br. The fundamental design formula used
in load and resistance factor design is:

fR=§ gQ Equation 2-16
where:

R1 nominal resistance

QiT nominal load component

%ol resistance factor

[ - load factor for particular component

From equation (Equation-26), thenominal load consists of several components
which best represent the operational rather than ultimate condition of the structure
(Bathurst et al. 2012; Hin1987) The safety margins providedby the factors that
underestimate the capacity and overestimate the load components to the extent that the
target reliability criterion is satisfied.

Numerous procedurdsave beemeveloped to measure structuraliability (Ang
and Tang 1984; Benjamin 1970; Nowak and Collins 20TBg overall reliabilitypased
calibration procedure inctles the following task@lowak et al. 2005)

1 Formulation of the limit state function

1 Analysis of the available load and resistance statistics

1 Devebpment of the reliability analysis procedure

1 Selection of the target reliability index

1 Determination of the load and resistance factors to satisfyatiget reliability

criteria
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Development of the load and resistance probabilistic model requires collectib
analysis of the available data. The statistical parameters, such as mean value, standard
deviation, and coefficient of variation can be extracted directly from the distribution
function. Direct data plottingn the form ofcumulative probability fuation allowseasier
interpretation, estimation of uncertainties and prediction of the extreme valoegam
periods of time. The procedure is also dependent on the type of random variableswhich

definedby the shape of thdistributionfunction(Nowak and Collins 2012)

2.2.5.1. Target Reliability

Thekeypoint in the calibration proceduresslectiorof the target reliability, which
would adequately represent the desired safety margin. Currently, there is no specific
guidance available for target reliability selection. However, ithportant criteria to
determine the appropriate level sdfetyand thke corresponding target reliability index
thesuccessful pagiractice of safe design and limit state. The first onebeathefinedvith
the safety factor (SF) used in the Allowable Stress Design (ASD) practice. The
corresponding target reliability factoan be calculated or simulated usingMonte Carlo

method applying Equation27:

%:- aQ « Equation 2-17
The resultanb however, can vary due to the different statistics applied in the

design methodgAllen et al. 2005; Barker et al. 199Thus, anothemportantcriterion

comes into play. The desired probability afldire can be selected depending on the type

of the limit state (service, strength, fatigamd extreme event)Structuralcomponents

should satisfy the target reliability bf =3.5 andcorrespondP: = 0.000Zfor strength limit
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states(Allen et al. 2005) At the samdime, past geotechnical practice has proved the
appropriateness @ = 3.0 andPr = 0.001for foundationdesign(Withiam et al. 1998)

Another important factor to consideris the redundancy component in the
structural system. In other wordslower reliability index is acceptable for members that,
in the case of collapse, do not ldadorogressivelestruction of the whole systg@hang
et al. 2001) Concurrently the required probability of failure can stié reachedor the
group of members. As an example, pile foundatias well as reinforced retaining soil
walls, will not fail due to the collapse afsingle component. The ability of the soil te re
distribute the load for the structural components alldkes use oflower reliability
acceptance criteria for geotechnistlicturegZhang et al. 2001)

Recommendations regarding the appropriate target reliability level are available in
many sources. The proposed value of the target relialilitgxibr for a group of piles
based on ASD varied from 2.0 to 2Barker et al. 1991Phoon et al. (2003gcommended
the target reliability indexjr, for semigravity retaining walls in theangefrom 3.0 to 3.2
for all limit states. At the same time, the desired reliability for footingsdaitidd shafts
are 3.5P: =0.0002) and 2:8.0 (Pr = 0.001) respectivelyAllen et al. 2005; Barker et al.
1991) According toAllen et al.( 2005) the desired reliability for reinforced soil retaining
walls (pullout limit state) was chosen to be equal to 2B83=(0.01) due to inherent
redundancyBathurst et al. 2012 he failure of one layer reinforcement will not cause the
failure of the whole structure due to the Idaeing redistributedver the othetayers
Similarly, agroup of piles as a parallel system will retain remaihragl evenin the case
of asingle pile collapse. The desired failure probability accordin@&ikowsky 2004)s

b=2.0-2.5. However, the number of piles in a group should be at least five to cahsider
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effect ofredundancySerial systembehavior, wherhe entire bridge pier is supported by
one foundationwas considered in the sammesearch byBarker et al.(1991) The
recommended value of target reliability index= 3.5 (Pf =0.0002).In addition to the
consideration o& redundant/nomedundant system, the selection of the desired reliability
shouldbe validatedwith similar structuresuccessfly constructed and operat@d the

past.

2.2.5.2. Limit States

According to Section 11 of AASHTO LRF20Q14),failure of reinforced concrete
cantilever semgravity wallscanbedescribedy the following limit $ates:

Sliding (Figure2-6, b) i failure occurs when the horizontal component of the total
forceacting on the wall exceeds the factored shearassigtance

Bearing resistancérigure2-6, a)i failure due to the total vertical forces including
eccentricity

Overturning failure(Figure2-6, c)1 failure due to théossof wall stability.

The sliding resistance of the wallformulatedn Equation 218. Cohesionshould
not be takerinto consideration due to the possiklerinkage of the interface betwete
soil and foundationlf the soil is cohesionless, the nominal sliding resistance lwan
determinedas:

R =V @nd Equation 2-18
where:

V1 totalvertical force

471 internal friction angle of drained sdi) 1 for CIP walls
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When the footing restsn cohesivesoil, the nominabearingcapacity is equal to
the lesseof the undrained shear strength of the spb0% of theeffectivevertical stress.
The bearing resistance can be determined based on the soil pressure distribution depending
on the type of the foundation (soil or rodYASHTO LRF2014) The vertical capacity
of the soil foundation can be determined using Equatid® 2

The overturning capacity of the wall can be evaluatetth@satio ofthe factored
resisting and overturningomerts acting on thestructue (Campos 2004)Theratio of the
momentis expressd as theeccentricity of the resultant force acting on the footing
(Equation 220):

RZB+Ft €vsb R Sil’f.j?VVl X \9)51 -\, @2
o= = Equation 2-19

where:

V11 resultant of the weight of the soil carried by wall héedj(re2-7)

V21 resultant of the weight of the soil surcharge directly above wall kegire
2-7)

Wi T weight of wall stemsFEigure2-7)

Ft1 resultant force of active lateral earth presskigure2-7)

b - the inclination of the ground slope behind the face of the Wagjufe2-7);

2.2.5.3 Statistical Parameters

Since most of the parameters in soil mechanics are biased (properties are highly
variable from site to site), including bias factors helps to exclude random variatioa of

parameteraind increase the quality of the dafhree sources of uncertainties that affect
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the accuracy ofoil test resultsinclude inherent variability, measurement errors and
transformation uncertainti€Phoon et al. 1995 hese factors havesabstantiakffect on

the actual coefficient oariation (COV) used irthe geotechnicaldesign. Primary
uncertaintyis affectedby the natural geological, environmental and chemical processes
involved in the formation of the soil layer. The errothat accumulatd at the testing
transforming stages, agell as variation of the inherent variability of teeil properties,
were evaluatetly Phoon et al(1995)

When datds gatheredrom different sourcesknowledge of bias statistics allows
consistent and accurate interpretation. Consistent ofgaat features low coefficient of
variation (COV) and bias factor close to one. The function which demonstrates the best fit
to the data distribution is also important. If the shape of the cumulative distribution function
(CDF) is a straight line (probdity plot), the distribution carbe classifiedas normal
(Gaussian). To generalitle statistics, the bias factor (ratio of the mean measured value
to the nominal value) is applicabldowak and Collins 2012)The probability scale can
be changed to the standard normal variable scale (Z) to evaluate the variation in standard
deviations. The examples of a CDFés of the
versus corresponding standard normal variabléhenvertical axis are shown Figure
2-12, for 12.6 and &m (41 and 11.8t) high retaining walls respectivelfAllen et al.

1992)
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Many recent studies have been published providitagge amount of test data on

retaining wall resistand®athurst et al. 2012)Bathurst et al. 2011jBathurst et al. 2009)

The necessary statistical parameters for the geotechnical design components were collected

and summarized b@astillo et al(2004), Duncan(2000, Harr (1987, Kulhawy and Phoon

(2002, Ranganatha(il999, Sivakumar and Bash@008, Wisniewsk et al.(2016) The

statistical parameters for the main components of the geotechnical desgmmarized

in Table2-4.
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Table 2-4: Statistical parameters of thesoil properties

Type of Reference
Random variable {\//Iaelﬁg COV | distribution
kN/m? 16 0.07 | Normal | (Castillo et al. 2004)
Soil of backfill (Sivakumar and
18 0.07 Normal Basha 2008)
19 0.07 - (Harr, 1987)
Soil under base (Sivakumar and
19 0.07 Normal Basha 2008)
16 0.07 - (Harr, 1987)
An_glt_a of |pternal soil 30 0.10 Normal | (Castillo et al. 2004)
friction, 0 degrees
o 30 0.05 L | (Sivakumar and
Friction angle of the 0.10 | ~09N0MaY Bosha 2008)
backill sol 32 0.10 . (Harr, 1987)
(Sivakumar and
o . 20 0.05 | Lognormal Basha 2008)
Friction angle of the soil
base 28 0.28 - (Harr, 1987)
28 0.13 - (Kulhawy 1992)
Coefficient of friction,O 0.5 0.15 Normal | (Castillo et al. 2004)
Unit weolcgEIt\lo/incaoncrete, 17 0.2 Normal | (Ranganathan 1999)
(Sivakumar and
Cohesion of szoil base, 17 0.2 Normal | 5o o 2008)
kN/m 30 0.3 Lognormal | (Harr 1987)
Angle of friction of saill 14 0.10 Normal (Sivakumar and

below toe and heeliz

Basha 2008)
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2.3. Review of Pertinent Literature

2.3.1. Numerical Analysis of Culvert Behavior

2.3.1.1. Culvert Barrels

Numerical methods, such fasite elementmodeling, are widely used to investigate
the behavior of culvert members under applied lodde basic idea of stiffness or
displacement method applied for the design of boxestimembersvas discusseth
FDOT (1993) A wide variety of software packagesiststo provide botheffectivedesign
of new and detailed investigation of existicigjvert structures. In particulaNYSDOT,
(2012) discuses methodsof using fied and laboratory test results the designand
numerical investigationETCulvert developedby Eriksson Technologie$2017) is
currently in use by the NYC DOT Office of Structures as well as the Precast Concrete
Association of New YorKPCANY 2017;NYSDOT 2012)

Convergence gbhysicaltest anchumericakesults is not always possible tdhaave
due to structural imperfectisnunpredictable sos#tructure behavior, and strestsain
conditiors due to the variability of soil propertiés.many casedjoweverthe conduction
of thescaledlaboratory basetkst isnot available leaving numeal analysis as the only
option.

Various modeling techniquésmve beempplied to simulate the actual behavior of
culvert components. For comparison, a lasgale lab test cd concrete box culvemvith
sandbackfill wasconductedo determinethe load dstribution and stresstrain behavior
of the membergDasgupta and Sengupta 199The comparison of load distribution on

the box culvert surfaceras donewith Marston theoriegSpangler 1960)An analytical
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model was developed in CYBER 18d0A (1986)using planestrain elements for sand

fill and 2-noded beam elements for culvert details. The $mwikfill was meshed more
refined inthe contact zone to providedequatelistibution of stresses and deflectiail
properties, such as modulus of elasticity, friction coefficient, cohesion and unit weight,
were determinedby lab tess and applied in the model depending on the depth of the
backfill. Thedifference of pressure digbution obtained from numerical simulation and
the experimentatest was within 5%.

A similar study to compare field tésty and computer modeling resuligere
conducted bycGrath et al. (1996)Concrete arch culvert deflection and cracklation
were investigatedunder external backfill and live loagwhich exceedHS-20 truck by
30%. After atwo-year field testvas completedheobtainedactualresultswere compared
to the FEM model developed ithe CANDE (Katona 2017)software packageThe
numerical andestresults agreed on tregructuralbehavior of the wlvert exceptfor the
displacementThe actual measuredffect of the live load was fivBmes smaller than
predicted in the desiginom live load due td1S-20 truck. This relationship was observed
in the model with soil pressure as well.

Alkhrdaji T (2001) investigated problem related the corrosion othe culvert
reinforcing steel andsubstitutng fiber reinforced polymerdars for the steelwas
consideredNumerical analysis of the buried reinforced box culvert was conducted using
BOXCAR software (ACPA 1983) specially developed for the Federal Highway
Administration (FHWA). Stresses in the critical locations were determined usirg
stiffness matrix method considering 32 load conditi@amdudingan HS15truck loadas

one of them{FHWA 1983) The box culverivas modeletinearelasticwith shell elements
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using Visual Analysis softwar¢lES 2017) The aack formation was simulatedby
decreasing the element stiffness in the crack zones. Observed deflection, during the test,
were less than 1 m and this confirms the linear elastic bridge behavior under the design
loads.Under the applied load the safety margin is abo&b,4nce the stresses are 40%
below theyield point.

The behavior of reinforced concrete box culvert was analyzed in ABAQYS
Garg and Abolmaali, (2009] he culvert body was simulated usittig 3D shell and solid
elements. The position and sizetloé reinforang steelwere modeled usingpecialrebar
elements. The contact surface was simulated usingimeer nodeto-surface contact
elements. The loadagapplied tothe culvert section and gradually increased during the
analysis to capture the moment of failure. Tingnitude of théoadat aack initiationon
the inside surfaceredicted byFE resultswas 38kip versus 4Zip obtainedfrom the
physicaltest.Proof load test proved.iAlso, the pattern afrackpropagation through the
slab thicknessvas similar.The shear cracks appeared under the load twice large than the
factored design loadvhich include surcharge and live loads

B. Ahmed(Ahmed, B. et al. 2003)nalyzedthecrack development iabox culvert
and an underpass located approximately 3.5 km away from the West End of Jamuna
Multipurpose Bridge (JMB)Two and three dimensionBEM analysis in SAP90 was used
to determine thenain causes of cracking. In theodel,the live load combination of HB
and HA according tqBS 54002 1978) was applied directly to the structure. The
comparison between simplified loadistribution using Rankine theoryand load
distributionbased on Marston theori€Spangler 1960\vas dondor each sebf models.

The soil and culvert members were simulatethg 8noded brickelementsand 4noded
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plateelementgespectivelyThe interaction between soil and structure was modeded
specialii | i eleknéntgactive only in compression stagyeThe modulus of elasticity of
the soilestimatedusing Bowles (1988) Contours of developed stresses show that the
highest magnitude appears at the bottom dubkeelasticsettlement without a live load.
It was concludethat tre effect of thes o i | settl ement pr ordheces
whole structure in alirection perpendicular to trafficHigh densitysoil may result in
significant pressuren theheadandwing wallsdue to arching action in thateraldirection
(Terzaghi 1947)

One of the recent studies using numerical analysis was conductdalbgjar et

al. (2017) using FLAC 2D (Itasca 2017) The effect ofsoil archingaction on the

development of stresses and deflections in the culvert barrel was analyzed, along with the

culvertsoll interaction. Different geometries of the culvert componeeteconsideredn

order toevaluate the sensitivity of the vertical and horizontal stresseslinBagelastic
material modeilvaschosen to simulate the box culvettastic-perfectly plastic behavior

was assignetb the soil elements. Theumericalmodelwas verifiedwith centrifuge test
results The centrifuge testasusedo performstatic parametric analysis of the saililvert
interaction. Itwas observethat stresses at the corner of the box increase with decreasing
thickness of the walls. The resuttitheparametricstudy can be used to estimate the actual

stress distribution on the culvert under static loads.

2.3.1.2. Retaining Wing Walls

Themainpurpose of culvert wing walls is to retain the soil of the backfill and direct
the water flow. The design provisions and structural behavior of the wing walls are very
similar to the retaining wallsA number of research projects focused on analysiseof th
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strength and stability of different types of the retaining walls based on finite element
analysis(Abuhajar et al. 2017; Bentler and Labuz 2006; Chugh.&l6; Clough and
Duncan 1971; Goh 1993; Kulhawy 1992; Senthil et al. 2014)

However several researchers such(@pough and Duncan 1971; Kulhawy 1992)
pointed out the importance of including the retaining wall movement and the actual
distribution of stressin the design. In tree studes the response of-@ high gravity
retaining wall was computed using tlimite element snulation. Terzaghi, (1934)
previously analyzed this problert the same timeZasagrande, (1978)dicated a certain
level d redundancy in strength and stability of the retaining gravity wall which dmaild
causedy theoverconservativeesign based on classical theorlesevealeda strongheed
in theapplicationof numerical analysis to evaluate the actual behavior déttiaeture in
conjunction with the surrounding soil.

The conventional design of retaining structumgidizes simplified assumptions
aboutactivepressure conditions behind the wadised on lateral earth force and pressure
theories attributed tGoulomb(1776)and Rankin€1858) These assumptions allowed for
satisfactorilyconservative design when therene arinsufficienttest and numerical results
available.The distribution of the active pressure according to these theories was recently
verified byNisha et al (2011)using Plaxig2017) The elastoplastic material model based
on MohrCoulomb failure criteria fothe soil was choseffor this analysis. The magnitude
and distribution the earth pressure was found to be thabe theoretical.

Goh, (1993)employed the FE analysis order toevaluate the development of
stresses and displacements in cantilever concrete retaining walls. The author criticized the

traditional approach based on Coulo(iFz76)and Ranking€1858)theories regarding the
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active earth pressure distribution. These conventionaloaphes ignor¢he impact of
flexibility andboundary conditions of the structuwrethe lateral pressure distribution. The
lateral pressures especially sensitive to the level of compaction of the backfibrder to
analyze the behavior of tis&rucure and predict possible deformations in nae&il,non
linearity of the materiawas includedn the numericalmodeling. The backfill and base
sandy soil veresimulated using -Biode isoperimetric finite elements along wathinear
elastic perfectlyplastic MohrCoulomb material model. The retaining wall structure was
modeled linear elastic using the same typelefents For soitconcreteinteraction,6-
node interface elements were selected similarly to Glmugh and Duncan (1971)
approach. The results indicated complex movement of the wall, including rotation over the
toe caused by nemniform stiffness of the wall and soil bas€ornsequently,the
distribution of lateral soil pressure was different than predicted ih&oeeticalolution.
The effect of theoughnes®f the concretsurfaceunderestimated inonventional theory,
lead to a reduction of the lateral pressukihough the authordoes notperform the
experimenbased validation of the FE modalsimplifiedguideline for the retaining wall
designis proposedthat closely reflects the actual behavior of the structure.

The results ofa study byBentler and Labuz, (2006hstrumentinga reinforced
concrete cantilever retaining wall corresponds to the obsengatimde in the previous
study by Goh (1993) The authorsexaminedthe distribution ofactive pressure by
monitoring the behavior of the cantilever retaining wall during 12 months of comntruct
The development of the active condition occurred once the top of thedistplacedon
the order 0D.1% of the backfill heighfThisis amuch smaller movement than suggested

by Terzaghi's (19343lassiclargescaletests.Out of planerotation of the whole structure
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and vertical translation of the whole structuweere noticed during monitoring of the
instrumentationThiswas primarily causely the difference between the vertical stresses
under the basef the wall The structure rotated towards the backfill while the top of the
wall tended to deflect away from ithe relative flexibility of the structure, whigh not
includedin the theoretical analysisontributed tottis complex rotation of the wallso,
themeasurednagnitude of the horizontal passive pressure acting diegheall was10%
less than the corresponding design value. During backfipactionthe sensors recorded
a significant increase (by twice) of the lateral backfill pressure. The rafdtsonfirmed
the importance of the horizontal stressasthetoe inthe total resistance of the structure
against sliding. Thus, it was recommended to modify the factor of safety in the traditional
stability analysis and design for sliding, unlessabi¢in front of a toe wilbe removed
Senthil et al (2014) used three dimensionafinite element modeling with
ABAQUS toevaluate the behavior afLl5m high retaining wall under active earth pressure.
Cantilever and counterfort type retaining wallsere considereth this study. In the FE
model,the resultant force of the active earth presswe appliedat the level oB5to 50%
of the wall height due to the assumption ttieg active earth pressure in sandy sisils
trapezoidally distributedThe material models for the concrete, steel and soil components
werelinear elasticResults showdthe pressure distributiorariesalong with thechanging
geometry of retaining wall components. The configuration of the cantilever wall with a
short toe anda longerheel was foundleast stable, while the opposite developed the
maximum stresses.
The group of researchers led®kugh et al., (2018)sed the finite difference code

FLAC (ltasca 2017)long with the test resuli® order toevaluate the effect of the
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structural properties and geometry of retaining walls on the development of active and
passive pressureAn importantaspect of this studyas the use dhterface elementfor
soil-structure interactianin order toreflect the stages afonstructionJayers of backfill

were addedtepby-step. ltwas concludethat the increase of the backfill height does not
necessarily lead to a direct increase of the retaining wall deformation. The stage of
construction when the wallas installeefore the backfillingvasthe most critical, as the
deformations initiated ahis stage progreed significantly withincreaseof the backfill

height.

2.3.2. Reliability analysis

A few studiesset outto optimize currentraditional design provisions for retaining
walls (Rhomberg and Street 19815Sé@ b ak Ak k én andHowevdr,amostr Fua
of the approaches ignored the natural variability of the load and resistance design
parameters by treating them as deterministic val&esne researchers emphasized a need
to apply the probabilistic appachin order toaccount for uncontrolled uncertainties during
the designof retainingwalls (Castillo et al. 2004; Chalermyanont and Benson 2004;
Duncan 2000; Hoeg and Murarka 1974; Phoon et al. 1995; Whitman. 2000)

Therearea number ofresearchers who integrated reliabdiitgsed analysis into
their studiegChristian John T. et al. 1994; Duncan 2000; Fenton et al. 2085AGT. et
al. 2009; Low 2007; Mandali et al. 2011; Sivakumar and Basha 2008; Tang et al.AL999)
brief review of the reentstudies including reliability analysfsllows.

Duncan (2000) emphasizé the need to involve the principles of structural
reliability in the problems related to the stability and uneven settlement of retaining

structures. He also mentioned the accessibility of the statistical parameters, such as
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standardleviation, based on existing databases. The simplified reliabd#gd approach
wasproposed to substitute the conventional deterministic analysis and evaluate the level
of safety in the geotechnical problem. The recommended safety faei@slevelopgon

the basis oincluding the natural variability of the geotechnical parameters involved in the
design.Sliding of the retaining wall, slope failure, consolidation dueséttlementand
settlement of footings osandwasthe considered in his resear€tor all these problems

the statistical parametevgere estimated using availablaformationabaut variability of
concrete and soil material properti@d/olff 1994). The derivation of the statistical
parameters, such as standard deviation for most variable paramasepsovidedBased

on sensitivity analysjghe effect of the variability on the safety factor for each considered
problemwasevaluated. Irparticular,the most likely value (mean) of safety factor against
sliding of the retaining walvas computeds 1.5 with avariationof 17%.

The objective of the study done by Fel{@905)included determininghe spatial
variability of soil propertiesused inretaining wall degjn. The traditionalpractice of
retaining wall design emplgyeither Rankine or Coulomb thgofor the developmenbf
earth pressure thabnsideing a uniformsoil mass The aithors appéd nonlinear FE
modeling to galuatethe effect of soil unevenness on soil pressureuaged avionte Carlo
simulation(Nowak and Collins 2012p evaluate the reliability of the current desifjhree
propertiesvere considereds random variables in thigsign effective friction angleof
the soil,unit weight of the soil and unit weight thfe concrete ll log-normally distributed
sincetheycannot be negative). The same spatial correlatesassumefibr these random
fields. The rest of the paramet&rere assumei bedeterministic values in both FE model

andMonte Carlosimulation. The sensitivity analysisasperformed to track the impact of
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variability of safety factors for considered design (resistaneactive earth pressure ratio).
For different combinations of meaandstandard deviatioaf the coefficientof correlation
between friction angle and unit weight field the faatbsafety varied from 1.5 to 3.0. It
was concludedhat thereexists asubstantial difference between the behavior @& th
spatially variable soitontinuumand that simplified by Rankine or Coulomb theories. The
authors also emphasized the positive effect of correlation on structural isatetyns of
probability of failure. However, the case when the unit weight andadinicingle are
independent random variablssa moreconservative approach

The traditional factepf-safety based approach to the retaining wall degigs
challengedn research by Lo 2007) This method involvéa simplified two-dimensional
graphical procedure f ordera mgoad waplocatadtaidtheb | e s |,
intersection of the limit state function atite onestandaredeviation dispersion ellipse.
Two limit states for retaining wall desigmere consideredsliding and overturning. The
internal soil friction and soivall interface friction anglesvere treateds random variables
with differentcoefficiens of correlation.The aithors apped the HasofeiLind reliability
index (Hasofer and Lind 1974and the first-order second moment reliability method
(FORM)in order toevaluate the reliability of traditional retainimgll design. The design
componentsvere considered normalgnd nornormally (lognormal and beta) distributed.
TheMonteCarlo simulatior{Nowak and Collins 2012yas usedietermine the probability
of failure for eachcaseconsidered. Similar t&éenton et al. (2005) was concludedthat
including thenaturalpositive correlation between the resistanaapeeters (unit weight of
the soil and internal friction angleadto an unconservative design. At the same time, the

positive correlation (J=0.8) bewalsudate angl e
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friction shouldbe includedas a more conseative case. Based aime Monte Carlo
simulation reliability indicesb for the overrunning and sliding limit state®re equal to
2.491 and 3.102 respectively. Therefore, the overturning $itatescontrol the overall
stability ofa semigravity retainirg wall.

Sivakumar and Basha (2008)esent theeliability procedure based dhe target
reliability concept to ssess the optimum design for cantilever retaining walls. The stability
limit states evaluated in this stuaiyere sliding of the retaining wall base, eat-plane
overturningandbearing capcity of the wall. The properties of backfill and foundation soil
were assumed to be random variables, as well as the dimensions of the retaining wall. This
study also collected the available information about the statistics (roeefficient of
variationand type of distribution) of the design parameters. The target reliability ibdex,
was intherangefrom 3.0 to 3.2 for all limit states considered®iyoon et al. (208). The
results of design targeting reliability index and traditional provisions defined in the
specificationrwere comparednd discussed. According to the results of sensitariglysis,
the geometry lha significant effect on structural reliability the case of overturning,
sliding and bearing failure. At the same time, the statistical parameters of the soil properties
had alesselimpact on reliability index for the same limit states.

Mandali et al. (2011employed the Firsbrderreliability methods, Secordrder
reliability methods and Monte Carlo Simulatiorto evaluate the desigof counterfort
retaining wals in terms otheprobability of failure Pr, and reliability indexb. The sliding,
overturning and bearing capacities of the retaining wadle analyzedas possible
geotechnical modes of failuréhe aithors also considedthe structural moment and shear

failure modes for the sterneel,and toeof the wall. The design parameters such asitiite
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weight of the concrete, unit weight of the soihternal friction anglecohesionwere

assumed to baormalrandom variables with the statistics obtained from the literature.

Based orthe sensitivity aalysisconductedthe angle of internal frictiomvasthe most
influential design parameter. The reliability index for geotechnical modes of fadtied
from 2.8 (for sliding) to 8.4 for overturning. In akhsesthe traditional deterministic safety
factor SF=1.5vas applied Thereforethe authors recommended usiagafety factor of
1.7 in order toobtain an acceptable reliability index =.3For structuralmodes the
controlling structural elementas theheelwith theb ranging from 2.5 to 5.1.

Goh et al. (2009rompare the traditional design approach, which covers all the
uncertainties incorporated in the design parametersisitogleconservative safety factor,
with the reliabilitybased approacifTh e concept of Aparti al
st r e wapéapbliedto evaluate the effect of variability in geometry on the design of
cantilever retaining wall igranularsoil. The Monte Carlo simulation methags usedor
sensitivity analysis. The target probability of failweas takeras a measure of structural
safey. The impact of the internal friction angle on the probability of falas evaluated
for anominal surcharge load of 4@®am. The results shoad a substantial effect of the
empirical depth of embedmeot theretaining wall on the probability of faita. Based on
this researchtheauthors also recommeedoptimum factors of safety in thrangefrom

1.2 to 1.25 foiPrr =0.01.
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Chapter 3. TabbedWing Wall-to-Culvert Connection

3.1 Introduction

As it was mentioned in previous chapters, the need to study the behavior of the
wing wall-to-culvert connection was caused by the rapid cracking of the newly built cast
in-place culvert and the alternative design developed by ALDOT engineers to prevent it.
Therefore, the analysis presented herein is focused on CIP multiple barrels box culvert with
wing walls usingfinite element FE) simulation techniques. The details of the newly

developed desigarepresented and discussed in this chapter.

3.2. Novel Wing Wall-to-Culvert ConnectionDesign
There is a high stress concentration ztweatedin the monolithic connection

between the wing wall and culvert barrel. The new culvert design proposed by ALDOT
engineers allowthe wing wall and concrete barrel to neomdependently ithe vertical
direction. The plan view of the culvert constructed accordirthegmew design is shown
in Figure3-1 andFigure3-2. In particular, the changes made to the wing wall design are
listed below:

1 The width ofthe footing was increased.

1 A key wall was included to providadditionalsliding stabilityin case of

scour
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1 Overlapping culvert and wing wall tab extensions were added.

Since the wing wall was disconnected from the culvert barrel, it was further re
desgned as a frestanding cantileveretainingwall. To provide the overall stability of the

wing wall and effectively distribute the weight to fieendationsoil, the footing width was

increased.

1! B".‘ﬂiwﬂEm-}

e :
Figure 3-1 Tabbed culvert design
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Figure 3-2. Tabbed wing wallto-culvert connection.
According tothe AASHTO LRFD (2014), the stability of a freestanding wing wall
depends not only on structural resistance but on sliding, bearing and overturning capacity
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of the soitstructure systenin this case, the dimensionstbefooting werecontrolled by
bearing capacity of the soilThus, the stronger soil allowed for narrower footing
dimensions, while weaker types of soil reqdiemincreagdfooting width.The soil base
properties are presented in Chapiier and summarized in Appendix B.

As the wing wallwasdesigned aacantilever retaining wallt may settle and rotate
independently from the barrel. Due to this movement, some compressiondoubebe
transferred between two overlapping tab extensions. In terms of sufficient anchorage length
of horizontal reinforcemdnboth tabs were designed-i? (1-ft) deep Figure3-2). The
new tab design is discussed in detail in Chapter 3.2.

These improvements allosvfferentialsettlemento occur without generating large
stresses at the connection zone. Thus, the probability of crack formation along the joint

decreass

3.3. Tab Extension Design

The changes tthecurrent design, discussedtire previous chapter, were offered by
ALDOT in order to solve the problem of cracking along the wing-teadlulvert joint. By
eliminating the rigid connectiorthe stress concentration zoweas removedand both
structural componentsere allowed to move independentiithout the rigid connection,
the wing wall behaves as a short cantilever retaining wall with pin support along one side.
This also decraseghe excessive stresses that lead to the rapid crack formation. Thus, the
durability service lie of the structure is increased.

An overlappingtab extension asadded to each corner of the body of the culvert

to serve as a horizontal bearing support for the wing walls to ensure the two structural

elements continued to perform jointly in resisting the loads associated with backfill. In
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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. Also, the newly designed
tabbed connection allowsr the translation of loads from the wing wall to\aeitt barrel
horizontally. The dimensioned plan view of the wing waitculvert joint is shown in

Figure3-3.
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Figure 3-3. Scheme of the tab extension.

Initially, the depth of the tab extensiovas 8-in based on the new experimental
design. These dimensions were chosen to be sufficient for an effective transfer of stresses
from the wing wall o the barrel. ltvasalso suitable in terms of sufficient anchorage length
for the horizontal reinforcement. Further on, the actual wing-teatulvert connection
was designed with 1 (1-ft) tab extension. Thé -in gap between overlapping tab
extensiorwasfilled with alayer of bituminous material in order to provide the independent
movement of the structures, transfer of stresses from the wing wilé tulvert and
prevent the soil ingress into the joint. For three different culverts constructadiagcto
thenew designthe thickness of the talkasthe same as the wall thickness and equal to 8,

9, and 16in respectively (Appendix A).

52



The filling materialwasan important component in this design since it provides the
transfer of the horizontalrstsses from the wing wall to the culvert barrel. Two conditions
of bitumen impregnated fiberboard were considered: saturated and unsaturated. The
saturated statwassimulatedsince it produces the critical horizontal deflection of the wing
wall due to higher compressibilitfherefore, the filling materias fully compressed, and
the stresses are transferred directly to the culvertrtatase of unsaturated conditions, the

highest stresseaxccuralong the joint.

34. Constructed Culvelts

ALDOT designed three new culverts in conjunction with county engineers for
testing as part of this project. The culverts were located in reasonable proximity to Auburn,
AL: Chambers County Road 258, Lee County Road 156 and Coosa County Road 68. In all
threecasesthe novel tab connection was implemented. Thus, theircgdace wing wall
and barrel were constructed separately opposite to the traditional design.

The firstculvert wasbuilt on Chambers County Road 238catedover Whatley
Creek in April 2016. It is shown inFigure3-4. This culvert consists of four barrels with
total outer dimensions of 44 by 51-ft in the directions along and traresseto the stream
respectively. The depth of the culvert barrel 418, which is the smallest depth of all
locations. The RP5ft deep key wall was added each side to prevent soil erosion under

the barrel and increase the overall stability of thecstire.
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Figure 3-4. Location of Chambers County culvert( A Googl e Mapso 2017

Four identicafree-standingwing walls werecastwith anangle of 4%to the barrel.
The reight of the wing walt varied from 7.16-ft at the connection with the barrel tco4t
at the opposite side. The total length of the wali 15-ft with the total width of the footing
(toe with a heel) of &-ft. The key wall attached to the wing walés 15-ft deeper than
the bottom of the footing. After constructidhe backfill 116-ft above the culvert top slab
was added along with the pavement. The detailed drawingeaulvert at Chambers

County are shown iRigure3-5 andFigureA-1-4 (Appendix A).
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Figure 3-5. Outer dimensions of theChambersCounty culvert

The second culvertocated in Lee County Road 15@as built in September 2016

(Figure3-6).

Py

o
726:Co Rd 156,
YetOpelika, AL 36804
i

Figure 3-6. Location of Lee County culvert( i Googl e Mapso 20176b

This structure consists of three equal size barrels witft b§ 8ft waterway
openings. The total length tife culvert along the streamwas44-ft, while the total width
transverse to the stream is.@#%. The depth othe culvertwas10.16-ft extended witha

1.3-ft key wall. Similar to the previous case, four wing walkreconstructed at aangle
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of 45Ato the barrel whiclis skewed by 18 While the heigtg of the wing walls were
greater than thsein Chambes County ©-ft), the length of the wing walivere4-ft shorter.
The height of the wing wall gradually decredd®mm 9.5-ft at the barrel side t4.6-ft at
the outer edge. The total width of footing (toe with a heely 8.25-ft. The key wall
attached to the wing wadixtendsl.6-ft deeper than the bottom thie footing. The backfill
was 1.2-ft above the culvert top slab with the wearing surfacer@bdhe dimensioned
drawings of this culvert are shown Figure3-7 andFigureA-5-8 (Appendix A).
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Figure 3-7. Outer dimensions of the Lee County culvert

Constructiorof the third culvert over Shelton Creek on Coosa County Road 68 was
compleed in October2016 (Figure 3-8). This culvet wasthe largest considered in this
study. It consigtd of four CIP barrels with 14t by 10ft waterway openings. The total
dimensions of the culvewere 44-ft by 60t in the direction along and across the stream

respectively.
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Figure 3-8. Location of Coosa County culverf i Googl e Mapso

The depth of this culvewas 12.25-ft extended witha 3.8-ft deep key wall. Each
diagonal pair of wing walls hhaslightly different geometry, but all of thewere
construceéd at anangle of 4%\to the culvert barrelThe differencewasonly in footing
width, which for the first paiwas10-ft, and for the secondas 8.5-ft. The wing wallwas
11-ft long. The height of the wall gradually decred$som 11.5-ft at the culvert side to
5.5-ft at the outer edge. The key walbs the same as in the barrel an8{8 deeper than
the footing bottom. Unlike others, this culveadbackfill only totop of the wall. Bvement
placed directly o the culvert boxThe detagddrawings of this culvert are shownkigure

3-9 and inFigureA-9-12 (Appendix A).
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Figure 3-9. Outer dimensions of the Coosa County culvert
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Chapter 4.  Finite Element Simulation

4.1. Introduction

Plaxis 3D was selected for this studsit is one of the mostommonlyused
numericalprograns for geotechnical engingeg. Plaxis3Dis equipped with abilities to
calculating static elastiplastic deformations, stability analysis, safatalysis,
consolidation and steashtate groundwater flow. Also, is suitedto efficiently and
properly model soibtructure interaction for complex g@echnicalstructurs. With the
ability to divide analyses process into a number of separate modeling,pheseapable
of modelingthe actual construction process.

In this study, FE models were created tioe three constructed culverts and for
addiional theoretical cases with deeper culverts. The culvert barrel, wing walls, filling
material, and surrounding soiere modeled using 3D soil elementThe interfaces
between different materials were modeled using 3D shell elements. The applied surcharge
and traffic loads were distributed through correspondingsaidee construction stages

includedbuilding the culvertbackfilling, traffic load, and scour erosion.

4.2. Finite Elements
Two types of FBwvereused in the analysis. Soil and concrete werdeten using
3D 10node tetrahedral element&idure4-1) formulated in local coordinate systeam, d .,

a n d This type of element provides a secamde interpolation of displacements in the
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nodes. The shape functidh wasformulated for each node with unity value and zero at
the other nodes (Equatioftl). To calculate stresses and straingoht Gaussian
integration is usedT@ble 4-1) (Plaxis bv 2015a Such element has three degrees of

freedom per nodaix, uy and u.
NN=QLx -7 1 2-2 -2)Nz (2 =Nz - (2 By
N,=h(2h-I);N, 24 -x-WNg 4 NzXA& (1= x -) Equation4-1l
Ng=4h@1 -x -h N, 4=Nz 4 = xh

Figure4-1. Local numbering and position of nod
10-node wedge elementPlaxis bv 2015a)

Interfaces weranodeled using a-6ode plate triangular elemerfigure 4-2).
Unlike ordinary plate elements, the interface element is different in terms of having
coupled nodes instead of a si-ngdesaodg&. aTh
pair is zero. Eeh node has only three translation degrees of freedgmy(@nd ). Thus,
this element allows slipping and gapping between coupled nodes. The interface elements
are numerically integrated usingp®int Gauss integratiorT éble 4-2). (Dunavant 1985;

Plaxis bv 2015a)interfaces after meshing were compoteti2-node interface elements.
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Table 4-1. Gaussian integration for the 16node tetrahedral element(Plaxis bv

2015a)

Point 3 d G Wi
1 1/4-1/ 204&a5 141/ 2045 1/41/ 204&| 1/24
2 141/ 204§y 1/41/ 20a5 1/ 4+3/ 2| 1/24
3 1/ 4+3/ 2| 1/41/ 2045 141/ 204a| 1/24
4 141/ 20a858 1/ 4+3/ 2(1/41/ 20a)| 1/24

To eliminate a discontinuity between structural elements, the corner node pair of

an interface element contracto a single node. This may result in sharp high stresses

around the corners of rigid element&gure 4-3). To eliminate this problem of nen

physical stress distrilbon, the additional interface should be added inside the structural

element Figure4-3), the stiffness of which should be assigned appropriately not to create

unredistically weak soil(Van Langen and Vermeer 1991 this study, this featureof

interfaceelementsvas utilizedaround all sharp edges theculvert.

Figure 4-2.

n=1. =,
0

by

| ;
n=0. &=0.
0 0
Local numbering and position of

6-node plate triangle.(Plaxis bv 2015a)
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Table 4-2. Gaussing integration for 12node triangular element.(Plaxis bv 2015a)

Point 3 0] Wi
1 0.091576 0.816848 0.109952
2 0.091576 0.091576 0.109952
3 0.816848 0.091576 0.109952
4 0.108103 0.445948 0.223382
5 0.445948 0.108103 0.223382
6 0.445948 0.445948 0.223382

LI

=
J' '1 TIRATE
l'l - '.I\H £:|
a b

Figure 4-3. Inflexible corner point: a) one surface interface; b) double surface
interface. (Plaxis bv 2015b)

4.3. Meshing

With defined geometry, loads, and boundary conditions the model needs to be
divided into finite elements. Plaxis 3D hasembedded fully automatic mesh generator.
To obtain the accurate results without excessive calculation time, the appropriate
coarsenessnust be defined. Thitnite element &e is represented by the target element
size le(Equation 42). This sizedepeands on the outer dimensions of the model and relative

element size factore, which can be separately specified for esrhcturalelement.
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To improve quality of the mesh, especially in the contact zone of elements with
different coarseness, the enhathogesh refinement was used. It automatically refines the
element size to the default valueret0.5 or other manually specified numgaround

boundaries, interfaces, and applied load.

2

e = Zr_eo’\/(xmax -Xmin) (-'ymax y-mir)2 ( Zr#ax Zmi)’2 Equation 4-2

where:
re - relative element size factor;

(X, Y, Z)max minT coordinates of the outer edge of the model.

4.4. Constitutive Models

To investigate the distribution of stresses causing rapid cracking on the culvert wing
tab, three types of material modelgereconsidered. A simple Linedtlastic (LE) model
(Figure 4-4) was applied to the structural elements (winglsvahd a culvert barrel) to
obtain the stress distributions along the contact surface without overloading the model. The
Mohr-Coulomb (MC) Figure4-5) and Hardening Soil (HS}{gure4-7) material models
are appliedor soil elementgPlaxis bv 2015c)The compressible filling material of the

gap was modeled using HS model.

4.4.1. Linear Elastic Model

The Linear Elastic model is the simplest matemmaldel available inPlaxis 3D
Thi s mod el IS based on Hookeds l aw of
parameters: Young modul&swhich represents the slope of the strgtsain curveFigure

4-4),and P oRatog, omoh eepresestthe relationship between stresses in different
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directions(Plaxis bv 2015c¢)This model may be used to simulate the stiff volumes in the

soil such as concrete walls.

%

o
-

&
Figure 4-4. Basic idea of a linear elastic model

Due tothelarge linear regionof the LE modelit cannot be used to simulate the
soil material as it behaves in a nlamear mannerand even small distortions are
irreversible. Using this model, the stresses are not limited and may show material strength

beyond its real parameters.

4.4.2. Mohr-Coulomb Model

The Mohr-Coulomb (MC) model ighe simplest linear elastic perfectly plastic
model Figure4-5). This model represents a fiatder approximatin of soil behaviarThe
stiffness of each layer is based on constant averages\allisearly increasewith depth

(Plaxis bv 2015c)

deviatoric stress
[ |y — o

/ gat - e e e A S asymptote
q- . .« ) - -failure line
4 - (e =7
/ f fr ;'!1_, A
' / I /‘E
.-". '.II. (‘; i
f I :
- - - axial strain - =4
a) b)

Figure 4-5. Elastic perfectly plastic model (a); hyperbolic stresstrain relation (b)
(Plaxis bv 2015c)
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The basic principle of elastoplasticitytisat the straingcludeelastic and plastic

componentsStresse ar e rel ated to the @Plaxisdov2016c)t hr o u (

e= [ -I;p Equation 4-3

s'=D(e-_"¥ Equation 4-4
where:

- T total strain

- 1 elastic strain

T plastic strain
, - effective stresses

‘O 1 elastic stiffness matrix

Figure 4-6. The Mohr-Coulomb yield surface(Plaxis bv 2015c)

The MohrCoulomb yielding criterionis an extensionto 3D conditions of
Coul omb 6 s Figuie48). Trosmednsathat tiis law is obeyed within a material

element. The yield surface of MC model looks lkbexagoml cone with sharp edges
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along the intersection of two yield surfaces. Untikleer programs where these transitions
are smoothed,|&xis 3D (Plaxis bv 2015ahas the exact form of the full MC model with
the sharp transition between the yield surfagésiter 1960; Van Langen and Vermeer
1990)
The MC yield conditions consist of three functions formulated in terms of principal

stresses (Smith and Griffiths 2004):

1, 1 o ..

1:§(s , = S5) 42’( 5 +§sinO g ces OF
1

fZ:E(s 'L -8,) %( 5 43 sinO ¢ cos Of Equation 4-5

fszé(s'l -s,) %( ¥ 49 sinO ¢ cos OP

To avoid tensile stresses when the cohes#®) which isallowedin the standard
MC model, the tension cudff option included in Rxis 3D will set allowable tensile
stresses equal to zeby dehult, if no other value was specified.
The MC model requirefive main input material parameters:
EiYoungds modul us;
U - Angle of internal friction;
3TPoi sondés ratio;
c1 Cohesion;

y - Dilatancy angle.

4.4.3. Hardening Soil Model
TheHardening Soil (HShaterialmodel isanadvancedtress dependent analytical

model for both soft and stiff soi(§chanz 1998)T'heHardening Soimodelin contratto
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the Mohr Coulombmodel does not haviexed yield surfaces to principal stresses and can
be expanded due to plastic strainikgy(ire4-7). Shear hardening due to deviatoric loading

and conpression hardening due to isotropic loading are incorporated in this (Riabak

bv 2015c)
deviatoric stress
g — o3
q 4 asymptote
=== i o e s e S e e e U B T e
-failure line
o= e =
_jE.-,f"rEFﬂ |
1 ,-“ET, ke ik
{ L~ A £
/&__. I
axial strain -'.'l

Figure 4-7. Hyperbolic stressstrain relation (Plaxis bv 2015c)

TheHardening Soilmodel is based on the relationship between irreversible strain
devdopment and decreasing stiffness under deviatoric loading. First, this relationship
between axial strain and deviatoric stressobserved byKondner 1963)n the drained
triaxial test. Later this observatiovasdescribed with the hyperbolic mod&uncan and
Chang 197Q)However, the HC model supersedes this approach by applying the theory of
plasticity instead of the theory of elasticity, including soil dilatancy and by addgid y

cap.Additionally, the failure occurs accordingly the Mohr Coulombfailure criterion.
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Figure 4-8. Yield surfaces of Hardening Soil model: a) in i q plane; b) in principal
stress spacé¢Plaxis bv 2015c)

The failure surfaces ahe Hardening Soilmodel have the same shape the
classical Mhr Coulombfailure criterion though the HS modehtroduesa yield cap to
enclose the elastic regioRigure4-8). The $ear hardening yield surfasbape, shown in
Figure4-8a, depends on hardening paramekerhich impiesthe position of yield loci
between the horizontal axis and MC failureeliA second type of yield surfacEigure
4-8Db) is introduced to enclose the elastic region for compressive stresses. This formulation
defines a model with the independent input ab® and Eed®. The triaxial modulus £
controls the magnitude of the plastic strains that are associated with the shear yield surface.
Similarly, the oedometer moduluso&/®’ controls the magnitude of théagtic strains that
come from the yield surfad@laxis bv 2015c)

The cap yield surface can be expressed by the following equation:

2
f.= % p)’ P, Equation 4-6
where

M i slopeof critical state line in pi g space.

pli effective pressure.



pp T isotropic preconsolidation pressure.
g1 deviatoric stress
The Hardening Soimodel requires sevamain input material parameteBlaxis

bv 2015c¢)
Eoed® i Tangent stiffness for primary oedometer;
Esd®f - Secant stiffnesm a standard drained triaxial test;
Eu®'i Unloading/ reloading stiffness;
a3wiPoi sonés ratio for unloading/ relo
41 Angle of internal friction;
y 1 Angle of Dilatancy;

c¢1 Cohesion;

4.5. Material Properties
Three types of materials wecensidered in this study: soil, concrete, and filling
material The subgrade and backfill soil was modeled usimgMohr-Coulomb material
model with the propertiesorrelated to the results standard penetration te{iSPT).
Concrete was modeled usingliaear elastic material modelhich requirel only the
modul us of elasticity and Poissondés ratio
Fiberboard) modeled with the Hardening Soil mdtat was dependenn three different
elastic moduli to capturdné most realistic behavior of the material. These properties are

summarized imable4-3.

69



Table 4-3. Material parameters

Unit . : Poison | Fricti | pilatac .
Layers weight | Modulus of elasticity, (ksi) Fat i on angle),/ Cohesion,
unsat/sa angle,
(i) | E | Ess® |Eoed® [Eu | 3 [au | G (| y (| co(psi
Mohr -Coulomb
Backfill 0.00 | 10.0 - - - 03| - 30 1
1st layer(0-5 | 0.062/ i i ) )
f) 0.074 2.9 0.3 34 1
2nd layer (5 | 0.062/
15 ft) 0.074 59 - - - 03] - 34 1
3rd layer (15 | 0.062/
25 ft) 0074 8.1 - - - 03| - 34 1
Hardening Soil
Filling
material, - - 0.03 | 0.056 | 0.4 - - 34 -
Saturated
Filling
material, - - 0.23 | 0.21 | 0.65 - - 34 -
unsaturated
Linear-elastic
Concrete |0.08842 | 3307 - - - 0.2 | - - -
45.1. Soll

Of the three built culverts, at the only provided subsurface data w&otorty

Road 258 in ChambgCounty, whereSPT borings werenvestigatedup to 30ft depth

Theraw data for three boring logs are contained in Appendix B.

The measurell values from SPTs were corrected\® (Equationd-7) following

(Skempton 1986procedure. In all cases, hammer eneky) (vas assumed to be eqt@l

80%, since the borings were tested usingutomatic hammer system. Correction factor
Cr wastakenequal to 0.95, as the depth of borings wergaif0ft. As there was no

information whether the tests were conducted using liners, the valisanafsassumed to
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be equal to D.for the rods withouliners With noavailableinformation about thborehole
diameter, the factdCs was taken equal to@

_E. @, @ CON

N. =
60 0.6

Equation 4-7
where:
N7 recorded SPT value in the field
Emi1 Hammer energy efficiengy
Cs1 Borehole diameter correction factor
Csi Sample barrel correction factor
Cr1 Rod length correction factpr
Based on the calculated valueNsb, the soil was divided into three layeFadure4-9):
1. Very soft, dark grey, fineandy CLAY.
2. Medium dense, light grey, fine to coarse SAND.

3. Very dense, tan and light grey, fine to coarse SAND.

The required soil parameters for the analysis wé&igufe 4-9, Figure 4-10)
obtained in accordance witeyerhof (1956 andKulhawy et al. (1985)

The fourth soil layerepresents the backfill. The characteristics of this layer were
based on recommendations (ASTM D155%12el 2012) for typical noncohesive

compacted soil.
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Figure 4-9. Friction angle for Chambers County borings.

N60, blows Modulus of Elasticity, ksi
0 100 200 0.0 10.0 20.0
0 ' .
Very soft, dark —o=B-1]
grey, fine sandy 1 ~#-B-2-
CLAY 5 ==B-3 ==
Medium dense, light 3 1; X
grey, fine to coarse L4 _a S \\
SAND £ |
o>
(O]
06
7 '\
8 1 \
9 i k: [ x_ I
10 HHHH | I

Figure 4-10. Modulus of Elasticity for Chambers County borings.
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4.4.2. Filling Material

The joint between the culvert tab and the wing wall was filled witi2an thick
Southern Pine Asphalt Impregnated Fiberbog@igure 4-11b). Since the data on this
material was limited, onrdimensional compression tests were conducted to obtain the
stressstrain relationshipAn instrumented load fram&as utilized to condud set of tests
(Geotac 2017{Figure4-11a).

The adual installed conditions of the fillingmaterial were not well defined.
Therefore, the cases of saturated and unsatuedded) with confined and unconfined
boundary conditions. Saturated specimens were less stiff and more compressible. Thus, in
the FE model, this filling material causes mdedlection.However,when the material is
consideredunsaturatedit is less compressible but transfers more stresses. The confined
specimens were trimed tofit the confining ring with a diameter of 2in. The unconfined
test was performed on speciméhat were0.1-in smaller than the ring.

The HS material model used in Plaxis requires the secant modudfjsoBometer
modulus Bed®, friction angleli , valkeeof normal consolidatioko™ and unloading
modulusE.® (Plaxis bv 2015¢)Thus, this model was calibrated to represent the behavior
of tested material adequately. The stigtsain curves obtained from conducted oedometer
test scenaos are presented Figure4-12. The parameters required for the analysis were
taken as followsHigure 4-12): for saturated conditian Ed® = 29.97 psi, and &d* =
56.01 psi; for unsaturatedd='= 230 psi and &d°= 210 psi. The unloading modulus was
calculated as &¢" = 3Ed®, friction anglei= 3 4aAd the value of normal consolidation

Ko™ = (1-sin (). Other material properties had the same magnitude for all considered cases.
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The results of compression tegterformed in Plaxi88D for saturated and unsaturated

conditions are shown iRigure4-12.

a

Figure 4-11. Assembled GeoJac loading framé). Southern pine asphalt

impregnated board specimen(b)
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Figure 4-12. Stressstrain diagram of bitumen impregnated board

74



4.4.3. Concrete

Properties of the concrete were determined by testing concrete cylinders, formed
during construction in accordance W{thSTM C31/C31M2015)and(ASTM C39 / C39M
2017) Altogether 14 samples were tested the Chambes Countyculvert six forthelLee
County culvert and eight forthe Coosa Countyulvert The distribution of determined
moduli of elasticity is shown iRigure4-13. The variation of concrete strength for the Lee
County specimens was 10%hile it was 5% dér Chambesand Coosa Counties. In the FE
models, the conservative lowest value of modulus of eipstivas 3307ksi, with

Poi ssondés ratio of 0. 2.

Standard normal variables
(@]

3000 4000 5000 6000 7000
Modulus of Elasticity, ksi

—e—Chambers —e—Lee Coosa

Figure 4-13. Variation of determined moduli of elasticity
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4.6.Development of the Model

Plaxis 3Dwas specially developed to simulate various problems in geotechnical
engineering. Structural elements or a whole structure can be embedded into the soil to
analyze the behavior of the soil and structure under different impacts, as well as-the soil
structure mteraction. The available tools in Plaxis 3D allthe user tosimulae the
problem with relatively simple geometry, such as tunnels, slab foundations, piles, retaining
walls, etc. However, creating more sophisticated structural fanthsPlaxis such as in

the current studyhas the followinghallenges

- There is a lack of basic 3D geometrical objects (parallelepiped, pyramid, prism, etc.).
- Disproportional size and shape of structural elements. Eshing is complicated due
to a significant difierence in element size and sharp edges of the structure.

- There is no option for manual adjustment of meshed elements in Plaxis 3D.

To develop the modéh Plaxis thefollowing stepsare required

Soil modeling

Modeling loads and structures

Mesh generatin

Calculation phases and analysis

4.6.1.Modeling of the Soil

The working space geomeitig/specified prior to the other steps in order to provide
the information for the future meshing. The dimensions of this volameused to
determine the finite elemésize (Equation-2). Also, elements outside this spacenot

subjected to meshingn other words, thegrecompletely eliminated from the analysis. In
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the current project, the dimensions of working space were set to 747.5 x 520-InXr695

X, Y, Z direction respectively [Figure4-14).

Figure 4-14. View of Plaxis 3D soil input interface

4.6.2. Modeling ofStructures

To model the structure, Plaxis provedsvo options: import the structure shape
directly from AutoCAD drawing or create the geometry using special to®lsxis 3D
toleratefew errors during the impartlt is thereforesuggested to avoid importing the
geometry fromother software(Plaxis bv 2015h)since the importing catead to the
structural discontinuity. Thus, tleailvert with the wing wall was modeled manually within
Plaxis3D (Figure4-15). For this study, the models were developed using the geometry of
the constructed culverts presented in Chapter 3. To minimize the time for anafygia
guarter ofthestructure was modeled with symmetrical boundary conditions to account for
the continuity. The only available option to create 3D culvert elements is ¢oystie

geometry using 3D shell or surface elememtd extrude them to the proper thickness with
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further merging of the separate pgarito the solid structure. To cover such a complex

geometry, the number of surfaces varied between 20 and 8@ ftifferent models.

The applied boundary conditions in both horizontal directions restrict only the

corresponding transition and allow free movement in others. The vertical movement is

restricted onlyat the bottom surface. The dimensions of the model wert g& x 62ft

in the plane and 28 deep. The depth was set large enough to develop the static failure

modes and eliminate boundary effect
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Figure 4-15. View of Plaxis 3D structural input interface

To understand the features of a new tab desiymodels vereduplicated with the

same size but with wing walls rigidly connected to the barrel. The dimensions of the walls

were taken the same as withdisconnected joint. The footing width was reduced

accordinglysimilar to conventionamonolithic design and the key wall was removed.
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4.6.3. Modeling of Loads

In thisstudyonly static loads were considered. The main sourtieedbadwasthe
weight of the backfill soil. In FE mode]lst was specified as the unit weight for each
material Table 4-3) and distributed automatically. Other loads, such as surcharge and
traffic, were applied as distributed over the area. The surcharge load oh¢thed&in
paving layer thatvas appliedover the onefoot soil layer on top of the culverFigure
4-16). Based on the unit density tife asphaltvearing surface of 0.14Kksf, the applied
redistributed load waB.035ksf (0.000243ksi). The traffic load was applied according to
AASHTO (2014). Two load components were consideratukaneously: lane load and
HL-93 tandem load. AASHTO LRFD (2014) specified the value of laneitbadual to
0.64klf. As the analyss is performed in 3D space, the lane load edéal be redistributed
over the area of the road width. In accordance with Section 3.6.1.2.4 of AASHTO LRFD
(2014) lane loadwvas assumed to be uniformly distributed over aftl@idth. Thus, it was
taken equieto 0.064ksf (0.000444ksi).

Since the maximurtruck loadeffect on the wing wall was considered, the design
tandem load was chosen as governing drieeodesign live load combinations. This load
was applied in the closest possible position to the weidg where the truck can be located.

It was estimated to bef8 away from theheadwalland ft from the barrel wall Figure
4-16). The ake load was applied as uniformly distributed over the wheel area 20x10

(Figure4-17) with the magnitude of 4.5Rsf (0.03125ksi).
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Figure 4-17. Tandemload in Plaxis 3D

4.6.4. Mesh Generation

This researcistudyinvestigaedthe stresses transferred from the culvert barrel to
the wing wall through the tab surfaces. Thus, the FE analysis was mainly focused on the
contact zoneof the wing wall. Plaxis 3D is an implickE program which requires an
iterative procedure testabish equilibrium within a certain tolerance on each sBipce
their number directly affects the time of computatitre, number of finite elements plays
an important role in the analysespecially in the parametric study.

To have comparable resglthemesh should be the same for each model. Without
the option to manually generate it, the only alternative to cdinggahesh coarsess is
throughrelative element size factor. Thuswias decided to divide the model into three
regions based on elemerizes (Table 4-4Table 4-4. Mesh statistids The first group
represents subgrade and backfill soil with relatively large element size. The second group,
with medium element coarseness, inchitdhe structural elements of the culveartel and

the free end with the footing of the wing wall. Tab extensions with the filling material
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between them wermeshedwith a very small element sizd-igure 4-18, 19). This was
doneto have at least two elements within the filing material thickness and the width of the

tab.

Table 4-4. Mesh statistics

Relative Number| Number
i Element| Element volume,
elementsize| _.0 g of of
size, in in
factor nodes | elements
) 25.0
Soil 2.0 60.0 15.0- 200000.0 | 251090| 25109
Culvert 0.7 13.3 145.0- 2400.0 41990 4199
Wing wall 0.0875 4.05.3 15.0- 400.0 39450 3945
Gap 0.04 0.54.5 0.04-6.0 13270 1327
Interfaces 0.040.7 0.513.3 - 31290 5215
Total - - - 377090| 39795
Backiill ZZSEAT e
Wlng wall : ch : BT 3 .-_______-. _ } . Culvert barrel

Subgrade soil

Figure 4-18. Scheme of the meshing of the culvert model.
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Figure 4-19. Meshing of the joint cross section

4.6.5.Calculation Phases and Analysis

The onstruction process consists of several sedalestages. Typically for
retaining structureghe stages arasfollows: excavation of soil, erection of the structure
and backfilling.Each stageés characterized byhe development adpecific stresses and
displacement. Except for design conditions, ttrecsures can also experience erosion
processes and other extreme events. Thus, to analyze the actual behavior of the, structure
different stages of construction along with different load scesarge included in the
analysis.

For the culverts consideraal this research, the stage analysis was divided into six
primary phases with design loadScour developmentrasmodeled with usind5 to 20

additionalphases
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The considered stages are:

0. Initial stage oKo procedure. The soil is a stredspendent material, so the stress
conditions otheundisturbed soil massustbe determined. At this stage, the model
represents the site condit®before the constructiorFigure4-20). As the stream
bed level was not defined, the initial phase represents the condition before

construction. The excavation phase was not considered.

Figure 4-20. The initial stage of the analysis.

1. Placement of the culvert along with the wing weilgure4-21). During this phase,
the culvertbarrel with the wing wallvere activated/erected. No additional load
except the seliveight of the structure was considered. The whole culvert was
simulated instantly, excluding concrete pouring. The relative movement of both
components along with intertdmn between them was recorded separately due to

their independent settlement.
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Figure 4-21. Placing the culvert with a wing wal

2. Backfilling to the level of the culverF{gure4-22). As it was observed on the field, the
backfill was placed and compacted within one day to the same level with the culvert
barrel. Thus, it was simulated within one phagetiie culverts upo 10-ft deep. For
deeper culverts, this stage was divided into two steps: filling backfill to thédenjght
of theculvert,and then from the mitkvel to the topThe d/namic effect of compaction
was not considered. The obtained seesand displacements of the wall and the tab

recordedduring this stage will be furthe@ompared with the field test results.
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Figure 4-22. Backfill to the level of the culvert

3, 4, and 5Backfilling gradually raised up to 28 (Figure4-23). During these stages, the
effect ofdeepbackfill on the development of streang the tab surfaceas stalied,

as well as the behavior of the wing wall.

z

Figure 4-23. Backfilling 6-ft above the culvert (left picture), and 23ft above

(right picture)
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6. The traffic load was modeled withl-ft soil layer at thdop of the culvert similar
to the constructed culverts. This phase was divided into two stages, the
surcharge load was modeled only wiitle lane load. The second case included a
combination of lane and tandem loads applied in the position deddniSection

4.6.3 Figure4-24).

Figure 4-24. Visualization of traffic load

7. Scour effect. The series of phasetween 15 and 2@ere developed to consider the
effect ofan extreme event, such as scour, on the wing wall behasiosion due to
scour was model by removing1®-in of soil per stage as shovim Figure 4-25 for

rigidly connected and disconnected wing wall to culvert joint.
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Figure 4-25. Development of thescourin the analysis for rigid connection (left

picture) and disconnected joint (right pictures)

4.6.6. Sign Convention

For convenience, the directions of displacements and compraessessnormal
to the joint surface were set the same for all modeigufe 4-26). Unlike typical
geotechnicatonvention Plaxis3D has the following sign convention:
8. Compression stressesfi .
9. Tensile stressdsi fi .

10. Displacement in axes directidm & .
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Figure 4-26. Directions of compression stresses (left picture) and positive

displacement (right picture)

4.7. Verification

4.7.1. Sign Convention

Verification of the correctnes®f a soil pressure distribution in3® model with a
soft foundationis a complicated problenTherefore, a classical retaining wall with fixed
base conditiongvas createdThe height of the wall was taken Gt(Figure4-27a). Soil
and concrete pragties wereused aslescribe in Section 4.5Thelateral earth pressure
distribution on the wall surface was calculated usintjve earth pressureoefficient Ka
calculaed in accordance with Rankine theory. The comparison afrétieal pressure
distribution andobtained from Plaxis 3@are shown inFigure 4-27b. The difference

between two methodmewithin 5%.
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Figure 4-27. a) 3D FE model; b) Earth pressure distribution on the wall surface

4.7.2.Interface Elements

One of the most importamdars in simulation and analyzing the behavior of soll
structure interaction is proper mouhgj of the contact surface between them. To model the
contact surface, Plaxis 3D hasspecialinterface element. This elemesimulates the
interconnection between two different materials involving their physical properties. The
behavior of surface inttace elements explainedn detail in Chapter 4.2.

Sinceit is complex to understand and verify the behavior of interface elementausing
full-scale 3D modela simplified model was created. This test modaes createdin
accodancewith atheoretical example provided Baxis (2010). It consists otwo linear
solid blockswith a nonlinear interface between therkigure 4-28). The blocks were
modeled as a stiff linear elastic material with a modulus of elasticity E=354nd

Poi s Rothibs 3 =0 .
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Figure 4-28. Deformed shape of the sliding block
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Figure 4-29. Contours of deformation along the block.

The interface was simulatesdith the Mohr-Coulomb material modedefined by a
modulus of elasticity ten times lower them the block material (E= 435)1Poissord s
Ratio 3=0.45, friction ad4psiThe uniwelybtoféhdboa nd c c
was0.092pci. The load was applieith the form of a horizontal prescrib@displacement
of 3.94in (0.1-m) to one side of the solid block. All nodes of the bottom klere fully
restrained, and all nodes of the top block were free to move.
There was no significant deformation of the rigid body under applied load. However,
large movement was observed along the contact surface, and eqted dpplied

prescribe displacement Figure4-30). The distribution of shear stresses along the interface
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is shown inFigure4-30. The maximum shear stress at failwas 8.89-psi (61.3EkN/m?)
which appeared on the right side of theodel due to the development of rotatain
moments Figure4-30).

As no exact theoretical solution exists for verifying the internal stress distriptiigon

maximum shear stress can be calculated as:

e~ T - , Q0 Cffﬁ,\,
T L QOOW [ D WE *TA ZCfBJd—

p OAd & 214

o @0
U Qi o

The results of numerical and theoretical solution were within 2%.

8.00
0.70
-6.60
-13.90
-21.20
-28.50
-35.80
-43.10

[kN/m?]

Figure 4-30. Shear stress distribution along the contact surface.
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Chapter 5.  Field Measurement ofCulvert Tab Loading

5.1. Introduction

Onethe objectivepurposes of this project waséstimate the magnitude fufrce
or pressure thatansfers between tab extensions. To fulfill this gpssure sensors were
installed inthe wing tabs of three culverts constructed forgmgect In addition,relative
movemens of the top of the waslwererecorded. This secticsummarizeghe selection
and installation of thaastrumentatiormlong with themeasured results. Tlkemplete step
by-step, description of sensor installation, equipment calibratiorfi@lddneasurements

was detailed irLee (2017)

5.2. Field Measurement of LateralEarth Pressure

Model GK-4810vibratingwire earth pessurecells manufatured by Geokon, Inc
were usedto measure the magnitude of the pressure between(tgare5-1). These
sensors weraselectedbecause of several factors. First, treg specially designed to
measure the earth pressure uradgpread footing foundation, or similar structure. Second,
the magnitude of stress predicted by numerical modeling fell withiravhéablestress
range (0 to 50 psi) of the sensor. The third reason was the dimeofibasell were such
that they could beasilyinstalled in theab. The outer diameter of thers®or was 9n and
t hi c k n e-is,svhiok & smaller than tab width of 112

The sensors consist of two thin plates welded together along their circumference
and the gap between them filled with hydraulic fltitlis specific model had a rigid plate
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on one side that was made for attachment to hard surface like concrete. In thibease, t
rigid plateside wasattached to the structure and flexiside faced the tab gap with the

intent that it woulddeform under applied pressuféhe gap were to clogéigure5-1).

Pressure Cell

Transducer Housing Irstrurment Cable
(4 conductor, 22 AWG)

II/MMng Lugs (4 places)

/ Thin Pressure Sensitive Plate

= 33— ]

Side View

Top View

Figure 5-1. Contact pressure cel(Geokon, Inc. 2011)

Each instrumented tab contained three pressure cells uniformly distributed along
the height. One placetdin from the bottom of the tab, one placethZelow the top of
the tab, and another placaithe centefFigure5-2). Thecellswere installed on the culvert
side of the tab in a recess formed in the concrédte wing walls wereconstructed, so that,
the surface of the wing tab and sensors were in a full contastigh the gap filling
material. The cables were attached to the tab surface so that they would not pass in front of

the cells Figure5-3).
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Pr e scsaulrles

Figure 5-2. Location of the pressure cells

Figure 5-3. Post installed pressure cellf_ee 2017)
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5.3.Tab Pressure

The pressure cells were monitofeaim the day sensors were installed until the last
month of monitoring, whiclwas December 2017. The data was recordec omonthly
bass for the three constructed culvert$he monitoring othe Chambes County culvert
staredonJuly 6,2015 and contaned 27 readings for each tab. The constructidhedfee
County culvert was finished on March 2016 and has 38 readings for each tabthe
case of the&Coosa County culversensors were installed only in two tabs duanerror
with a famwork durirg construction. The monitoring of this culvert staron May 5,
2016 and only 15 readings were taken dudréwel distanceThe data recorded before
March 14,2017 wasrecordedby Lee (2017)rnd after this date, ihe author

The reaings from pressure cslare presented in this section. The distribution of
recorded pressure in the tabs fromtlateeculverts shows the same trend. After backfill
was placed, pressure incredsdmost to its maximum value and over time gradually
reducel to almost zero. However, fluctuations of pressure occurred within the monitoring
period due to environmental facteggredominantly rainThe maximum observed pressure

typically occurred at théottom of the tab.

5.3.1. Chambeis County Culvert

Thenormalpressure in all tabs was less thapslafter constructon was finished
and until the backfill was placedThe pressuravast recorded immediately after the
backfilling due to miscommunicain withthe constructiorcrew. The maximum recorded
pressure in the tab after the backfilliogservedn tab #1was2.9-psi (Figure5-4). Also,
pressire peaks up to 5.@siwererecorded in tab #1 due to significant rain. These peaks

gradually reduced to-@si at the bottom and zero at the middle and top sensors. Stresses
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recorded at tab #Z{gure 5-5) after backfillingwere0.7-psi and 0.8si following rain.

During the remainder of thmonitoringperiod,they oscillate around zero. In tabs #3 and

#4 maximum recorded presswk6.7-psiwas during culvert constructiofigure5-6,7).

During theremaining monitoringpressurein these tabs oscilladédetween 0 and-psi.
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5.3.2. Lee County Culvert
Unlike the ChamberCounty culvert, the maximum pressimd.ee County culvert
was recorded on August 29, 2016, immediately after the backfill was pkoed

compacted. In addition to backfill, these measurements include the effect of an
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approximately 8kip truck parked as close to each tab as possible. The maximum pressure
in tab #1 after the backfill was 26pi at the bottom, 3-fsi in the middle andero at the
top sensors. Withiashortperiod oftime, the pressure magnitude dezsedo 14.6psi at
the bottom and 1-8si in the middle Figure5-8). Also, the stresses in tab #kre the
maximum observed among all instrumented talihe pessurein tab #2 after the
backfilling was 17.6psi, 11.7psi, and 4.5-psi at the bottom, middlend top sensors,
respectively Figure5-9). Similar to tab #]1the pressure magnitudecreasgto 9.3psi at
the bottom, 5.5si in the middle, and-fisi at the top, whiclmemainsthe same fothe
recordedoeriod. Pressure recorded in sensors installed in taém&ired constant during
themonitoringperiod. The average pressurps was recorded kthebottomsensor, 0.3
psi by the middle and zero lilie top Figure 5-10). Unlike other tabsthe pressurs
detectedy sensors in tab #4 did necreasevith time after placing backfill. The average
value at the bottom was 483i duringthe monitoring period and arounddsi at the middle

and top sensors$-gure5-11).
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5.3.3. Coosa CountyCulvert

The pressure recorded in tab #1tla¢ Coosa County culvert kbaa uniform
distribution withhighestrecorded pressure of 6(i at the top. The pressara the middle
and at the bottom ere2.4 and 3)-psi, respectively. Thisuggestedimultaneous rotation
of the wing wall and slidingf the wing wallaway from the backfillfigure5-12). The
pressure distributn in tab #2 shoed an unforeseenype of behavior for the wing wall.
Due topossiblebending of the wall, the center cells recorded the highest compression
pressure of 2:-psi while pressure at the bottom wapsl (Figure5-13). The top cell did

not record any pressudering themonitoring period.
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Chapter 6. Numerical Modeling Results

6.1. Introduction

In order to analyze the behavior thie newly designed and constructed culverts
underaset of expected loads, three finite element model sets were developed as described
in Chapter 4. The applied geometry waesed orthe new designs in Coosa, Lee and
Chambers counties described Chapter 3. Two different load scenarios were applied to each
simulated structure: design load, including backfilling and traffic load, and an extreme
event, such as scour (Chapter 4.6.3). In additiomgnolithically connected and
disconnected joints were considertxd evaluate the difference between the new and

tradiional design of the wing watb-tab connection.

6.2. Displacement

Upon the applied load, the movement trends of free standing wing wall and barrel
arethe same for each set of models. The maximum/dominating displacement occurs in the
vertical directionunder both sets dbads while the values of horizontal displacement are
much smaller. However, the horizontal translation is of interest in this study, since the
transfer of stresses atabbed connection occurs in this direction.

Whenthe design setfdoadswasapplied, the top of the wing wall teedto rotate
towards the backfill, regardles$the culvert depth. At the same time, the bottom part slid
away from the backfill. The displacement of the other end of the wall fetldlae same

with a higher magnitude. The uneven translation and rotation of thedegénedon the
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footing width, wall geometryand restrairt at the tab connection. The wing wall
monolithically connected to the culvert barrel de#ekdsa cantilever element undéne
earths pressure

With scour developmelriFigure4-25), the direction of the freetanding wing wall
displacementeverse. While soil erosion progresd in front of the key wall, the wing
wall changd the direction of rotation and starts moviogvardsthe barrel. The magnitude
was relatively small and linearly increadéhrough all stages afcourpropagation along
the key wall. While scour gradualtyrew under the footingthe horizontal displacement
increasd significantly at every stage. Tts®il erosion under the footing cadseertical
settlement of the wing wall to fill the formed cavity.the case ofa fully connected wing
wall, the horizontal earth pressure from backfill crdatesevere effect on the wing wall.

The scour cannot causabstantial movement ofragidly connectedvall.

6.3.1 Chambers County Culvert

The wing wall displacemestunder the design loadse shown inFigure 6-1,
Figure 6-2, Figure 6-3 and Figure 6-4 for all stages of construction. The direction and
intensity of displacements theY direction are shown in terms of vectors of displacement
(Figure6-1), while the contoursHijgure6-2) show the magnitude of displacement in every
nodeof the meshedstructure. In addition, summarized displacements along the tab are
shown inFigure 6-3 for the main stages of construction andRigure 6-4 for the stages
modelingscourpropagation. The applied sign conventieesdescribed in Chapter 4.6.6.

At the first stage of construction, once the strucivaeplaced, the top dhewing
wall moved towardthe barrel by 0.02n (Figure6-1a andFigure6-2a). With backfilling

to the same level with a culvert (Stage 2), which corresponds to the design height of the
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backfill, the wing wall rotate clockwise or away from the barrétigure6-1b). With the
increase of the backfilling from-B to the design height (Stagessy the footing slid
towards the culvert by 0.04n from the original position, while the top part move the
backfill (Figure6-2c-Figure6-2e andrigure6-3). This occureddue to higher vertical earth
pressure acting on the footing. Further incigg@ashe backfill heightto 16ft and 23ft
above the culvert (Stagesd cause the wing wallto continue moving toward the culvert
without changing & rotation Figure6-1-2d, e). The traffic load(Figure 6-2) createl an
equivalent effect as thef6 backfilling (Stage 3 Figure6-1f) for the culvert constreted
in Chambers County.

With the scour developmerthe whole wing wall slid towasthe opening as the
soil erodel in front of the key wall Figure6-4). This leado the redistribution of applied
pressure on the wall. Horizontal displacement of the top of the wall in Y direction slightly
increasd from 0 to 0.02in with scour propagation down to the bottom of the ke
(Stages 8L1) and behind it (Stages -18) (Figure 6-4). Therefore, the depth of the key
wall did not create a significant effect on the wing wall displacemetitdase of scour.
Further, scour development under the footing (Stage2@)7 causd more substantial
horizontal displacement of the top of the wing wall (from 0.02 to -thl6or each
increment of soil removaF{gure6-4). When the scour reaath&0% of footing width, the
FE analysis experiendeonverging difficulties due to large wall displacensent

The displacemestof the wall for backfill levels of 8t, 16-ft, and 23ft over the
culvert are summarized in Appendix C. For the design condjtibatateral earth pressure
distribution ha a triangular shape with almost zero stresses at the top of the wall. Under

high backfill, the stress distribution on the walldha more trapezoidal stpe with
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significant pressure at the top. This increase of lateral earth pressurediesattditional
lateral movement of the wing wakrigureC-1,2,3). Also, dudo the bending of the wall,

the angle of rotation changeand this causkan additional displacement.
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Figure 6-1. Vectors of displacement of the wing wall for sistages of the design load
in Y direction for ChambersCounty culvert
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6.3.2 Lee CountyCulvert

The resultant displacements of the culvert built in Lee County are simithe
Chambes Countyculvert(Chapter 6.3.1). The direction and magnitude of displacement of
the structure under all stages of construction and scour propagation are stioguren
6-5, Figure 6-6, Figure 6-7 and Figure 6-8. Vectors and contours of displacements,
representing the direction and magnitude of movement of the strianteishown ifrigure
6-5 andFigure6-6, respectively. The summarized displacersahdng the tab surfacae
plotted inFigure6-7 andFigure6-8 for the design load and scouespectively. The sae
sign convention is applied (Chapter 4.6.6).

The behavior of the wing wall constructed in Lee County under design loads and
scourbehavd similarly to the one in Chamb&€ounty Figure6-7 andFigure6-8) due to
similar geometry. The depth of the wing wall in Lee Counwgs 2ft greater than in
Chamberounty(Figure3-5 andFigure3-7). During Stage 1, under the seléight only,
the wing walltendedto rotate towards thbarrel around the badeédure6-5a, Figure6-6a).
Once theheight of the backfill reacliethe design level, equal to the height of the barrel
(Stage 2), the wing wall stad moving inthe opposite direction. The displacementliod
top of the wall in Y directiomventup to 0.03in compaed tothe position at Stge 1 Figure
6-5b, Figure6-6b). The wing wallcontinuel sliding toward the barrel Figure6-5c-e) as
the backfill height increase (Stages &). The magnitude of the displacement
incrementally increaskup to 0.02in at Stage 5, which correspatto the backfill heght
of 23t (Figure6-6¢c and e). At Stage 6, once the traffic loeab applied, the bottom part
of the wall translatetowards the barrel compressitig filling materiaJ whereas the top

of the wall dd not move Figure 6-5f, Figure6-6f). This occured because of the tandem

110



wheel load that caudehigh vertical stress on the footing. The effect of the tandem load
directly dependd on the distance of the applied load to tralwA summary of outof-
plane displacements ithe Y direction along the tab surface for six main stages of
construction is shown iRigure6-7.

The simulated soirosiondue to scour caudehe same displacement of the wing
wall as in case of the design loa@lke scour propagation at the front edge of the key wall
reverse the direction of movement. The top of the wall nibvaore toward the
excavationwhile thebottom stagdat the same position. The scour propagation along the
key wall at Stages 5 to 12ddnot havea significant effect on the structurgigure 6-8).
However, with the soil removal under the key wall and behind it (Stage$5)3he wing
wall rotatel back to its original vertical positiorFigure 6-8). The magriude of wall
displacement at the top and bottarere equal. At the final stages (Stages2® the soil
under the footingvas removed incrementallgnd this causkthe largest displacement of
the wall in comparison to the other impadig(re 6-8). Once the scoupropagatd to
more than 1/3 of footing widttlthe horizontal displacemegtew geometrically(Figure
6-8).

The contours of displacement of the wing wall at the joint surface at the level of
backfill equal to éft, 16-ft, and 23ft and with scour propagation are summarized in
Appendix C. The higher vertical earth pressoinethe footing (due to the high backiill
Stages &) causé lower horizontal displacementa in the actual conditions, when the
backfill heightwas equal to theheightof the barrel Figure C-4,5,6). Also, with higher

backfills, additional lateral movementas occurreddue to bending of the wing wall.
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Figure 6-5. Vectors of displacement of the wing wall for six stages of the design load

in Y direction for Lee County culvert
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6.3.3 Coosa County Culert

Vectors and contours of displacement of the wing wall in Y direction for six main
stages are shown iRigure 6-10 and Figure 6-11. Although the culvert built in Coosa
County was the deepest one, the behavior of the wing wabhugh the stagewith the
desigh loads andthe extremeeventwas similar to the other constrtexd culverts. As in the
previous cases, the top of the wing walbved toward the barrel by 0.6 at Stage 1
(Figure6-10a). The magnitudevas similar to the other cases since it primaritiepened
on the compressibilityof filling material Figure6-11a). At Stage 2, the backfileache
the same height with the barrehdthe wing wallmoved away from the culvert opening
the gap between tab extensions at the top part of jpiguie 6-10b, Figure 6-11b).
Increasg the height of the backfill to2ft resuledin incremental sliding of the wing wall
(Figure6-10c,d,e) with the magnitude similar tioe other casesHigure6-11c,d,e).

In Coosa Countythe pavement was placed directly on the culvert. Thus, the effect
of the traffic loadwas negligible Figure 6-10f Figure 6-11f). The higher lateral earth
pressure significantlgffecedthe curvaturef the tab surface andsaresult the bending
momensin thewall.

While scoumpropagatd along the front surface of the key wall (Stagési2), the
wing wall incrementally slid towasthe excavation without changing the deformed shape
(Figure 6-12). Further development afcouraround the key wall and under the footing
(Stages 13 20) affeced the displacement of the wall by changingdirection §igure
6-12). The top of the walitaredmoving towards the barrel creatiagtress concentration
in the top part of the connection. At the same time, the bottom part whthslid toward

the backfill opening the gap and removing compression stresses.
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Displacement due to scour for other backfill heightsimmarzed in Appendix C.
For all cases, the behaviwasthe same excefor the starting pointwhich correspondd
to the results undehedesign load onlyRigureC-7,8,9). The results shown Fgure6-11
wereused as starting stage for correspondibgckfill height. Due to higher vertical earth
pressure on the footing, the lateral movement of the wing wall along the tab suaface

smaller than in other culverts.

6.3.4. Culvert with Monolithically ConnectedWing Wall

The contours of displacemeragthe wing wall for the six stages of design loads
areshown inFigure6-13. The deflections o&d monolithically connected wing wall along
the connetion surface ocawed only due to bending of the wall arlld not vary with
increasing loads. The displacement due to horizontal earth pregssipessible only at
the free end since the wing walkkhave like a cantilever elemenDuring thefirst two
stages, the free erdisplacel away from the backfill by 0.00k (Figure6-13 andFigure
6-14a, b). With applied traffic load and deeper backfills, the freecladgé the diretion
of rotation toward the backfill Figure6-13c, d, e, f). The displacement of the tab surface
had the same pattern astine caseof a disconnectd jointwith a backfill height up to the
level of the culver{Figure6-14). The top part of the wing watkndedto bend toward the
backfill up t00.00@B-in, while the bottompartbert away fromit by 0.001%in. Once the
traffic loadwas applied, the position of the top part of the walihairedthe samgbut the
bottom partwas displacel by 0.008in. Under deeper backfills, the deflection due to
bending linearlyincreasd up to 0.07in at the top and 0.048 at the bottom of the tab

surface.
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The resultant distributions of deflection of the wall along the joint surface are
shown inFigure 6-14 for scou propagation and different backfills. the case ofscour
propagation, the deflectionscillated between-0.02in and 0.02in for all stages of
construction. Despitthe small deflection, the deformed shapes of the jonange with

scourpropagation through the stages due to bending of the wall.
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Figure 6-13. Contours of thewing wall displacements forsix stages ofdesignload in

Y direction for monolithically connectedwing wall
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6.4. Development of Stresses

Similar to displacementdiscussed in the previous sectistressegrom the FE
modelswererecordedat the same location where the actual sensersinstalledi in the
middle of the tab. The compression stresses acting &hentab surfacd-(gure4-26) were
analyzed for each constructed culvert anddl¢@&hapter 4.6) The stress distribution
correlates with the displacement of the sabface presented in the previous chapter.

Under the design set of loads (backfill and traffic load), the maximum compression
stresses occred at the bottom of the tab and gradually decréddeward the top. The
magnitude of thse stressesvasrelatively small (up to 2si). The height of the wall and
backfill depthwere the most sensitive factors. For comparison, in the case when the wing
wall is monolithically connected to the culvert barrel, stresses were recorded in the same
location as in models Wi a disconnected joint. In caseaofgidly connected joint, stresses
along the tab surfacgeremuch higher and localized at the bottom part of the wing wall.
However, the maximum stresses observed in the models with the rigid conneeten
located along the corner of the barrel, where the wingwaaattached.

The pattern of stress distributiarasdifferent under scour propagation. According
to thedisplacedshape Figure6-15), the wing wall rotatd toward the barrel creating the
compression stress concentration zone at the top part of the connection, which dissipate
to the bottom. The magnitude of these stressssnuch higher (up to 5fsi) than in the
case of design loadBor awing wall rigidly connected to the barréhe scoureffectdid
not increase the magnitude of stressexe it ®uld not create a substantial movement of

a cantilever wall.
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An additional set of models was developed to analyze the theoretical scenario of
two tab exéngons being in full lock. This scenario may occur when the filling material is
entirely squeezedand the wing wall cannot movet the tab sidecreatinga high stress
corcentration on the tip of the tab. The maximum stresses located Wdiop 5in of

the tab surface rapidly decreas¢heaveraganagnitudefor the rest of the joint.

6.4.1. Chambers County culvert

At the first stage the wing wallmoved toward thebarrel Eigure 6-3), creatinga
uniform compression of -psi along the height of the joinEigure 6-16). At stage two,
which represetthe design height of the backfill, compression streaseedevelo@dat
the bottom of the joint with the magnitude ep8i anddissipaté towardthe midheight
of the wall Figure6-16). The top half of the walllid nat experience any compression
stresses as the wall mas®ward the backfill. Increasg the backfillduringthe next three
stages to 6t, 16-ft, and 23ft lead toarisein the maximum compression stresses up te 9.3
psi, 10.9psi, and 11.2bsi, respectively Figure6-16). The compressiostresses dissipate
towardthe top of the walto O-psi for 6-ft backfill andto 1-psifor 23-ft backfill. At stage
six, the magnitude of maximum stresses 10.3-psiwith applied traffic loadywhich was
twice ashigh as withthe backfill load at stagevb. This increase of stregsth the traffic
load corresponddwith results observed during the field instrumentation.

Compression stresses decreaséh the scour development at the front of the key
wall andwith a backfill heightat the level ofthe culvert Figure 6-17). As mentioned
previousy, the vertical settlemenwas greater than thaorizontal displacemenand he
direction of itsdisplacementiectorwas diagonally dowmwards Thus,the magnitude of

compression stressegcrease due tothe additionaldisplacement of the wing wall into
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the formed cavity. The development of the scour under the focaingel a chang in the
directionof displacement of theving wall, thusthe maximum compression stressese
located at the top of the tab surfaduring the propagation under the footirthe
magnitude of these stressesreasd from 5-psi to 40psi.

In the scenario with aear rigid lock between two taxtensionsdesign loads and
scour propagation around the key wiidl notaffectthe stresgs. Scour propagation under
the footing and backfill to the level dfe culvertcaus@ compression stress toincrease
to 155psi within the top &n of the tabheight.

Development of compression stresses along the tab height for the backfill levels of
6-ft, 16-ft, and 23ft over the culvert are summarized in Appendix D. Under high backfill,
the stress distribution on the tab surfaed the same shape asenthe backfill height
was equalto the level ofthe culvert. As backfill heightincreasd from 6-ft to 23t, the
averagevalue ofcompressiorstressemcreasd from 5-psi to 10psi, while the maximum
valuedecrease from 40-psito 25-psi (FigureD-1, 2, 3).

Thecompressiorstresses wittbckedtabs andcourpropagatiorfor other backfill
levels (6ft, 16-ft, and 23ft) are shown in Appendix D. The magnitude of maximum
compresion stressesicreasd from 80-psi to 110psiwith increasingrackfill heightfrom
6-ft to 23-ft. Similar tothe other modelsstresses under higher backfilere smaller tkan

in the model witha backfill up tothe levé of the culvert.
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Figure 6-16. Development of stresses along the tab extension under design loads for
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6.4.2. Lee County Culvert

Similar to the stress development in the tab for the Chan@minty culvertthe
stress developmentas uniform at magnitude ipsi after constructing the culvert and
before backfilling(Figure6-19). At stage two, with the height of the backfill equal to the
height of the barrel, the maximum compression straseest-psi at the bottm of the tab
(Figure 6-19). These stresses dease to zero at onghird of the wall height The
compression stresses at the botiooneased as the backfill heighventup to 23ft through
stages three to fivgFigure 6-19). For the 6-ft deep backfill the magnitude othe
compression stress is-psi, whichdissipatel towards themid-height of the wallWith the
backfill height of 16ft and 23ft over the culvertthe compression stresses at the bottom
were 14.9psi and 15.9psi, respectively. Stresses during stages four andwiset up to
1.5psi at the top of the tab surface due to bending of the wall. Ungke@yraffic load
compression stresse&re doubled (2.6-psi) (Figure6-19).

The dstribution of compression stress with modeled soil erosion due to scour
followedthe same trend as the previous case. With the scour propagation at the front
edge of the key walthe stresses at the bottom increbkeearly up to 1ipsi froman
initial magnitude of @si at stage twdHigure6-20). During the final stagg46 to 20, the
erosion of soilpropagatd under the footing andausé the krgest displacement e
opposite directionwhich createl maximum stresses at the top of the wklg(re 6-20).
The magnitude of these compressistnessesncreasd from 2.6psi to 30.8psi for
corresponding stages.

In thetheoretical simulation of the near rigid lock between two, tddesmaximum

compression stresses at the vogntup to 109psi with the scour development under the

131



footing. The mmpression stressedong the rest of the heigivere distributeduniformly
around 16psi (Figure6-21).

Appendix D contaia the results of compression stress distribigiauith scour
propagation for other backfill heights. Also, the results of lockedadaedsummarizd in
Appendix D. Unde higher backfil] the distribution of stressdsd different shapgthan
with designbackfill level. The maximum compression stresses reeshimthe lower part
of the td height with magnitudeof 23-psi, 24psi, and 32osi for 6ft, 16-ft, and 23ft
badfill depth, respectively(Figure D-7,8,9). The compressiorstresses rangdrom 5 to
10-psiover the remainder of the joint heighit stages 16 to 2aGhe magnitudef stress
increasedip to 15 to 2psi at the top of the joint due to wall movementha opposite
directionasdescribed in Chapter 6.3. Similarttee previaus case with the locked taltke
magnitude of stressascreasd up o 70-psi for all backfilllevels. The restf theheight of
the wallexperiencd the compressiorstress withan average magnitude offsi (Figure

D-10,11,12).
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Figure 6-19. Development of stresses along the tab extension under design loads for

the Lee County culvert
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6.4.3. Coosa County Culvert

The distribution of compression stresses along the tab surface developed under the
design loads is shown Figure6-22 for the culvert built in Coosa County. Similéo the
other cases, the stresses along the tab surfaeeuniformly distributed at Stage 1 and
reach 1psi. Once the backfilwas leveled with the culvert barrel at Stage 2, the
compression stresses at the bottom incikts8. 7psi, and linearly deceseal to Owithin
the bottomthird of thewall height The increase of the backfill height teftabove the
barrel createl the compression stresses at the bottom of the wall with a maximum
magnitude of 114psi. These stresses dissighéed the midheightof the wall. When the
height of the backfillvas equal to 16 and 28, the maximum compression stresgese
19 and 19.8si, respectively Figure6-22). The compression stresses propagjateng the
joint surfacebe@me zero at the top. Under applied traffic load, the magnitude of
compression strességmmesequal to 15.9psi, whichwas twice ashigh asthe desig
load conditions.

The distribution of the compression stresses when sgompagatd under the
footingandthe backfill heighteache the top of the culvert barrel is showrFigure6-23.
Compaedto the design load case, the developmestotirdoes not create a severe effect
on the stress distribution and magnitude (overall the stresses are lower thartwno
culverts discussed iprevious chapters). At Stage 13, when scour propadpeteind the
key wall, the maximum compression stresses redd®b-psi. With further soil erosion
under the footing, the wingall changd its direction of rotation. Similar ttheother cases,

the stres concentration zone with the magnitude ofpsiwas formed at the top.
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If the tab extensions are locked, the peak stressassmaller than fothe other
culverts (up to 34si- Figure6-24). However, the stresses along the rest of the tab height
were uniformly distributed with magnitude-psi.

Stress distributions for other considered backfill heights under the design load,
scoutr and when théab extensionsvere locked are summarized in Appendix D. Similar,
to the other models with backfill leveled to the height of the halrelstress distribution
patternwas consistent with the other cases for all stagegufeD-13, FigureD-15, Figure

D-16, D-17 and D18).
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6.4.4. Culvert with Monolithically Connected Wing Wall

The stress analysis famonolithically connected wing wallf the 9ft deep culvert
barrel was performed in this study. The disttidi of stressewas similar with regard to
the shape for all stages of construction and considered structures. The resultant stress
measured at the same location, as for the tabbed connecgshown inFigure6-25. The
maximum compression stressesiich range fronil20 to 174psi for different heigts o
thebackfill, werelocated at the bottom of the wall. These stresses dedralasest tazero
within the next 6in of the wall height. At Stage 1, before the bdtkfias placed, the
compression stresses at the bottom reddd-psi. With the backfill filled to the level of
thebarrel, the stresses incredsg to 140psi. Applied traffic loadeducel the magnitude
to 120psi. Further increasg the backfill height to 6t, 16-ft and 23ft producel the
development of compression stresses equal tgp&if4.54psiand137-psi, respectively.

Scour propagatiodid not create a significant impact on stress distidouin the
case ofa monolithically connected wing wall. The resultant stresses developed along the
tab are shown ifrigure 6-26 for the backfill height equal to theeight of the barrel and
scour propagation. The shapetloé stress distributiomemaired the same, as for design
loads, with the maximum magnitude of 183i. Therefore, the stresses developed due to
scour exceegtlthe stresses from backfilling load oy 30%. Once the scopropagatd
under the bottom of the wing wall, the stresses pedpo 146psi.

A high stress concentration zone was noticeallimodels with the rigid joinfThe
compression stresses widimagnitude up to 1@Bpsi were localizedat the top &n of the
wall when 23ft high backfill is placedRigure6-27Error! Reference source not found).

This locationcorrespondd to a position of crack formation in existing culverigure
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1-1). FromFigure6-28, the maximum stresses in this locatieere smaller in case of soil

erosion due to scour.
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Figure 6-25. Development of stresses in the monolithic connection under design

loads
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6.5. Comparison of Numerical and Measured Results

Thecharts in this sectiopresent the comparison between stress distribution along
the tab height obtained from numerical analysistardstress distributiomeasured in the
field. Thestresdistribution from numerical resultgascalculatedor the design height of
the backfill (Stage 2) which is in the level with alvert for all considered cases. The
measured pressure distribution represents the maximum and average set of recorded data
in constructed culveftom each cell within the tab.

The pressure distribution after placing the bacldilbweda similar trend as the
numerical solutiorior theChambes County culvert. The maximum compression ocedr
at the bottom andlecrease to the top of the wall Rigure 6-29). The magitude of
maximum compression stressgas similar but itwasmore likely a coincidete than a
trend. The field measurements were recordedhmuncontrollableenvironment, which
involved a number of uncertainties. As it was mentioned in Chapter 5,@fteing the
backfill, themaximum recorded pressure gradually reducethtveragesalueof 2-psiin
all three cells along the height.

The bottom pressure cells the Lee County culvert experienced the greatest
pressureamong the constructed culvertdnlike the previouscase the trend of pressure
distributionshowed evidence of nonlinearity similar thie numerical results. Despite the
lowermagnitudethe shape of average pressdisdribution followsthe shape of maximum
distribution The magnitudeof the recordedstresseswvas three times higher than the
numerical resultsfter placing the backfil{Figure 6-30). This may be explained ke

dynamic effect durig compaction, whickvasnot considered ithe numericalanalysis.
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Thepressure distribution along the talitie Coosa County culvert showsidence
of uniform translatiorand rotation of the wall away from the backfill. i¥hesuled in
maximum compressiostressest the top of the taFigure 6-31). This behaviowas
completely different from predicted by the numerical model when the maximssupee
waslocated at the bottom of the wall. Alamforeseen type of behaviaas observed for
most of the readings where the maximum pressure was greater at the central cell and
smaller or near zero in other two locations.

Overall different types bmovement were recorded. Most of the tabs, wilese
maximumpressure at the bottormaxhibited evidence of wing wall rotati@o that the top
of the wall move towards the backfill and the bottom away fronTtis type of behavior
correspondedvith thatpredictedoy numerical modeling. The rest tife tabsexperienced
comparately small pressures due to slidingbmndingof the wall.

Despitethe difference in magnitude of compression stresbedotal behavior of
the wing wallhadthe same trend axbtained inthe numerical simulation with maximum
compression at the bottom. These reswiere important andvere used to develop the
procedure of estimating the magnitudete maximumforce acting on the tab surface for

thedesign which will be explaied in the following chapter

147



Wall hight, ft
N

—e—Plaxis 3D

—Joint surface
—m— Post backfill

-20

Average reading

o

-18 -16 -14 -12 -10 -8 -6 -4 -2
Stress, psi

Figure 6-29. Pressure comparison fortChambers Countyculvert
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6.6. SummarizedMaximum Pressure in theTab

This section presents the summarized results of compressive pressure calculated
and measuredwithin the tabthat was presenteéh previous chapters. The maximum
compressive stress magnituglas selectedrom all developed and analyzed models for
Chambers, Lee, and Coosa counties culverts. The position of these stresses along the height
of the wall variesbetween model€Only field measurements of pressure at stages that
correspond with the numerical analysis were ghdvor Chambers and Coosa counties
culvers, the Stage 2represents thdesignbackfill level. For the Lee County culvert, the
recorded datavas available not only for th&tagewith backfill load but with the traffic
load as well. The presented data contaty the maximum recorded pressure within all
four tabs for eachulvert

Maximum measured and calculated pressure in the tab for tomestructed
culvertsaresummarized in Appendix E. The distribution of compressive stresses through
different stages of analysis for Chambers, Lee and Coosa counties cate@rissented
on Figure6-32, 33, 34. Dispersion of these resulfidicates that the pressure developed in
the td primarily depends on the applied load from the backiithen only applying
backfill and traffic loadthe increase of pressure migde is almost linear. As was
mentionedn the previoussection, the scour propagation in front and aratedey wall
does not cause significammcreaseof the compressive pressure for the constant backfill
height. Thesubstantiatise of the streses occurs witscourpropagation under the footing.
However, theadverseeffect of the scour propagation on tt@mpression stresses in the

tab decreasewith the height of the wing wall. Despite the lack of variety of bactdil
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culvert height ratios,hie magnitude of measured pressure in thewabsimilar to the

resultsobtained from numerical analysis.
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Figure 6-32. Maximum pressure in the tab in Chambers County culvert
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Figure 6-33. Maximum pressure in the tab in Lee County culvert
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Figure 6-34. Maximum pressure in the tab in Coosa County culvert
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6.7. Forces in the Tab

The design procedure of tabtemsion will bediscussedin Chapter 7. This
procedure considers the design of a-tow strip of the tab height. The only input load
considered in the design is the shear force acting on the tab surface. As this is a new design,
there is no establishedqeedure to calculate thmagnitudeof this force. Finite element
analysis was therefore used to estimate the magnitude of the shear force. For each model
developed within this project, the maximum resultant force per one linear foot of the tab
height wagecorded. The position of the ofeot strips varies with the height of the wing
wall for different culvert configurations and applied load combinations. This location
matches the area that experiences maximum compression stresses. This approach provides

conservative estimates of the maximum value of the shear force normal to the tab surface.

The resultant forces on the ofa®t strips of the tab height for different backfill
heights and traffic loaxare shown irFigure 6-35. The vertical axis corresponds to the
stages of analysis discussed in Section 4.6. The backfill heights on the grapliré®-35
refer to the backfill over the culvert. Thusft®ackfill means the backfill height equal to
the level of the culvert (Stage 2). The magnitude of transferring force directly depends on

the backfill height and culvert depth.

The amount of force that may be generated/developed between two tabs directly
depends on the lateral active earth pressure, which acts on the wing wall. Since the tab
design considers forces that act on-toa strips, it is essential to estimate the magle

of this force based on the maximum magnitude of the lateral earth pressure

Sém =K, @Htat the bottom of the wafFigure6-36a). The maximum magnitude of the
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lateral earth pressure was assumed to be uniformly distributed overftheeigjht.

Therefore, the equivalent force is calculate@Fagure6-36b):

P 1x =S Tt Equation 6-1
Where:
0 i force acting per foot long strip
, - lateral earth pressure.
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Figure 6-35. Force in thetab under designloads
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The comparison between the resultant active lateral earthfforpe on the one
foot strips and the maximum force in the tab for the three constructed culverts are shown
in Figure6-37. The horizontal axis represents the magnitude of the transferring force, while
the corresponding wing wall height is on the vertical axis-ff7ih ChambersCounty
culvert, 9.1t in Lee county culvert, and 11ftin Coosa Countyulvert). The forces
obtained from finite element models are shown féirahd 23ft backfills. The lateral earth
pressure was calculated using Rankine theory to estimate the value of active earth pressure
coefficientKa. The soil properties as discusse®ection 4.5. were applied to calculate the
earth pressuré soil unit weight of 126pcf (0.062pci) and driction angle of the soil of
30Awere used for all models. To compare the forces witft Backfill, the active earth
pressure coefficient wasalculated using a slopef backfill angle equal to 25, whi ch
corresponds to the one used in the numenwadel. For the backfill up to the level of

culvert, the backfill slope angle was set o 0
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The maximum lateral earth force acting on the wing isahown as .0 x 0
for corresponding culvert deptRigure6-37). The magnitude of this foraeas lowerthan
the stresses that are transferred between the two tabs under desigmévadsen the
magnitude of the theoretical force &y waswell-correlated with the numerical results for
thebackfill slope angle o25A In case oflat backfill (O-ft over the culvert), the magnitude
of the theoretical force acting on the wing wallwidh b ac k f i | heedsito be e

increase by 2.8Figure6-37).

To determine the maximum tab force developed due to backfalid@ft deep
culvert was simulated. For the considered material propetteand 25 of the magnitde
of the theoretical force acting on the eoet width of the wing wall is highly correlated
with the numerical results for the wing wall heights froift @ 30-ft depth Eigure6-38).

In the case of no backfill over the culvert, the force in thewab betweenl.5and?2.5 of
the theoretical forcé ~ for considered backfill heights. With the -&3backfill, the
results for the culvert depth below-ftSverebetweer3.5and4.5 of the theoretical force
0 . For the culverts deeper than-ftsthe force transferring in the tabasdecreasing

in comparison tshallower culverts.
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In case an extreme event, such as scour, the maximum analyzed force in the tab per
linear foot is shown ifrigure6-39for constructed culverts. The horizolndxis represents
the stages of scouring described in Section 4.6. For the tabs installed in the Ghamber
County culvert, the maximum force due to scour, obtained from numerical regasts,
2000-Ib (Figure6-39a). This value falls within a range fro270GIb to 900-1b, based on
the theoretical lateral force with and without backfill over the culvert, respectively. For the
Lee County culvert, the magude of forces in the talwas the highest among the
constructed culverts with a magnitude up ®GHb (Figure6-39). The theoretical forces
for 9.1-ft wing wall heightwere 1300-Ib and3500-Ib with and without incline backfill,
respectively. In the Coosa County culyghe maximum calculated force in the tabs
3800-Ib (Figure6-39c), whichwas much smaller than the lateral earth pressure, wiash

14501b and44006Ib with and without inclind backfill, respectively.

The resultant forces in the high stress concentration zone which develops in the top
corner of the tab whethe tabs are in full lock under the theoretical scenario are shown in
Figure 6-40. The maximum force o6000Ib was developed in the tab in the Chandber
County culvert. For the Lee and Coosa counties culverts, the maximum analyzed forces
were 2500-Ib and 4500-1b, respectively. These force magnitudesre smaller than the
theoretical lateral eargbressurdorce discussed in the previous paragraph.

Basedon these results, the following equation can be used to conservatively
estimate the magnitude of the force that can occur in between two tabs due to lateral earth

pressure.

V.=k €, g ® @ Equation 6-2
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where,
w 1 force acting on the tab surface;
Il 7 applied load coefficientliable6-1);
0 T active earth pressure coefficient;
[ T unit weight of backfill soil;

"O1 height of the wall;

¢ "Qonefoot portion of the tab heiglil-ft).

Table 6-1. Load coefficient

Influence factors

No sloping backfill 2.5
Sloping backifill 4.5
High possibility of scouwith flat backfill 3.2
High possibility of scouwith sloping backfill 6.5
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Chapter 7. Tab Design

7.1. Introduction

The @b extension(Figure 7-1. Tab extension with typical reinforcemgnt

overlaping the wing wall and culvert barrel, is a short cantilever reinforced concrete

element employed to transfer therizontalearth pressure acting on the wing wall to the

barrel. Thewidth of tab extension is comparable to its depth. Also, it can be assumed that

transferred force is acting on the limited area of its width. Therefore, the potential failure

modes of the tab extension are similathimse of acorbel. Thus, tle behavioof these two

itemsare quite similar, and the provisions of AASHTRFD (2014)for corbel design can

be applied to the tab extensidesign.
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Figure 7-1. Tab extension with typical reinforcement
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7.2. Behavior and Failure Modes

The shear crack occurs near the point of application of the concentrated force and
propagates to the bottarorner of the structurgab interfaceRigure7-2a). It can also start
forming at the upper corner of the tab proceeding vertically to the bottom(Filggre

7-2b). Failure due to the splitting dhe concrete around the tensile reinforcement may

occur if the anchorage lengthirsufficient (Figure 7-2c). Inadequate proportions of the
tab can result in failure due crushing of the concrete under concentratelitpad{-2d).

) J/vu \I{vu
_\{a}’ S _\m}
oo I

(c) (d})

Figure 7-2. Failure patterns: a) diagonal shear; b) shear friction; ¢) anchorage
splitting; d) vertical splittin g

Shear friction reinforcement must be providedorevent crack propagation using
the shear friction provisions 5.8 of AASHTO LRKERO14). The horizontal resisting force
in the anchored closed tie transforms itite transverse nominal resisting force through
the friction coefficiente (Figure7-3). This transverse resistance must be larger than the
external factoré shear loagMattock 1976)
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Figure 7-3. Tab extension free body diagram

The horizontal tensile fordsuc (Figure7-3) is addedto avoid tension force due to
shrinkage and creep, and it shall be considered as a livéMiadidbck 1976) To resisthe
horizontal tensile forgeadditional tensile reinforcement with yieldisgress equal tbluc
shall be providedAASHTO LRF2014)

To prevent diagonal failure of the tab extension the total yielding strength of closed
stirrups shall be geger or equal to onkalf of yielding strength of reinforcement required
to resist factored momeAt or a sum of twethirds oftherequired shear reinforcemeft

and tensile reinforcemenA, whichever is greater.

7.3. Design Procedure

Estimation of tle tab dimensions:

A Length of the tatianshall not be smaller than the outer end of the tensile
reinforcement hook development lengtiplus a concrete cover layer2f
in.

A The thickness of the tdixshall not be smaller than the thickness of the wing

wall.
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A The positionay of ultimate shear forc®u from the inner edge of the tab

shell be taken not greater thaub Liab.

Design procedure:
1. Calculate the ultimate shear fordé (Figure 7-3) using Equation 62 and
recommendatiofrom Section &.

2. The ultimate shear force for normal weight concrete shall s&iSty @

V. =02 § hd Equation 7-1
V=081 d Equation 7-2
where:
Q - specified 28day compressive strength of the weaker concrete on either
side of the interfacgesi;
@ 1 tabwidth, in;
d T depth of the center of gravity of stel (Figure7-3);
L T strength reduction factor£0.9 for normal weight concrete) as specified

in AASHTO (5.5.4.2.1)

3. Calculate the minimum area of sheatr friction reinforcement

0.05G :
A2 0.0, Equation 7-3
fy
where:
Ac, - area of concrete considered to be engaged in intesfaae transfein?;
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A,=h, § Equation 7-4

bvi I interface width considered to be engageshearransferin;
Lvi i interface length considered to be engaged in shear transfer
fy T yield strength of the flexure reinforcemekdi;

4. Check the nominal interface shear resistance

V,=c @, m(AOf B Equation 7-5
where:
c I cohesion factor specified in AASHT(G.8.4.3) ksi;
€ i friction factor specified in AASHTO (5.8.4.3Jim,;
Pc i permanent net compressive force normal to the shear plane; if force is

tensile,Pc=0.0, ksi:

The nominal shear resistandeshall not be greater than the lesser of:

V.CK 6 A( Equation 7-6
V. CK, 8 Equation 7-7
where:
K1 T fraction of concrete strength available to resist interface shear, as specified
in AASHTO (5.8.4.3;
Kz T limiting interface shear resistance specified in AASHTO (5.8.4s3)

5. Calculate the minimum area of tension reinforcendant

Az~ Equation 7-8
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where:
L T strength reduction factorn£0.9 for normal weight concrete) as specified in
AASHTO (5.5.4.2.1) for tension control memhers

6. Calculate the area of flexural reinforcemént

A=——u Equation 7-9

where:

Mu T ultimate flexure momentfgure7-3), kip-in.

M, =V, @) N (hG) Equation 7-10
h T height of the tal§Figure7-3), in;
d T effective depth of corbgin;
a T depth of the stress block.
L T strength reduction factor£0.9 for normal weight concrete) as specified

in AASHTO (5.5.4.2.1) for tension cant members
At the first trial step the valu@-a/2) sell be assumed equaBd

M
=4 Equation 7-11
A 7006 0d q

7. As the value ofd-a/2)is based onraassumptionthe value of shell be computed

and recomputeg:

__AG

a= —— Equation 7-12
0.85CF, KX

8. Area of primary tension reinforcemefishall be not smaller than:
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el

A3

+A, Equation 7-13

and A? A A Equation 7-14

9. Calculate the minimum total area of closed stirrups orAigarallel toAs.

A2 %(& -A) Equation 7-15

10.The limits of primary steel reinforcement at he the face of support shall satisfy:

r= Ag 20.04 —f@ Equation 7-16

11. The anchorage of the outer end of the tensile reinforcelmé¢Rigure7-4).

The outer end of the bar must be anchored in accordance with Artide? 3.
AASHTO LRFJ2014)
Development length for a hookdxdr with yield strengthiQ ¢ Qi skell be taken

as:

|y = > Equation 7-17

where:

dv T diameter of the tensile reinforcemgint
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Chapter 8.  Reliability Analysis

8.1. Introduction

The needor including the inherent variability of design parameters in geotechnical
engineering was discussed in Chapter 2.4. Reliability theory considers most of the load
and resistance parameters, as random variables insteletierministic quantities. This
adlows evaluation theoretical/hypothetical probability of failure for considered
geotechnical or structural system. This is especially important for experimental design,
which does not have a sufficient history of structural performance.

The concepts of hability-based analysis can be applied to new desmn
evaluation ofexisting methodsThe load and resistance factors for new desogm be
developed using various technigaad target reliability index to achietleedesiredsafety
level.

The impa&t of variable design parameters, as well as possible consequences of
errors, can alsbe estimated in terms of the structural reliability (reliability index). The
sensitivity analysis identésthe most important parameters that affect the structuetlysaf
and definsthe criteria/parameters for the optimum design.

Human errors substantially contribute to inherent variabilities of considered design
parameters. This effecs analyzed by evaluating the reliability index for selected error

scenario. The ensitivity functions developed for each scenario can demonstrate the
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consequential effect on the level of safetytfoe consideredstructural system. Thus, the

effect d frequency of the particular error can be reduced by eliminating its cause.

8.2.Reliability Index

The safety level oy structural system can be expressed/evaluated in terms of
reliability index, b, (Hasofer and Lind 1974)his term is commonly used since there is
not always alosal form solution to asess the probability of failurd?:. It is especially
complex once the performance function is 4#iaear and incorporates a number of
variables. The concept of probability of failuf®, was previously introduced iBection

2.2.5.Mathematically, the value dfiereliability index is a standanmgbrmal variable oPr:

b= - EP) Equation 8-1

where: 17 the inverse standard normal distribution function;
As an example, the numerical values of reliability indices versus corresponding

values of probability of failure are summarizedable8-1.

Table 8-1. Reliability index versus corresponding probability of failure

Reliability index,b F (-b)

0.0 0.5

1.0 0.158655254
2.0 0.022750132
3.0 0.001349898
4.0 3.16712E05
5.0 2.86652E07
6.0 9.86588E10
7.0 1.27981E12
8.0 6.22096E16
9.0 1.12859E19
10.0 7.61985E24
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To determine the reliability index for a practical probjehe firstorder second

moment methods applied(Nowak and Collins 2012)
b= M Equation 8-2
Spt $

where:

ki mean value oR

UrRT standard deviation d®

Coi mean value of

Uoi standard deviation @@

For n components of the performance function, expressed with the fundamental
(Equation 216) the meanOyi and standard deviatiotii the resultant parameteese

calculatedusingEquation 83 andEquation 84:

m=a._(&.. 4D Equation 8-3

So=4a (9% Equation 8-4

where:
oii mean value o)
ni number of load components in the design formula

GoiT standard deviation @i

The secondmoment method is a powerful toakedto solve a wide range of
practical problems, which requires the knowledge of just two parameters for each random

variable inperformance function: mean and standard deviation. However, if these random
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variables are not distributed normally or4ogrmally, the second moment method gives
just an approximate value of reliability index. There are other methods to determine the
reliability index, including the nofinearity of performance functiorthe coefficient of
correlation between random variables and type of distribution of the random variables

(Hasofer and Lind 1974; Nowak and Collins 2012; Wisniewski et al. 2016)

8.3. Considered Limit States for Wing Wall Design

The main objective of this subchapter iset@mluatethe AASHTO LRFD(2014)
provisions related to retaining wall design. There are two categories of limit states
describing the possible failure scenarir such structures: structural and stability
(geotehnical)limit states Figure8-1). The stability limit states were briefly described in
Section 8.3In literature, the sliding and overturning limit states are cemed critical for
the stability desigFenton et al. 2005; Low 2007; Phoon et al. 2003; Sivakumar and Basha
2008) In particular, the lowest reliability was calculated for sliding limit s(gnton et

al. 2005)

Stem<>Heel
Moments &
S _
Key<->Toe
Limit State Sliding

Figure 8-1. Limit states for retaining wall design
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The sliding and overturning failure modes were chosen in order to evaluate the
safety ofnewly designed CIP reinforced concrete wing wallhe statistical parameters
for the reliability analysis were selected based on literaftiablé 2-4), (Nowak and
Collins 2012)and soilproperties derived ém in-situ testconducted for the current study

as it is shown imable8-2.

Table 8-2. Statistical parameters ofsoil and concrete for sliding and overturning

limit states
Random variable Mean Cov _Ty|_oe Qf Reference
Value distribution
Unit weight of backfill (Sivakumar and

18 0.07 Normal | Basha 2008)

: 3
soil, s, KN/m (Castillo et al. 2004)

Unit weight of underline (Sivakumar and

soil, aus, KN/m® 19 0.07 Normal | 5 cha 2008)
Angle of internal soil
friction for backfill, (ip, 30 0.10 | Lognormal| (Castillo et al. 2004)

degrees

Angle of internal soill
friction for underline soil, 20 0.05 | Lognormal
Uun, degrees

(Sivakumar and
Basha 2008)

Friction angle between (Sivakumar and

structure and soilj, 20 0.10 | Lognormal Basha 2008)
degrees
Cohesion of soll base, 30 0.2 Lognormal | (Harr 1987)

KN/m?

Unit weight of concrete, (Nowak and Collins
o KN/m? 24 0.16 Normal 2012)

Coefficient of friction,O 0.5 0.15 Normal (Castillo et al. 200)
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8.3.1. Sliding

According to AASHTO LRFD(2014) the sliding structural failure occurs due to
an excessive horizontal force and insufficient soil shear resistance. The basic equation for
sliding resistance is shown Equation 21. In terms ofafundamental design equatighe

nominal resistanceéy) component can be rewritten as follows:

R=/, ét /:el-p I%F Equation 8-5

where:
doi resistance factor for sliding (Table 10.5.5.2 @& AASHTO LRFJ2014)
Ryl sliding resistance
Uep - resistance factor for passive earth pressure (Table 10.5.58AZHTO
LRFD (2014)
Repi passive resistance at the key wall. The passive pressure comisonent

calculated

R =

ep

9, 1K, Equation 8-6

N =

where:
uni unitweight of undesfing soil (Table8-2)
lkwi lengthof the key wall, Figure3-5, Figure3-7 andFigure3-9).

Kpi coefficient of the passive earth pressure that computed Egunation 26.

The code does not recommend including the passive pressure component in

retaining wall design, since it requires ten times more movement of the wall in order to
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activate it, in comparison to the active earth pressure. Howevénefeensitivity analysis

performed within this study, two cases were considered: includingsglaad without it.

The total vertical load providing the sliding resistarféigre2-8) includes the

load due to the weight of the structeandbackfill soil Vsoir:
avs=\v. N, Equation 8-7
The nominal load componer@,, rewritten for the sliding limit state as follows:

Q =/ ey Q CO@Q’] Equation 8-8

where:
Uen T horizontal active earth pressure factor (for StrengthTiable2-3).
Uo1 friction angle betwen stem and backfillii= 0 .)7 @

Pa- horizontal active earth pressuoece, which determined as:
P, :%gb B, HE Equation 8-9

where:
21 unit weight of the backfill soil Table8-2)
KaT1 coefficient of active earth pressuiegation 25)
H 1 height of the wing wallKigure3-5, Figure3-7 andFigure3-9).

The statistical parameters for considered random variables are summaiiiabtei2+4.
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8.3.2. Oveturning

AASHTO LRFD (2014)defines theoverturningstructural failure due to a loss of
the wall stability The capacity of the structure to remain stable and resist the overturning
moment can be evaluated in terms of moments or eccentricities of theamesaices
acting on the structure. The general formulation of the eccentricity equation was presented
in Section 2.2.5.2Equation 219). The forces acting aime wallareshown inFigure2-8.

The limit state function for overturning can be rewritten in terms of I@dtd

resistance componeni®y(
JRQ=R-Q =%, Equation 8-10

where:

emaxi the maximum eccentricity of the resultant force actinghenretaining wall
footing.

The resistance component is expressed as a maximum allowed eccentricity

depending on the footing dimensig@ASHTO LRF2014)
R=¢g, A B Equation 8-11
>3

where:Bsi width of the footing, as it is shown Figure3-5, Figure3-7 andFigure3-9 for

Chambers, Lee and Coosa respectively.

The load componentj, can be expressed as an eccentricity of the aftiteds

acting on the structur&quation 812):
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Equation 8-12

where:
®MRrT sumof resisting moments produced by the vertical forces due to:
1 weightof the structure
1 weightof backfill

1 verticalcomponent oactive earth pressure

® M sumof moments produced by horizontal forces due to:
1 horizontalcomponent of active earth pressure

M reaction force in the tab

8.4. Limit State Function for Tab Design
According to(AASHTO LRFD2014)the tab extension design should satisfy the
requirements of the moment asshearlimit state, as it was stated @hapter 7.The

evaluation of the new tabbed connection desigtn the acceptancedo the following

criteriawasverified:

- The limit statefor flexure:

M, > M, Equation 8-13

where:
L T resistance factor for flexure
21 load factor for flexure

The maximum nominal bending momésitalculated using the following
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M, =A 8 (d(ji;) Equation 8-14

where:
MnT nominal flexureresistance of the tab
As 1 area of flexure reinforcement
Fyi yield strength of reinforcement steel
di effective depth of corbel

al depth of the stress block

The ultimate moment is:
M, =V, & Equation 8-15
where:
VuT ultimate shear force acting on the tab
avT position of shear force
The limit statefor shear:
N> ¥, Equation 8-16
where:
L T resistance factor for flexure
o1 load factor for shear
Vui based on FE results using random generation of the main variables.

Vni nominal shear resistance of the taliculated using the following

V,=c @, m(AOf, B Equation 8-17
where:

180



c1 cohesion factofor concretespecified in AASHTO (5.8.4.3ksi;
e 1 friction factorfor concretespecified in AASHTO (5.8.4.30im.;
PcT permanent net compressive force normal to the shear plane; if force is tensile,

Pc=0.0, ksi.

8.5. Sensitivity Analysis

A reliability-based sensitivity analysis was performed in order to evaluate the
tabbeddesign of the wing wall for sliding and oveming failure modesGeometrical
parameters, such #se heightof the wing wall, depth of the key wall and length of the
footing were considered variable to understand the effect on the structure performance.
These parameters were chosen as the mosentifd on the designThe sensitivity
functions were developed for all random variables to investigate how sensitive the
reliability index was to the changes in statistical parameters of the load and resistance

components.

8.5.1. Effect of Design Parameter

First of all, the statistical parameters for load and resistance variables and the type
of distributions were defined for considered limit states. The statisBesobtained by
reviewing the literature on this top{éllen et al. 2005; Castillo et al. 2004; Harr 1987,
Kulhawy 1992; Ranganathan 1999; Sivakumar and Basha.Z0@8¥tatistal parameters
such as mean value€)), the coefficient of variation {») and approximate type of
distribution for each random variable are summarizetainle 2-4. The structural safety
of the current desigwas measured in terms of reliability indefx, According to(Fenton
et al. 2005)considering the uncorrelatedriablesit was more conservative. Thus, it was
decided not to include the correlation between the variaBiege both sliding and
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overturning limit state functions are ntinear and complex the Monte Carlo simulation
was utilized to access the reliability index for each considered design combination.

The reliability index was calculated for the actual design pasemef theCoosa
Countyculvert Figure3-9). The nominal load and resistance components were taken from
the design. According to the limit state function, theufalcriterion is the exceedance of
the sliding shear resistance by the acting lateral fdgeidtion 85, Equation 88). One
million design cases were simulated in order to determine the theoretical probability of
failure, Pr, as a ratio of the number ohses, n, whethe failure occurred and the total

number of simulationgy (N=1,000,000)

. < et f Bt ve bul -
I 7 T EofaW cocsdgn.  Fuaionsils

The reliability index can be determined usiBguation 81. Graphically the
location of the reliability index is shown Figure8-2 as an inérsection of the resultant
function and vertical axis in standard variable scale. Similarly, the resultant reliability
indices were determined for all three culverts constructed in Alabama and summarized in

Table8-3.

182



Standard Normal Varable

R

— )

1:: RO)=R-

I e B i

1 L Il 1 1 I 1
0 15 20 25 30 35 40 45 30

Sliding force, kips

0 -5 i

(Y

Figure 8-2. Reliability index calculated for sliding stability for the Coosa Countyculvert.

The other culverts have different dimensions éatl conditions. In order to
investigate the effect of geometrical parameters on the structural safety of the built
structures. The reliability index was calculated for different proportions of the key wall
depth Hkw), wing wall height Hww) and footingéngth (s). The results are shownkigure
8-3Figure8-4.

The sensitivity analysis demonstrstiee dependence of structural reliability on the
footing length. Thus, the optimum level of structural safety that correspobdS3.tacould
be obtained for the ratio dff to Hw equal to 1.0 withouta key wall. The results are
especially important in terms e€our(Figure8-4). For example, for thElkw/Hww ratio 0.3
(Coosa County Figure 3-9) the optimum footing length is Z5-ft that corresponds to

b=3.5. However, the developmentsgfourmay reduce the footing length, which provides
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the effective resisting friction force against sliding. Therefore, the decreaselofrim

6.25 to 2.6ft may result in the increase Bffrom 0.02346 to 50% respectively.

Table 8-3. Reliability index for newly constructed culverts- dliding limit state

Variable dimensions of the wing wall  Reliability index,b
: Height, Depth of | Length of Code
Location Wingg\]/vall, e key |the fgoting, Q‘:t‘?a' specified,
Huw it | wall, Hiwft | L ft esign br
Chambers County 7.1 1.5 4.8 3.76 3.00-3.20
Lee County 9.5 1.5 6.25 3.25 3.00-3.20
Coosa County 12.5 4 6.25 3.43 3.003.20

The reliability index calculated for thabbedwing wall connectiowvary from 3.25
to 3.75 for different location$able8-3. This confirmsthe adequatesafety of theabbed
design for sliding limit state.

The impact of the key wall on the performance of the structural systethefor
sliding limit state was investigated by calculating the reliability index for the current and
theoretical design dfiww varying from 5 to 36t (Figure8-5, Figure8-6). Two cases were
considered:Hkw=(0.2-0.3Hww (Figure 8-5) and Hkw=0 (Figure 8-6). The effectwas
significant only for cases with short footirfg/Hww=0-0.5), while for long footing the

reliability indiceswere similar for both cases.
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Figure 8-3. Reliability index calculated for sliding stability for different proportions
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Figure 8-4. Reliability index calculated for sliding stability for different proportions
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Figure 8-5.
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A similar approach was applied ftire overturning limit state (Chapter 8.3.2). The
reliability index was computed for the performance function expressed witqgtkegion
8-10. The reliability index was determined using the same Monte Carlo simulation
procedure, as fahe sliding limit state(Figure 8-2). The graphical representation of the
applied procedure is shown kigure8-7 for the culvert designed for Coosa County. The
resistance componefR) is deterministic and, thus, distributed vertically without variation.
The same number of simulated design cases, asase of sliding,was developed
(N=1,000,000. Sinceoverturning does not control the retaining wall desigefuming
bsiiding) this number of simulationas not sufficient to intersect the vertical axiR,
Q)=0), linear firstorder fittingwasapplied. The reliability indices calculated for the other

locations are summarized Trable8-4.

- |
Standard Normal Vanable

s )£ iy (R {15

Eccentnicity, 1l

Figure 8-7. Reliability index calculated for overturning stability for Coosa County
culvert
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Table 8-4. Reliability index for newly constructed culverts- overturning limit state

Variable dimensions of the wing Reliability index,b
wall
Location He_|ght, Depth of Length Code
wing of the | Actual e

wall, H the key footing, | design specified,

r Wa”, ka,ft ' br

ft L, ft

Chambers Coumt 7.1 1.5 4.8 25.28 | 3.003.20
Lee County 9.5 1.5 6.25 22.02 | 3.003.20
Coosa County 125 4 6.25 11.479| 3.003.20

The reliability indices calculated for culverts in Chambers, Lee and Coaséies
vary from 25.282 to 11.479 respectively. The results correspond to the study performed by
(Mandali et al. 2011jor the retaining walls for sliding and overturning. The structural
reliability for overturning is significantly higher thdn=3.00, targeted irtheliterature. It
confirmsthat the overturning is not a controlling limit state for retaining structures of this
type.

To evaluate the effect of different geometry on stability of the wing walls the
reliability indices were calculated for different proportions of tkeg wall depth Kkw),
wing wall height Hw) and footing lengthl§). The results are shown kgure8-8 and
Figure 8-9 for the culvert constructed in Coosa Courfje results of the sensitivity
analysis sbw that thelonger footingcreate a positive impacbn structure performance
(Figure8-9). The reliability index vaesfrom -5.0 to 37 for the«/Hww ratio from 0 to 1.0
respectively, whildHkw=0. However, the acceptable level of safety for overturning can be

assessed with tha/Hwwratio from 0.3 to 0.7 for anikw (from O toHww).
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Figure 8-8.Reliability index calculated for overturning stability for different

proportions of Hiw/Hww for Coosa Countyculvert
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Figure 8-9. Reliability index calculated for overturning stability for different
proportions of L{/Hwwfor Lee County culvert
The effect of the key wall on the structural performance against overturning was

further analyzed ashown inFigure 8-10 and Figure 8-11. The reliability indicesvere
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calculated for the designed culverts with and witheokey wall. The presence of the key
wall has a negative effect on the behavior of the wing wall the mofrantits weight
increase the overturning momeiihe reliability index decreases from 4Mg=0) to 35
(Hkw=0.2Hww) for all considered case%he taller wing walls were not sensitive to the

changes in key walind footingdimensions Figure8-10, 11).
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Figure 8-10. Reliability index calculated for different proportions of Li/Hww
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Figure 8-11. Reliability index calculated for different proportions of Lt/Hww(Hkw=0)

8.5.2. Effect of Uncertainties in Statistical Parameters

This type of sensitivity analysis idilized to detect the most important structural

and getechnical parameters affecting the safetythed consideredsystem.Adequate

structural analysis and desiggquireknowledge about possible errors in defining the main

design parameters. iIBknowledge often contrsthe frequency of error occurrerscd

reduesthe possible impact on structural safety.

The uncertainties in nominal or statistical parameters may come from different

sources: human errors, incorrect calibration of measuring equipmeninfage hazard),

sensor malfunctioandinsufficientamount of measurements (natural haz@xwak and
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Collins 2012) The design of geotechnical structures often involves the errors related to
complex load conditions, incomplete understanding of the behavior of theistranthn
insufficient amount of measurements. These errors can be divided into conceptual,
executionaland intentional, according to the cause and consequences. The conceptual
errors cover the range of incorrect measurements due to the lack of information. The errors
of execution and intention aes unintentionaland intentional departure from acceptable
practice respectively.

The consequences of different types of errors catdmeifiedthrougha sensitivity

analysis that involves the following steps:

1 Definition of the variable parameters that can affect the structural
performance

9 Selection of the pasble error scenarg

1 Computation of the reliability index for each case

1 Identification of the most sensitive parameters.

In order to establish thexitical variables that affect the reliability afree-standing
wing wall, the sensitivity analysis, dedied above, was applied. The design parameters
(s, (0 ¢ ©),@ecogrozed inheliteratureas random variableJ éble2-4), were selected
as potentially affectedby the errors. The statistics for these variables, reporteédein
literatureby Castillo et al(2004), Harr (19873, Ranganatha(il1999, andSivakumar and
Basha2008)wereconsistent. Thyst is assumed, that the only nominal valtiesgtcan be
affected due tiimited accessibility to the field test values or equipment malfunction. The

reliability indices were computed using the Fstler secondnoment method
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(Equation 82), with load (Q) and resistanc@R) parameters determined usirigg(ation 8

5 andEquation 88). Sincethe load and resistance side are simultaneously affected by the
same parameters, the positive and negative deviation was considered for such parameters
as the unitweight of the backfill soil and friction angle between the concrete and soil
surface. The resultant sensitivity functions are showkigare8-12.

H_

—— Unit weight of backfill soil (R)

Reliability index

21 =— Tl weight of backfill sol (Q))
=—=— Friction angle of backfill (Q)
At —— Friction angle between structure and soal (R)

Friction angle between structure and soil. ()
=TIt weight of underhme soil (R)
Gk —=— Fnction angle of underline soil (R)
Umit weight of concrete (R}
Coefficient of friction (R) _
] i | I i I 1 I I i I i I T i
ST08 06 04 02 0 02 04 06 08 1

Deviation from error-free value

Figure 8-12. Sensitivity function for sliding limit state of wing wall design

From Figure8-12it is clear that the coefficient of frictiord), friction angle and
unit weight of backfill soil randx) are the most sensitive geotechnical parameters in this
design.Plus,or minus20% error in measements result im reliability index below the

acceptable limit r=3.0-2.3). Error greater than 50% corresponds to a theoretical
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probability of failurePr =0.5. However, the reainingparameters do not have a significant
impact ontheoverallsliding stability of wing wall.

Similarly, sensitivity functions were developed ftite basic parameters of
overturningthelimit state, previously discussed in Chapter 8.3.2. Although, the resistance
component is deterministiEquation 811), both podive and negative deviation was

simulated for considered random variables.

30
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S I8
=16
E M
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x _:| j —=— Friction angle of backfill (Q)
I = Friction angle between structure and soil (Q)
S¢ Unit weight of underline soil (Q)
6 ~—— Friction angle of underlying soil (Q)
i —=— Cohesion of the soil base (Q)
Al —— Uit weight of concrete (Q)
= [ A S Coefficient of nction (Q)
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Figure 8-13. Sensitivity function for overturning limit state of wing wall design

The overturning limit state does not control for theftending wing wall design.
However, the most sensitive design parameters were determined: friction arlée of
backfill soil and friction angle between the structure and sok.Hasderestimatiorof
these parameters may lead to a significant level of conservatism in the design of the wing
wall for stability.
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Overall, the results of sensitivity analysisrrespondo the observation made by
(Sivakumar and Basha 2008)at the geometrical parametearsed in the design of the
retaining wall havea greaterimpact onsliding stability that the statistics of the soil

properties for considered limit states.

8.6. Selection of Target Reliability Index for Tab Design

One of the main objectives of this studwgs to develop the design procedure for
the novel wing watto-tab connection. Theehability-based desigemploysthe concept
of target reliability index as a measure of the minimum required level of structural safety.
This term was previously discussed in Chapt2/52L. The targeted safety level is meant
to bea minimum to providean adequate balance of acceptable consequences in case of
failure and costs for construction afparticular systemWhile there are design codes
involving full reliability analysis to define the theoretical failure &differentscenario,
the tabbeddesigq provision was decided to develop based on closeness to the target
reliability.

To select the target reliability indethe following factors are taken into account:

1 The desired probabilityf failure (Pr), for the structure or structural
component.

1 Therequired service life of the structure. Therefore, the targeted reliability
index forthe structuralcomponent can be accepted lower than one for the
whole structure if the component is designed for shorter service period than
the whole structure.

1 The deired utility of the structure, which is the ratio of costs to the

consequences of theoretical failure.
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9 Past practice on the design and construction of similar structures.

In order to select the benchmark reliabilign extensiveliterature review was
performed along with the evaluation of the current design provisions for retaining wall
design. As it was mentioned before tharemanyuncertainties involved in the design of
geotechnical structures, as well #® desired safety level. According to thermant
AASHTO LRFI2014) the target reliability index for structural componeistér =3.5.
However, based on past geotechnical practice the desired probability of failure and
reliability index for geotechnical structures de = 3.0 and Pr = 0.001 respectively
(Sivakumar and Basha 2008; Withiam et al. 1998)oon et al(2003) in their study
considered the acceptalidiability index,br in the range from 3.0 to 3.2 as optimum for
all limit states for thalesign ofretaining walls. Authors have also chosen the same target
reliability for the flexure and shear design of the stem, heel and toe of thé&wnfalet al.
(2009) evaluated the traditional design approach for the target reliability ibgeX5
which corresponds to ther =0.01.

The problem of redundancy ebmponents of geotechnical structureas also
discussed before (ChapteR&.1). In other words, the retaining structure is able to remain
stable aftefailure of themain barrel due to the abilitf the soil to redistribute the pressure.

A reduced target reliability 2.33.5 was recommended Bylen et al.(2005 and Bathurst
et al.(2009, 2012¥or retaining structures due to their inherssdundancyThiswas also
taken into account while selecting the target level of structural safets riew designof
tabbed connectionSince this desig has never been implementaab history ofthe

successfupractice of the design aparformancef similar structuregxists Therefore, it
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was decided to derive the load and resistance factotsdaew design based on a range

of reliability indices pr from 20to 3.5.

8.7. Code calibration procedure

The design procedure ftretabbed culvert wing wall connectiovas presenteith
Chapter 7Reliability analysis was conducted develop the load and resistance factors
corresponding to the targeted level of reliability.

The development of the new design consists of the following steps: determining the
safety demand of the design and developing the design formulas includingdhentba
resistance factors. The basic formatofLRFD design formula requires multiplying the
load and resistance components by corresponding load factors and resistance factors

respectively, as is shownin Equation 819.

fR284 9Q Equation 8-19

where:

%ol resistance factor

Rn T nominal resistance

Qi1 i"load component

a1 load factor for'' load component

The load §) and resistance% factors provide the safety margin embedded in the
design. Therefore, the load effects axerestimatedand resistance are underestimated.
There is still a certain probability of failure whichnst covered by developed factors.
However,it is substantially limited to the desired level.

As it was mentionedbove, both load and resistance components are ramdom

natureand canbe definedwith the specific statistical parameters (bias facand
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coefficient of variatiorV). Using the déned statistics for load and resistance, as well as
target reliability indexbr, the optimum values of factored loa@’{) and resistancg)

calculatedas(Nowak and Collins 2012)

b. O
R =m Tz % Equation 8-20
Sgt §
. b O
Q=m T2 9 Equation 8-21

where:
Gk mean value of resistance
UrT standard deviation of resistance
Gy 1 mean value of load
Uo T standard deviation of resistance

br1 reliability index

The corresponding load and resistance factaicutates as follow

| _

g=1o® Equation 8-22
my;

f= /e R Equation 8-23

The type of distribution for each variable is important in the actual calibration of

the new design factorsSSince the distribution type for both sides dfR 2 § gQ

198



Equation8-19 areunknown for the new connection desigimeyare assumed to be

normal.

8.8. Development of Load and Resistance factors for Tab Design
The fundamental equation in structuralabllity consists of two components: load
(Q) and resistance (R). The limit state functions flmomentand shear design are

previously discussed iBection8.4. In both cases, the resistance component is defined as

M, =A § (dc")z_;) Equation8-14. The statistical parameters, such as

bias factorthe coefficientof variation and type of distribution, for the selected random
variables in resistance component were collected from literature and summaiiaédein
8-5. The nommal values are shown fable4-3.

Table 8-5. Statistical parameters for tab extension design

R . o

af‘dom Bias factoe | COV Type of distribution| References
variable
Compressive (Andrzej S. Nowak,
strengthof 1.27 0.16 Normal Rakoczy, & Szeliga,
concretef% 2012)
Area of
reinforcing (Andrzej S. Nowak ef
rebar #4 1.13 0.03 Normal al., 2012)
Yield
strength of | 1.05 0.11 Normal (Ellingwood, 1980)
reinforcing
stee| Fy

The formulation of the load component for both: moment and shear limit state
require the knowledge of the actual shear force acting on a tab extdagiation 815

andEquation 816). This shear force directly depends on the properties of the backfill sail,
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which are highly variableT@ble 8-2). Thus, it cannot be considered as a deterministic
random variable.

At the same time, since ti@bbeddesign is new, the magnitudetbe shear force
can only be ss2ssed throughE modelirg. The main steps of simulation anterpretation
of results are discussed in detailGhapter 4

In order to determine the variability of the shear force acting on a tab extemsion
Monte Carlo simulatiorwas utilized A set of FEmodelswere analyzedor random
combinations of the soil properties. This combination was generated using the Monte Carlo
method and statistical parameters of the soil, previously defineabie8-2. The resultant
values of the shear force are showrkigure8-14 as a cumulative distribution function
(CDF) plotted on probability paper. The biastta and coefficient of variation for the

shearforce are 0.7 and 026 respectively.

2.5
2
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1
0.5
0
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-1
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-60 -50 -40 -30 -20 -10 0
Tab Force, Ib

Standard Normal Variable

Figure 8-14. Cumulative distribution function of the tab force
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Using the obtained statistical parameters for load and resistance the corresponding
factorswere calculatedbllowing the calibration procedure, described in Chapter 8.7. The
load and resistance factors were determined for the different target relisdiidgs 2.0,

2.5, 3.0 and 3.5 for moment and shear limit statesisislitownin Table8-6 and

Table8-7.

Table 8-6. Load andresistanceactors for tab design- flexure

br br=2.0 br=2.5 br=3.0 br=3.5
Fadors
Load factorp 1.106 1.200 1.274 1.358
Resistance 1.046 1.011 0.976 0.941
factor, U

Table 8-7. Load andresistancefactors for tab design- shear

b br=2.0 br=2.5 br=3.0 br=3.5
Fadors
Load factorp 1.102 1.185 1.269 1.352
Resistance 1.035 0.998 0.961 0.923
factor, G

The calculated factors take into account the natural variability of the components

involved in the design.
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Chapter 9.  Summary, Conclusions, andRecommendations

The objective of this research was to evaluate the possible mechanism that causes
crackingalongthe culvert to wing wall connectioif o preventthe crack formation along
the contraction jointthis study examinethe proposed design of néabbed wing waito
culvertconnectionwhich allowsthewing wall to deflectseparately from the barrélhis
causes the wing wall to behave similarly to ¢hatilever retaining wall witla pinsupport
along one sideTo evaluae the behavior ofthe propose design three culverts with
different deptbwere constructed in Alabam#he four tabs ireachculvert weresquipped
with three pressure sensors equidistantly installed akmmgeight.However, it was not
possible to simulate the behavior of the structure udifarent load conditionsexcept
the culvertdesigrs used in this studyThus, the numerical simulation was chosemmas
equivalent method to simulate different load combinations and extreme event such as
scour. The different backfill heights and traffilbad were usedo generate different
potential load on the culverthe combined results of numerical analyses and field
measurements were used to develop the analytical approach of estimating possible loads
on the tab surfac&his load estimate approaekdresses the missing componerdgd
of the developed tab design procedure which lmarapplied to future CIP culvelike

structures with disconnected wing walls.
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9.1.Summary

A numerical study was performed in order to investigate thetagvedying wall-
to-culvert connection. Finite element simulations were conducted using Plaxis 3D. Three
sets of models were developed to simulate the behavior of constructed culvetabbeth
wing wall connection Separate models were developed to investidj@dehavior of the
structure under the design loads, and extreme gvsuth as scour.A culvert with
traditional monolithically connected wing walas modeled to study the scenario of crack
formation in existing structures&\n LRFD design proceduréor the tab extension was
developed based on existing design algorithm for corlpasability basedsensitivity
analysis was performed for the controlling limit states for the wing wall desigiires
standingretaining wall: sliding and overturning.h& effecs of variability of material
parameteranddimensions of the structumereconsidered. Load and resistance factors
were developed for the new design of the tab extension tediagility basedcalibration

procedure.

9.2.Conclusions
Conclusions ofthis study are:

1. Possible reasons of crack formation are: increase of stresses while the backfilling,
displacement of the top part of the wing wall toward the backfill, and high stress
concentration at the top part of the wing waHculvert connection.

2. The maximum stresses on the culvert wing tab surface located at the bottom of the
tab and reduces till the top. Aldaigh stress level was recorded in the top corner

of tab extension which isckedwith tabextensiorfrom the barrel due to complex
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rotation of the wing wallThe methodology how to estimate the force acting on the
tab surfacevasdeveloped.

3. An approved design procedure for tab extension was developed to determine the
dimensions and reinforcing steel detdfiat articulates with the ASHTO LRFD
(2014)

4. The suggested reliability factors were calculated for the target reliability indexes of
2.0, 2.5, 3.0, 3.5. The resultant load factors vary fror6ltd 1.358 for flexure
and from 1.02to 1.3%2 for shear. The resultant resistance fesct@ary from 1.@6

to 0941 for flexure and from 1.85to 0923 for shear.

9.3.Discussion

Plaxis 3Dwassuitable to simulate such complicated problems which involved soill
structure interaction. This software is equipped with advanced material modelsgbbt clo
simulatethe behavior of theolil. Features, such as interface elemesatsgutomated mesh
generator anthe embeddednaccuracy and error check allow recreatntairly realistic
behavior of the structure.

The results othe numerical simulatiogshowa similar behavior of all constructed
culverts in terms of stress distribution and displacement. Under baa&dihg, the wing
wall tends to rotate towards the backfill creatangtress concentration at thade The
magnitude, of these stressixrrease twardthe top of the wall. With increasing backfill
height the wing wall gradually slides toward the bamabthis causeanincreaseof the
magnitudeof the stressWith applied traffic loadthe magnitude of compression stresses
increasedaswell. Scour propagatiomnder thewing wall causessettlement and rotation

changing thestress distribution. The maximum compression stresses are at the top of the
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tab and dissipate toward the bottom. If jihiet filling material is fully compressed tiep

part of the tab can be lockad the joint and this leads tormation of high stress
concentration zone. Talgrinto account the actual distribution of stresses along the tab
surface this scenario is orlyeoreticdly possible.

The data collected dung field instrumentation of the culvert shows that
compression stresses were recorded only in three tabs out of ten. In the resiaséfhe
stresse®scillatal around zero which indicate that the wing wall did not move or move
toward the backfill. Theéargest pressure was recorded during the backfill porticdheof
constructionand gradually reduced over time. The recorded compression stressas
good agreement with numerical results. Howeaestrongecorrelation between numerical
and field results cannot lestablishediue tolimited field data.

Several observations were matiging the studyhat may explain reasons of crack
formation along the wing watb-culvert connectionAll of the models showhe same
trend of the wing wall rotatig toward the backfill. Therefore tensile zone is created at
the top of the connection. In case of monolithically connected wing walm&xémum
compression stresses within topnsof the joint sharply increaseg uo the magnitude
equal the compressive strength of concrete. Each of these factors is sufficargerack
formation in the top part of the connection. The locatiaine$estresoncentration zones
corresponds$o crack locatioeobserved in exigig culverts.

Thedesign parameters, which affect the structural performance of newly designed
culverts weradentifiedbased orthe sensitivity analysis In terms ofsliding stability, the
new design is the most sensitive to the footing lenggbeially if scour propagation is

consideredTherefore, an acceptable reliability inddx £ 3) cah stillbe reachedvith a
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L+#/Hww ratio equal to 1.0 without key wall. In the design fothe overturningthe limit
state, the negative impact of tkey wall on structural performance wdemonstratedAt

the same timeg longer footing substantially contributes to the overturning stability of the
structure. Fronthe developed sensitivity functions, the errors in defining the coefficient
of friction, friction angle, unit weight of backfill and friction angle between the structure
and soil are the most critical for the culvert design for sliding and overturmhmng.
remainingof parameters do not have a significant impact on sliding stability of the free
standing wing wall.

The load and resistance factors for flexure and shear limit states were developed
for the new design procedure for the wing whditab connection. The target reliability
index was assumed to bethe rangefrom 2.5 to 3.5, according to the literature review.
The resultant factors are consistent and can be applied in the design procedure depending

onthedesiredevel of safety.
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APPENDIX A: Constructed Culvert Design Drawings.

A.

ChambersCounty Culvert
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Figure A-1. ChambersCounty culver detail, sheet #1
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Figure A-2. ChambersCounty culver detail, sheet #2
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Lee County Culvert
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Figure A-7. Lee County culver detail, sheet #3
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Coosa County Culvert

. TRaRELY T TN WD R W
= qq-_q___ e, WEER M B VI YT SR & BT T s 508 1AW :
A e Imtl..__ = ..“.n_.._ﬂﬂ.a...!..-._.._..-ﬂp__n._llu..n_.n.ﬂ._ Wi 4T 1
T P N MR TRy I S \ e T T TR W
LWL WEDED Eal? i | b .___..-.r.r
NINO RO TR L
HakD Oy Lo 3 s
= T e : - |
110K L Y-S0 aTHETY T Ok R E . i 1
|G IEOSSHYHEL S0 LNSAUEY SIS0 YINYE Y - !

4 - -
1 [l
R Sl ROSENNE B T CANLE U S DONIMT. I Al _ m 1
T VELAT TR MDD RITE R P 1 “ m i
TIAAE LD & W ADEVIES Bl a0 TIEDN A5V TURE Lld e a2 1t
T " ARV Bl S SOLIRGED GELN TLOOHE B LLNCL SeDRISER i
Wil CONTINT Da 1L ITOEE WD DRMRS0M & MDEBSs OUTT Tl bl e e & i Lel Laive
o THAEL (05 el kIO e SWRIC ClaieG ol ST B e
T wETh e eldteis i e UTIRERG B O Teadmder Sl SR
Si-aia TS 5 i el

i
R IEEE W A T W TR = : ]
o L T FRLE I SRAR SRR B T ot
W GG TEW TRRE ECOITESCD S NS ol B TN §TRE R
W TR I B L TR (T RO ) N I URMTERLeT
WA ETRACTMR BJ Ol TNLN Lied BOWMOE § TISTud TWRE WCLTRILNGD TR
IELTIE M CIED e WAl GO SO B 4B FREVUIY K TTe DT
EOR DWW SIF. THER SO WA TR DT G CETLL INERLAD ST DECDs
Th cileaTHER O Dev TWol Bl WG -OwREEEE B @OT Dl AT
i sl ENTOEE B B DTN DENOUH G WIMLGESE TV Mialke TWE 00 “yor— a0 J |l A S | | R O W e o1 e —
[ ERe o HIL Vs Ry TR B )
i
WS TR O NS e Dl

BT R TR TR TR TN Tl v el W

T T TN TR e el e
TFESETS W OEMETW TIn M Y e | T

4 N 8 £UeESL B4 TUARSDI (R] AT
¥hAS LENE T BT O Tl LW W D

e
BTr . MEREDE Tewl RaROelale TTNE TP M

FEEIDN TEEThES

e
Wi e T s
g T

Figure A-9. Coosa County culver detail, sheet #1
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Figure A-10. Coosa County culver detail, sheet #2
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Figure A-11. Coosa County culver detail, sheet #3
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Figure A-12. Coosa County culver detail, sheet #4
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B. APPENDIX B: Boring Logs
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Figure B-1. Chambers Countyboring B-1 (0-30ft)
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Figure B-2. Chambers Countyboring B-2 (25-30ft)
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Figure B-3. Chambers Countyboring B-3 (25-30ft)
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C. APPENDIX C: Tab Displacement

ChambersCounty Culvert
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Figure C-1. Wing wall movement with scour development and-& backfill over the
culvert
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Figure C-2. Wing wall movement with scour development and & backfill over the
culvert
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Figure C-3. Wing wall movement with scour development and 28& backfill over the
culvert
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Figure C-5. Wing wall movement with scour development and & backfill over the
culvert

236



ol

—e—5th stage
—=—6th stage
—+—T7th stage

Wing wall height, ft

——8th stage

——12th stage
—=—13th stage
—e—14th stage
—o—15th stage
——16th stage
——17th stage
—«18th stage

o—-19th stage
——20th stage

—Joint surface
-1
-0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0 0.02
Displacement, in

Figure C-6. Wing wall movement with scour development and 2& backfill over the
culvert
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Coosa CountyCulvert
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Figure C-7. Wing wall movement with scour development and-& backfill over the
culvert
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Figure C-8. Wing wall movement with scour development and & backfill over the
culvert
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