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Abstract

Significant cracking was observed in Alabama Department aih$poration (ALDOT)
castin-place(CIP) reinforced concrete box culverts the Anniston East Bypass (AEB) project
in Anniston, AL. Numerous widgetransverse cracks were observed insidectileert barrels
and cracking was also observed in the culvert wingwalls.

Because of the cracking problemsthe AEB project crack condition surveyseredone
of otherCIP reinforced concrete box culvettsroughoutAlabamato investigtethe distress An
instrumentation and testing plaragvalso developed for @P reinforced concrete box culvert
under construatin in order tcevaluatethe stress, straimnd temperature development as well as
other properties. The amount of temperature and shrinkage reinforcement required to produce
acceptable average crack widthsGiP reinforced concrete box culverts was irst@ated as
well.

It was concluded that the transverse cracking was most likely a result of restrained
thermaland drying shrinkagdeformatios in the concreteTransverse contraction joints in the
culvert barrel and vertical wingwall joints were propge control the occurrence of these
cracks The amount of longitudinaltemperature and shrinkage reinforcement was also

recommended to be increagedcontrol thecrack widths to 0.012 i{0.30 mm).
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Chapter 1

Introduction

1.1 Background

1.1.1 Box Culverts

Box culverts are essential structures eyt help shield the bases, ditches, and banks of
roads from erosion and other detrimental effectslgnneling the runoff water into rcside
ditches. They allow existing streams to flow under roadways,keep theoadsub-basedry.
Installing culverts at strategically chosen locations allows for control of runoff water flow
velocity and for the prevention of roadway flooding by maintaining the design flow capacity of
the ditches. All ofthis helps to achieve the overaljoal of reducing road maintenance and
upkeep. (Choctawhatchee 2000)

Along with being a hydraulic structure, box culverts must also be designed to withstand
various types of loads. They must be able to support lateral loads from earth pressure as well as
vertical loads from earth and vehicle pressures. (WisDOT 2011)

While mostculverts generally fulfill the same purpose, they can be classified differently.
The Alabama Department of Transportation (ALDOT) dfidrida Department of transportation
(FDOT) classify box culverts with spans less than 20 feet as culverts, and box culverts with

spans longer than 20 feeearlassified as bridge culve(8LDOT 2008;FDOT 2011)



Culverts can be made out of differamiaterials They are typically made of concrete
corrugatedmetal or plastic The Florida Department of Transportation (2011) states that
concrete culverts are generally preferred over corrugated ardgblastiovhen lifecycle costs
are considered. They are initially more expensive, but their aasistto environmental
conditions, corrosion resistance, hydrauliicg#ncy, and long service lifenakethem attractive
(FDOT 2011)

Reinforced concrete box culverts can be precast orircgdaice (CIP). Using precast
structures allows for concrete sttures to be mass produced at a plant and delivered to the site
(FDOT 2011; KYTC 2011). It also allows for the reduction of issues associated with
construction time, site constraint, traffic management, and stream diversion. However, using
precast culves only allows for certain sizes and skews to be used, as a result of transportation
and handling concerns. In addition, the cost of transportation to the job site can be high, and can
overcome its advantage§~DOT 2011) CIP reinforced concrete box cudvts are built athe
construction sitg( KYTC 2011) They are typically built when readyix concrete can be
obtained and when it is desired to keep the number of transverse joints to a minimum. An
advantage of using theélP method is that the culvertaue be specifically designed to meet the
unique needs of the site. (ConnDOT 2000)

Culvert wingwalls can be described as retaining walls attached to the ends of culverts to
retain fill material and to direct flowCIP wingwalls are preferred, but precasngivalls can be
used in certain cases. (FDOT 2011) Wingwalts to be used, along with headwalls, as a
retaining wall for the roadway embankment (VDOT 200Zhey serve the following purposes:

to limit seepage, make the culvert ends structurally soetainrfill material, improve hydraulic



features, reduce erosion, and enhance aesthetics. Wingwalls may or may not be attached to the
headwall. (KYTC 2011)

Box culverts can be constructed witlora than one barrel. Multiplearre] CIP culverts
are usuajl built with all barrels having a uniform size. This is so that standard details can be
used. (VDOT 200p However, using multipldarrel culverts may produce problems. They can
generate a buildip of debris over timewhich can cause blockage. Erosjgmoblems can also
arise due to the presence of multiple barrels. Single barrel openings are preferred unless life
cycle analysis shows that the savings from the costs of construction will be greater than the cost

of maintenance. (TDOT 2010)

1.1.2 Culvert Cracking in the Anniston East Bypass (AEB)

Multiple CIP reinforced concrete box culverts were built on the Anniston East Bypass
(AEB) in Anniston, Aabamaby the Alabama Department of Transportation (ALDOT). Within
two years after construction, these culvehsvged excessive transverse crackingadBs wickr
than 0.012 in. 0@mm) ar e considered a hgACE224200Gl)andt he cu
many ofthe observedAEB culvertcraks were wider than 0.04 in. (dm). lllustrations of some

cracks foundn the AEB project are shown in Figures. hnd1-2.



Figure 1-1: Transverse Crack in the AEB Projé€r ac k Wi din.[@mr)) 0. 0 8

Figure 1-2: Transverse Base Crack in the AEB Projgitack Width > 0.06 inf2 mm])



In a preliminary crack survey oAEB Culvert at 240+37 (Culvert J), performed by
ALDOT on March 11, 2009, manyide transverse crackis the concretdetween construction
joints were observed. A majority of the cracks were located in the top slab asd Waime
cracks were observed in the walls onbfflorescence was found around a majority of the cracks
indicating that the cracks had not happened recently and that they ran completely through the top
slab. Water was leaking through many of the cradksngitudinal cracks were also observed at
the bottom of the chamfer between the top slab and watlspahe center of the top slallhe
chamfer cracks appeared to run the length of the entire culvert. The longitudinal cracks in the
center of the tp slab occurred between the french drains within the first 20qG84t m) of the
south end of the culvert. Cracks in the headwall and the wingwalls of the culvert were also
observed.

Follow up crack surveys were performed by an Auburn University reséeachand
similar observations were made. Most of the transverse cracks found were in the Fealls.
transverséasecrackswerefound, but theytended to be very wide (the widest crack found was
greater than O(in. [2.5 mm]). Tight longitudinalchamer cracks (less than 0.@41 [0.3 mm])
were observed at the ends of the culvert too. Vertical cracks in the wingwalls and diagonal
cracks in the headwall were observed. Efflorescence and very limited signs of corrosion were
found at some of the cracks.

AEB Culvert at 257+69 (Culvert land AEB Culvert at 149+60 (Culvert Cwere also
surveyed by the Auburn University research teamiEB Culvert at 149+60 was surveyed
because it had the same barrel size and construction joint aletikAEB Culvert at 240+37.

Wall and ceiling cracké excess of 0.012 in. (3nm) were found, as well as openings in the

construction joints.



The transverse construction joints in culveXEB Culvert at240+37 and AERCulvert at
149+60 werespecifiedtobéJ 0 Ve e th thé reinfcement running continuously through
them. See Figure B for an illustration of the vee joint.This joint was meant to keep any

movementher than crackinffom occurring at the joint.

—— Constructlon or

I Vee Joint ﬂ\

SECTION OF BOX CULVERT SECTION OF WALL

NOTE

A 4 Vee Joint Is equivalent to and can be used instead of a Construction Joint for
box culvert construction. The term Joint shall refer to either and shall be determined
by the Project Engineer.

No Joint Is reqguired for box culverts up to 60 ft. long. Box culverfs 60 ft.fo 90 ft.
fong require one (/) joint, 90 ft. fo 135 71. two (2) joints, and 135 f1. to /70 fT.
three (3) joinfs. For box culverts over 170 ft. long place jolnts at approximate equal
Infervals of not less than 40 ft. nor more than 55 ft. The joints shall be normal fo the
centerline of the box culvert with longitudinal reinforcing extending through the joint.
Use no key or expansion material in joints.

Figure 1-3: Vee JointDetail (ALDOT 2010)



1.2  Objectives
This researclprojectis sponsored by the Alabama Department of Transportation, and it
is in response to the discovery of severe cracking in the Anniston East Bypass (AEB) culverts.
The objective®f the researched performed are
1 Determine the exte¢ of cracking in other cast-place reinforced concrete box
culverts in Alabama,
91 Develop an instrumentatioplan to assess the development of stresses in newly
constructed culverts,
1 Determine thenechanisms that cause significant cracking in-ceplace reinforced
concrete box culverts, and
1 Developrecommendations for ALDOT to mitigate the occurrence of cracking in cast

in-place reinforced concrete box culverts.

1.3 Research Approach

To achieve the objectives stated in Section 1.2, culvert crack conditivays were
conductedof existing CIP reinforced concrete box culverts throughout Alabama. The culvert
crack condition surveys consisted of documenting the width and location of all of the transverse
cracks observed. The locations of any other signssteds were also documented.

The instrumentation and testing plan for a fut@@ reinforced concrete box culvert
under construction was developed. This plan included monitoring the concrete stress, strain, and
temperature development in the culvert l&al A system to document the crack width
progression of transverse cracks in the culvert was also outlined. Thetdsted in the
instrumentation and testing plan includessessments of creep, drying shrinkagesile strength

development, modulusf elasticity development, compressive strength agprekent, maturity,



setting time and earlyage restrained stress developmer@uality control testing was also
outlined.

Theamount oftemperature and shrinkage reinforcement requiredGiPebox culvet to
keep the average crackdth at or below 0.012 in. (003mm) was examined. An analysis
procedire developed by Gilbert (1992)vhich was modifi@l to include joint movement and
thermal shrinkage, was used to determine d@neount oftemperature and shkiage steel
necessary. The analysis results were compared to other temperature and shrinkage
recommendations from various sources

The culvert construction and design practices of the American Association of State
Highway and Transportation Officials (AASHD) and states that have similar climates to
Alabama were researched in order to develggrking mitigation methodslinformation from
this research was used to develop a design for contraction and expansion joints to be used in the

culvert barrels and ithe wingwalls.

1.4  Definitions and Terminology

1.4.1 Culvert Terminology
When the termseiling, interior wall, exterior wall, basevingwall, footing/foundation,

andculvert barrebre used in this report, they reterthe elements shown in Figuredbelow.



Interior Wall
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Wingwall
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Figure 1-4: Culvert ComponentéALDOT 2011)

1.4.2 Definitions
The following terms used in this thesis are defined as follows by the American Concrete
Institute (2010):

i Castin-Place Concreted concrete that is deposited and allowedharden in the
place where it is required to be in the completed structure, as opposed to precast
concrete

1 Construction Joint & the surface where two successive placements of concrete
meet, across which it may be desirable to achieve bond and through wh
reinforcement may be continuaus

1 Contraction Joint 8 a formed, sawed, or tooled groove in a concrete structure to
create a weakened plane to regulate the location of cracking resulting from the

dimensional change of different parts of the structure



Diagonal Crackd in a flexural member, an inclined crack caused by shear stress,
usually at about 45 degrees to the axis; or a crack in a slab, not parallel to either the
lateral or longitudinal directions

Doweld (1) a steel pin, commonly a plain or coatednd steel bar that extends into
adjoining portions of a concrete construction, as at an expansion or contraction joint
in a pavement slab, so as to transfer shear loads; or (2) a deformed reinforcing bar
intended to transmit tension, compression, @ashhrough a construction joint.

Hairline Crack 0 a concrete surface crack with a width so small as to be barely
perceptible

Joint Filler 8 compressible material used ttl & joint to prevent the infiltration of
debris and provide support for sealants applied to the exposed surface

Joint Sealant 8 compressible material used to exclude water and solid foreign
materials from joints

Longitudinal Crack 0 a crack that devefis parallel to the length of a member
Longitudinal Joint & a joint parallel to the length of a structure or pavement

Precast Concreted concrete cast elsewhere than its final position

Plastic-Shrinkage Crack d surface crack that occurs in concrete prainitial set
Transverse Crackd a crack that crosses the longer dimension of the member
Transverse Jointd a joint normal to the longitudinal dimension of a structural
element, assembly of elements, slab, or structure

Waterstop & a thin sheet of metal, rubber, plastic, or other material inserted across

a joint to obstruct the seepage of water through the joint.
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An illustration of longitudinal and transverse cragks box culvert to go along with the

terminology above, is shown Figure 15.

Transverse

/F Cracks
<

Longitudinal
Cracks

Culvert

Figure 1-5: Longitudinal and Transverse Craldkistrationin a Box Culvert

1.4.3 Joint Terminology

The ALDOT t e rismased tarefee to ¢onstration ints that are not designed
to allow movement. Figure-@ is anillustration of a vee joint. The vee joins in ALDOT
culverts may not always have the % in. indensbown in Figure 13, but theyhave continuous

reinforcement.

Figure 1-6: ALDOT Vee Joint (ALDOT 2010)
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Joints where movement is allowede referred to as contraction or expansion joints.
These joints may also serve the purpose of construction j@intentraction joint used in the

AEB project is shown ifrigure %7.
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Figure 1-7: Contraction Joint from the AEB Project (ALDOT 2001)

1.5 Thesis Outline

A review of literature on relevant topics is included in Chapter 2 of h@sis. Topics
reviewed includehermal stresses, plastic shrinkage, autogenoushamdical shrinkage, drying
shrinkage, corrosion, inadequate curing, crack control, crack repair, American Association of
State Highway and Transportation Officials (AASHTO) construction and design practices, and
culvert construction and design practices states that are members of the Southeastern

Association of State Highway and Transportation Officials (SASHTO).
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A summary of theCIP reinforced concrete box culverts visited in Alabama is included in
Chapter 3. The procedure used during the crack surtreysites visited, the data collected, and
conclusions areoveredin this chapter.

In Chapter 4, the amount of temperature and shrinkage reinforcement required to keep the
average crack widths at or below the ACI 229001) limit of 0.012 in. (0.8 mm) in a CIP
reinforced concrete box culvert is investigated. The analysis procedure that is used to calculate
average crack widths is presented, along with recommendations for the ratio of temperature and
shrinkage reinforcement that should be use@lreinforced concrete box culverts.

The instrumentation plamleveloped tagather data from &IP reinforced concrete box
culvert in the fiedl, and the test procedures festing the concrete from the culvare presented
in Chapter 5 The instrumentation fagathering stress, strain, and temperature data as well as the
instrumentation for detecting cracks and monitoring crack widths is described. The test
procedures used in obtaining creep, drying shrinkage, compressive strength, tensile strength,
modulus ofelasticity, maturity, setting times, quality control, and eady restrained stress
devebpment data are also described.

Recommendations for transverse contraction joints and wingwall joints are proposed in
Chapter 6.

A general summary of the researchdings, conclusions, and recommendations given is

included in Chapter 7.
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Chapter 2

Literature Review

2.1  Introduction

Tensile stresses rise due to the restraint of concrete volume change effects and cause the
concrete to crack when the tensile stresseeds the tensile strength of the concrete (ACI 224
1995). Because of this, it is generally accepted that most reinforced concrete structures will
crack even when they are well designed (Mehta and Monteiro 2006). Humidity and thermal
cycles cause corete volume changes that matmckinginevitable (Mehta and Monteiro 2006;

ACI 224 1995). These cracks can be an indication of the total magnitude of the distress, or they
can be indications of more significant problems. The implications are dependiet type of
cracking and the function of the affected structure. For example, cracks that are not a problem in
buildings could be detrimental to a structure thaist retairwater. (ACI 224 2007)

Concrete culverts are no exception to this. They typyi@tperience longitudinal and
transverse cracks between joints. Wide cracks can have the same effect as an open joint in a
culvert. They can result in damage to the culvert by allowing the backfill material around the
culvert to erode away. This carateto alignment problems between the connecting barrels and
to problems due to differential settlement. (AASHTO 2010a) Because of the problems that
cracks can cause culverts, it is important to understand the causes of cracking, what can be done

to prevenit, and how they can be repaired.
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2.2  Early-Age Cracking Mechanisms

2.2.1 Thermal Stresses

Objects in the solid phase tend to contract when they are cooled, and expand when they
are heated. The amount of expansion or contraction (strain) is a function of thelexdedf
thermal expansion of a material and the temperature change. (Mehta and Monteiro 2006)
Cracking can occur when restrained concrete goes through these tempetatadeexpansion
and contraction phases (Bernander 1998).

The expansion comes fro the heat produced by cement hydration (Mehta and Monteiro
2006). These cracks generally ocauthin one to a few days after the concrete has been poured
and are usually only surface cracks. They also tend to close after the concrete has cooled and
cortracted. (Bernander 1998)

The shrinkage strain that occurs due to the concrete cooling (and contracting) tends to be
significant (Mehta and Monteiro 2006). Shrinkage strains can lead to tensile stresses that usually
cause through craclfthe contractioris at least partially restrainétlehta and Monteiro 2006;
Bernander 1998). They can form as soon as a few weeks after the concrete has been poured, or
they can occur as late as years later. The through cracks usually remain permanently open, and

can afect durability. (Bernander 1998) Figureldllustrates a through crack in a culvert.
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Figure 2-1: Through Crack ira Culvert in the Anniston East Bypass (AEB) Project (149+60)

The tensile stresses that can result from thermal shrinkage strainsuaretianf of the
degree of restraint, modulus of elasticity, the stress relaxation due to creep, coefficient of thermal
expansion, and the temperature change. If the thermal shrinkage strain is restrained, tensile
stresses develop. However, if the shrirk@&gunrestrained, stresses do not develop. Also, if the
modulus of elasticity of the concrete is low, the tensile stress in the concrete will be lower.
Stress relaxation due to creaisoworks to decrease tt@mount of stress experienceétioncrete
thatcreeps more will have more stress relaxatfiehta and Monteiro 2006)

The coefficient of thermal expansion defines how one degree of temperature change
affects the change in a unit length ofrestrainedconcrete (Mehta and Monteiro 2006)
Research frm Suh et al. (1992) showed that using limestone aggregate (low coefficient of

thermal expansion) in concrete reduced the widths of the cracks in reinforced concrete
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pavements when compared to pavements that used siliceous river gravel (high coefficient of
thermal expansion). Therefore, using aggregate with a low coefficient of thermal expansion can
help to reduce the tensile stresses experienced (Mehta and Monteiro A0@6jemperature

change for thermal deformations is defined as follows by Schir2iéx2):

DT =T,00 stress™ Tmin Equation 2-1
where,

DT = concrete temperature change (°F),

T.. = minimum concrete temperature (°F), and

T,eosress =  CONCrete zerstress temperature (°F).

Schindler (2002) also found that,,, ... was between 92% and 94% ®f,,, andconcluded

that it should be approximated as follows:

TZEI'O stress= 0'93]-max Equatlon 2_2
where,
T.. = Mmaximum concrete temperature (°F).

T

zero stress

is used instead of ., because, as Figure22illustrates, the concrete is in compression

after final setting has occurred until the zstoess states reached. After the zewiress state is

reached, the concrete then first develops tensile stresses. Therefore, the maximum temperature

that corresponds to the rise in tensile stresses that induce cracKing, iS... The lowest

concree temperature that will be experienced by the member could occur years after the concrete

is cast, as presented in Figur8.2Schindler 2002)
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Figure 2-2: Development of EarbAge Thermal Stresses (Schindler 2002)
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18



Research from Suh et al. (1992) also showed that the ambient temperature at the time of
concrete placement had an effect on eadg cracking. They found that continuously reinforced
concrete (CRC) pavement sections placed in the summer had wider crack widths than did
pavement sections placed in the winter.isTimding is illustratedin Figure 24. This was due to
the high ambient temperatures in the summer increasing the rate oéteohgdration. When
concrete hydrates at a higher rate, the temperature rise accelerates, which increases the zero
stress temperature. A large temperature differential then results when the ambient and concrete
temperatures drop during the night aftéacement. In contrast, the temperature differential is
smaller during winter construction due to retarded concrete hydration. They also found similar
temperature differential results when comparing the time of day that CRC pavement sections
were placed dring the summer. The maximum concrete temperature from cement hydration,
which typically occurs hours after placement, was greatly affected by the ambient temperature
that coincided with it. Théime of peak concrete temperature for concrete placed sumaner
morning usually coincides with the peak ambient temperatures of the day. If placement occurs
during a summer afternoon or night, the peak concrete temperature coindidehe lower
ambient temperatures of the evening or night. As presentedyimeF25, it was found that
placing the concrete in the morning increased the temperature rise (and therefore also the
temperature differential) in the concrete, and it was found that it was preferable to place concrete
in the afternoon or night duringetsummer. The time of concrete placement was found to have

little effect during winter concrete placement. (Suh et al. 1992)
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2.2.2 Plastic Shrinkage

Plastic shrinkage is a problem in concrete before setting occurs. It is a concern in hot,
windy areas and usually associated with concrete slabs (Folliard et al. 2009; Mehta and Monteiro
2006). Plastic shrinkage happens as a result of water evaporating from the surfazshof fr
concrete quicker than blesdter can replenish it. The underlying concrete acts as a restraint for
the surface layer and causes tensile stresses to dawetbp ®ntracting surface(ACI 224
2007) The tensile strength of the concrete in its plastic state is negligible. Therefore the tensile
stresses experienced exceed the tensile strength and plastic shrinkage cracking occurs. (Folliard
et al. 2009) The crackerdmed are generally shallow but can become much deeper with time
(ACI 224 2007) An example of a plastic shrinkage crack is shown in Figeée Zhey tyjpcally
are only 1 to 2 in. (25 to 5m) deep and 1 to 6.5 ft (0.3 td02n) apart (Mehta and Monteir
2006). Also, plastic shrinkage cracks can run parallel to each other or follow a polygonal pattern.

They can be relately wide (up to 1/8 inch3.2 mm]), and vary in length. (AC224 2007)

Figure 2-6: Plastic Shrinkage Crack in the Anniston East Bypasgect (175+70)
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Concrete that has a low tendency to bleed (such as concrete with silica fume) has an
increased susceptibility to plastic shrinkage cracking (ACI 224 2007). This is because the
required evaporation rate for plastic shrinkage to occumuishniower than it is for concrete with
a greater tendency to bleed (Folliard et al. 2009; ACI 224 2007).

The rate of evaporation of moisture in fresh concrete is key to the occurrence of plastic
shrinkage. It is a function of concrete temperature eanperature, wind velocity, and relative
humidity. High concrete temperatures, high air temperatures, high wind velocities, and low
relative humidity all increase the evaporation rate and plastic shrinkage. (ACI 224 2007) When
the evaporation rate excee®l® Ib/f per hour (1 kg/rhper hour) plastic shrinkage can become

a problem and precautionary actions should be taken (Mehta and Monteiro 2006).

2.2.3 Autogenous and Chemical Shrinkage

Chemical shrinkage is due to the products of cement hydration takihgssipolume
than the initial water and cement did (Jensen and Hansen 2001). After the concrete has initially
set, the concrete paste cannot change shape as much as it could before. As a result, hydration,
and therefore chemical shrinkage, continues Ibgniiog voids in the microstructure of the paste.

Most chemical shrinkage happens internally and is not visible in the external geometry of the
concrete. (Kosmatka et al. 2002)

The American Concrete Institute (201d@fines autogenous shrinkagefas  cehira n g
volume produced by continued hydration of cement, exclusive of effects of applied load and
change in either t her mal lt icatenddotsmatl tb measurermo i st u
normal strength concrete, because the concrete generally has evategHor the concrete to
fully hydrate (Holt 2001). However in highperformance concrete (HPC), the autogenous

shrinkage can be significant due to its low watement ratio and high cement content (Holt
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2001; Mehta and Monteiro 2006). These conditicaus cause autogenous shrinkage in the form

of selfdessication to occur when there is not enough water available to hydrate all of the cement
(Holt 2001; Folliard et al. 2009). Saedesiccation is when the concrete takes water from its own
pore cavitiedor hydration purposes. It is a form of internal dryiagd it lowers the internal
relative humidity of the concrete. (Holt 200ypical magnitudes of autogenous and chemical

shrinkage are illustrated in Figurer2
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Figure 2-7: Relationship betweenutogenous Shrinkage and Chemical Shrinkage of Cement

Paste at Early Ages (Hammer 1999)

Cracking due to autogenous shrinkage is also dileet@oncretdeing restrained when
shrinkage occwr Microcracks can form and connect to form a continuous cragkone This

can greatly diminish concretebés strength and

problems. (Jensen and Hansen 2001)
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2.2.4 Drying Shrinkage

The catalyst for drying shrinkage is the same as for plastic shrinkage: loss of internal
moigure from the cement paste (ACI 224 2007). However, in the case of drying shrinkage, the
water lost wasabsorbed in the hydrated cement paste (Mehta and Monteiro 2006). The major
difference is that drying shrinkage occurs in hardened concrete and plasticage occurs in
fresh concrete. Moisture is lost first from the largest pores where it is most loosely held, and it is
then lost from smaller and smaller pores. Water lost from pores that are smaller than 50
nanometerss responsible for drying shrkage. (Folliard et al. 2009) Water in pores larger than
50 nanometers is considered free water and is not considered responsible for any drying
shrinkage (Mehta and Monteiro 2006).

The magnitude of drying shrinkage is affected by the aggregate usectniest and
water contents of the cement paste, the geometry of the concrete member, humidity, and time
(ACI 224 2007; Mehta and Monteiro 2006). Research performed by Pickett (1956) showed that
increasing the aggregate content will reduce the amount ohglrgihrinkage experienced.
Increasing the waterement ratio (when the concrete has a fixed cement content) increases the
amount of drying shrinkage, as does increasing the cement content at a fixedenaat ratio.
Concrete members that are smaller, l{ave a shorter path for water to leave the concrete) tend
to experience drying shrinkage quicker. (Mehta and Monteiro 2006) Reseakténbgn and
Almudaiheem (1987), see Figure82 showed thabo drying shrinkage occurs when the relative
humidity is @ 100%, and that the amount of drying shrinkage experienced increased as the
relative humidity decreased. This is because more moisture is lost from the concrete as the

relative humidity lowers (Mehta and Monteiro 2006).
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Drying shrinkage by itself does not cause cracking. rEs&raintof the concreteluring
its shrinkagenduced volume change causes the tensile stresses that cause cracking. -Figure 2
illustrates this concept. The size of the tensile stresses experienced are a function of the degree
of restraint, amount of shrinkage, rate of shrinkage, the modulus of elasticity, and the magnitude
of creep. (ACI 224 2007) The modulus of elasticitgd @neep (through stress relaxation) affect
drying shrinkage tensile stresses in the same way that they affect thermal tensile stresses (Mehta
and Monteiro 2006). In mass concrete pours, tensile stresses arise when the amount of shrinkage
on the exterior 9 greater than in the interior. This causes cracks on the surface that can

propagate deeper into the concrete as time passes. (ACI 224 2007)
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Figure 2-9: Drying Shrinkage Cracking lllustration (ACI 224 2001)

Alligator (or craze) cracking located on sabr walls is an example of drying shrinkage
cracking (ACI 224 2007). Alligator cracking is defined as irregular fine cracks on the exterior of
concrete, and it is a result of the surface portion of concrete having a highecearatant ratio

than its iner portion (ACI 201 1992; ACI 224 2007). An example of alligator cracking is shown

in Figure 210.
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Figure 2-10: Alligator or Craze Cracking (ACI 201 1992)

2.3  Long-Term Durability

2.3.1 Corrosion

The causes of reinforcement corrosion camtbébuted to diffeent things. An electrical
current is necessary for it to occur. The electrical curoant happerbecause of potential
differences between an anode and a cathode in reinfosté®l The positively chargetbn
(F€") ions from the steel move from theaile to the cathode where they react with negatively
charged hydroxide ions (OH(from water and oxygen) to form iron oxide or rygtincheira et

al. 2008) This process is illustrated in Figurel2.
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Figure 2-11: Reinforcement Corrosion Process (PCA.n

The presence of chlorides, which are present in deicing salts and seawater, is the major
contributor to corrosion problems. Bridge decks provide a good example of this. Negatively
charged chlorides penetrate concrete and concentrate around tf@ceemnent to form
negatively charged (anodic) sections. The other sections are thus more positive (cathodic) by
comparison. This produces the electrical current necessary for corrosion to(Beatheira et
al. 2008) Another way teexplain how chlorids aid in corrosion is the fact that steel
reinforcement has an initial oxide film over it from when it was produced. This oxide film is
stabilized in the alkaline environment of concrefiéhis film protects the rebar from corrosion.
Liquids containingchlorides permeate the concrete and they help to wear away this protective
film. (Kuennen 2010)

Carbonation is yet another way that reinforcement can be attacked. This occurs when
carbon dioxide in the air reacts with calcium hydroxide in concrete to éarbonic acid. The
acid reduces the pH of concrete and produces a less alkaline environment. Because of the

reduction in alkalinity, the protective film around the reinforcement becomes unstable and breaks
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away. (Mathew 2006) This increases the susioéity of the reinforcement to corrosion
(Kuennen2010).

Concrete cracking is a dangerous side effect of reinforcement corrosion. The hydroxides
and iron oxides produced from corrosion reactions take up more space than the uncorroded steel
did (Pincheia et al. 2008) This increases the stresses in concrete around the reinforcement bars
and can lead to localized cracking around the corroded section (ACI 224 2007). The localized
cracks can propagate into long longitudinal cracks (cracks running pacalieé reinforcing
bars) and can result in delamination (when a surface layer of concrete separates from the
reinforcement) (ACl 224 2007; Mathew 2006). The longitudinal cracks also make it easier for
corrosive agents (moisture, oxygen, and chloridesg¢ach the reinforcement, thus allowing the
corrosion effects to get worse. Therefore, wider cracks lead to greater corrosion because more of
the bar is exposed to the corrosive agents. (ACI 224 2007) Cracks with a width greater than
0.006 in. (02 mm) are considered to be a problem in when concrete under service loads is
exposed to seawater, and cracks greater than 0.0072mij@). are a problem when exposed to
deicing chemicals (ACI 224 2001). Cracks that are transverse to the reinforcing sezellgen
do not enhance the effects of corrosion if the concrete has a low permeability (ACI 224 2007).

An example of corrosion damage is shown in Figufe 2
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Figure 2-12: Corrosion Damage (ACI 201 1992)

2.4  Other Causes of Concretdistress

2.4.1 Inadequate Curing

Inadequate curing can greatly increase the amount of cracking in a structure. If concrete
is not allowed to cure long enough, the amount of shrinkage experienced will increase, and it will
happen at a point when the concretdoiw in strength. madequate curingvill also lead to
decreased durability and loigrm strength. (ACI 224 2007Because of this, it is important that
concrete be cured in a way so that it is protected from low temperatures and conditions that could
cause early dryingThese conditions could cause cracking if they are not taken into acdbisnt.
also necessary to make sure the condgseteired in a way so that it has adequate stren@t@l

224 2001)
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Allowing concrete to curéongercan mitigate creking. Stress relaxation (through creep)
and the concrete being allowed to adjust to the restrained stresses over the curing period make

this possible.A wet curing period of at least 7 days is recommended. (ACI 224 2001)
2.5 Crack Control

2.5.1 Reinforcement

The percentage of steel in reinforced concrete can also have an effect on the crack width
and spacing. Research by McCullough and Dossey (1999) showed that increasing the
reinforcement percentage in CRC pavements decreased the crack spacing. SeelBigare 2
their findings. Research from Suh et al. (1992) showed that increasing the reinforcement
percentage in CRC pavements decreased the crack widths experienced. Their findings are
presented in Figure-24.
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Figure 2-13: Effect of Steel Percentage @mack Spacing (McCullough and Dossey 1999)
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Examining the extreme case of unreinforced and reinforced concrete further confirms the
effect of reinforcement percentage omaking spacing. Unreinforced concrete tends to have
cracks spaced at larger intelssdahan reinforced concreteThis is because the steel provides
restraint when the concrete expands or contracts. The steel percentage can be altered to achieve
the degied crack spacing. (McCullough and Dossey 1999)

ACI 350 (2001) recommends that a minimum temperature and shrinkage reinforcement
percentage of between 0.0030 and 0.0050 be used for environmental structures depending on the
length between joints in a struce. Table 21 summarizes their recommendations. ACI 224
(2001) recommends that a reinforcement ratio of at least 0.0060 be used to control shrinkage
cracking, and that the minimureinforcement ratio of 0.0018 for structural slabs and 0.0020 for
walls ecified by ACI 318 (2011) is insufficient in members with a high degree of restraint.

Increasing the reinforcement percentage in slabs that are significantly restrained is supported in
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Section R7.12.1.2 of the commentary of ACI 318 (2011), which stat®¢h er e st ruct ur a
or columns provide significant restraint to ¢

necessary to increase the amount of slab rein

Table 2-1: Minimum Temperature and Shrinkage Reinforcement Ratios foirdmaental

Structures (ACI 350 2001)

Minimum shrinkage and temperature
Length between reinforcement ratio
movement joints, ft Grade 40 Grade 60
Less than 20 0.0030 0.0030
20 to less than 30 0.0040 0.0030
30 to less than 40 0.0050 0.0040
40 and greater 0.0060" 0.0050*

*Maximum shrinkage and temperature reinforcement where movement
joints are not provided.

Note: When using this table, the actual joint spacing shall be multiplied by
1.5 if no more than 50% of the reinforcement passes through the joint.

The size of the reinforcement bars also has an effect on crack spacing. When the steel
percentage was kept constant in CRC pavements, McCullough and Dossey (1999) found that
larger bar sizes led to increased craplcing. Figure A5 illustrates their research. This
occurred because larger reinforcement bars have a larger bond area bbbveenctete and

reinforcemen{McCullough and Dossey 1999)
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Figure 2-15: Effect of Reinforcement Bar Size on Crack Spa¢MgCullough and Dossey

1999)

2.5.2 Joints

Jointing is an important aspect of crack control and construction (Kosmatka et al. 2002).
Jointsallow for concrete to be placed iections instead of continuously aocdn be used to
relieve stresses due to concretduwne changes. Also, joints are viewedrdasntionalcracks by
some engineers am@én be used as weakened planes to ensure that cracks occur in places that are
of minor importance. (ACI 224 1995)

Joints serve a specific purpose when used in culvertsutmels), slabsngrade, or
walls. Transverse joints in casmh-place (CIP)tunnels, and therefore in culverts, serve the
purpose of reducing shrinkage cracking and simplifying construction. Longitudma| joints
segment the crossection of aCIP tunnel into sections. Thelocation depends on the cross
section and the order of concrete placementintgd in slabson-grade serve the purpose of
allowing the slab to move. They also make sure that the slab is aesthetically pleasing

providing a rdatively crackfree slab. The joints cause the crat@sform along designated
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planes. In walls, the base slab acts as restraint for walls dtetk when the wall deforms and
exceeds its tensile strength. Therefore, joints in walls serve the sanusgap they do in
slabson-grade by allowing movement and by controlling cracking. Construction joints can also
allow for the wall to be placed in sections. (ACI 224 1995)

The three types of joints that will be reviewed are construction joints, contrgainds,
and expansion joints. Joint sealants, joint filler, and waterstops used in these joints will also be

evaluated.

2.5.2.1Construction Joints

Construction joints separate areas of concrete that have been placed at different times
(Kosmatka et al. 2002)These joints may also serve the purpose of a construction or expansion
joint, where it allows the concrete to expand or contract. Construction jointdsceadlow no
movement at all by being bonded a@opreviously placed sectioiifKosmatka et al. 2002)If
construction joints are placed at points of higthess, the joints can op€ACl 224 2007).
Construction joints should be put in places that affect structural integrity the least aadethat
consistentwitht e st ruct ur ed241®Ppear ance (ACI

Bondedand butt joints are two typical transverse construction joints. Bonded joints
should be used if the concrete will have time to harden before the next placement. Tie bars may
be used in bonded construction joints to restrain movement. Contireinfescement, which is
typical in walls thatmust maintain flexural and shear continuity, may also be used in bonded
joints. Figure 216 illustrates ebondedconstruction jointith continuous reinforcement.

Butt joints are typically used in thin slabs-grade that will not carry heavy loads.
However, they can be used in thick skalvsgrade that will carry heavy loads, but keys or dowel

bars will be needed to transfer load from one placement to the next. (ACI 224 1995) These
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plain, keyed, or dowelletutt joints may also be used as contraction joints (Kosmatka et al.
2002). Figure 2A7A illustrates a butt joint and FigureXZB illustrates a butt joint with a dowel

bar.

Figure 2-16: Construction Joint with Continuous R&ncement (ALDOT 2010)

Edge each side with
3-mm (1/8-in.) radius ]

Butt-type canstruction joint

(@)

Edge each side with
3-mm {1/8-in.) radius

Smooth dowel oo
barcoatedio s

nrevent bond

Butt-type construction joint with dowels
' (b)

Figure 2-17: lllustrations of a: (A) Butt Construction Joint and (B) Butt Construction Joint with

Dowel Bars (Kosmatka et al. 2002)

Longitudinal construction joints may also be used in box culverts and similar structures

(such agdunnels). These joints segment the cross section of the culvert or tunnel into different
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parts. These construction joints may be sealed by the bond between the adjoining concrete
members (e.g. top slab and wall or wall and base slab). Also, a wateratdpe used in the
joint if a watertight seais necessary. (ACI224 1995) The possible locations of longitudinal

construction joints in an ALDOT culvert are shown in Figu#82

/ N/ N\
\ Possible /

Longitudinal
Construction

Joint

/ Locations \

Box Culvert Cross Section
Not to Scale

Figure 2-18: Possible Longitudinal Construgh Joint Locéions in an ALDOT Box Culvert

2.5.2.2Contraction Joints
Contraction joints serve the purpose of allowing the concrete to move and allow for
controlled cracking due to shrinkage and thermal stresses to occur (Kosmatka et alTA@§2)

also allowfor thesestresgsto be relieved ACI 224 1995) Figure 219 illustrates how tensile
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stresses in a wall from restrained shrinkage can cause cracking and how a contraction joint can

alleviate those stresses.

|
1 ] |

[LONG WALL AS BUILT | |WALL CONTRACTS MORE THAN FLOOR OR FOUNDATION |
- —

7 - - 7 7 - e —

|WALL CRACKS (EXAGGERATED) | | ALTERNATIVE CONTRACTION: JOINT PROVIDED AT MIDLENGTH

Figure 2-19: Contraction Joint Conge (ACI 224 1995)

Contraction joints are formed by saw cutting, hand tooling, by preformed inserts, or
between adjacent concrete placemsentloints in slaben-grade are formed using all of these
methods while joints in walls are typically only formedusing premolded insertsSaw cutting
involves cutting a groove into hardened concrete with a séle groove should be cut soon
after the concrete has hardened. (ACI 224 1995) Fig@@adllustrates a sawut contraction
joint. Creatinghandtooled contraction joints involve creating a groove using a hand tool
(Kosmatka et al. 2002)Preformed joints are formed by putting wood, rubber, metal, or plastic
strips into concrete before it is finished to create grooves. The grooves for all methods of
forming contraction joints should ke least ¥4 of the concrete thickness in order to create a
sufficient plane of weakness. Figure2@ illustrates a contraction joint formed with a
preformed strip.If slabson-grade aresothick thathandtooling or inseting a preformed strip is

troublesome, a premolded strip aeobe put in the bottom part of theasIThe combined depth
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of the inserts should be greater than ¥4 of the slab thickness. This type of joint is illustrated in
Figure 220c. A similar methd is used in walls for providing grooves on theemdr and

exterior faces. (ACR24 1995)

PLASTIC OR HARDBOARD
PREFORMED STRIP

| y SAW-CUT - i
. /4D um.u LS 1/4 D MIN, SPEAA
.7 L S 4
o -~ INDUCED CRACK N L, e
Eén—%ﬁ’é—n‘“- =TT == ST T T T TN =l = T S T

(A) (B)

INSERT. ALICN WiTH CRACK

SAW-CUT OR PREMOLDED
r INQUCER ON SUBGRADE

A4+ B = 1/4D MN.

(©

Figure 2-20: lllustrations of a: (A) Saw Cut Contraction Joint, (B) ContractioimtJwith a

Premolded Insert, and (C) Contraction Joint in a Thick Slab (ACI 224 1995)

When load transfer is required across a joint, keys may need to be formed for contraction
joints. This can be done by placing a fddipth preformed key in the slab it is placed.
Beveled wood strips or metal forms can also be used to form thg/k€y.224 1995)

Contraction joints in slabsngrade sbdivide the full slab into smaller ggnents
Because of this, jointswustbe able to transfer vertical loads teetadjacent slab gments This

can be achieved through aggregate interlock, keys, or by the use of dowgAGa2Z24 1995)
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Aggregate interlock can be effective if the loads experienced are light (joisiebson
gradehave performed well with las of up to 5,000 Ib [22 kN]). However, if the loads are
repetitive the joint can deteriorate. The type of subgrade the slab is built on can also determine
the effectiveness of aggregate interlock. Sandy soils tend to provide more support than some silt
and clay soils. The type of aggregate used in the concrete affects aggregate interlock too.
Crushed aggregate transfers loads better than natural gravel does, and coarse aggregate works
better than fine aggregate does. Crack widths should be smaief®35 in. (0.89 mm) for
aggregate interlock to work effectively. (ACI 224 1995)

Keyed jointsarealso effectivéy transferloads. The keysare formed so that there will be
a tongueandgroove at the joint. Figure 221 shows an illustration of a keyedrgueand
groove contraction joint.Due to the joint being beveled, load transfer depends on there being
little movement at the joint. (ACI 224 1995) ACI 302 (2004) does not recommend that keyed
joints be used in slablsntgrade when heavy loads are tf@nsed. Their reasoning that the
key and keyway dmot remain in contact when the slab shrinks, which leads to the deterioration

of the concree joint edges (ACI 302 2004).

{—‘ PREMOLDED JOINT MATERIAL

Figure 2-21: Keyed TongueandGroove Contraction Joint (ACI 224 1995)

Heavyloads may be too much for aggregate interlock and keys to be effective. Dowel

bars can be used at joints in slabs that have heavy loads that need to be transmitted across the
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joint. Figure 222 shows an example of a contraction joint with a dowel bene dowel bars

should be parallel to each other and lev&lso, they should be located at rhéight of the joint

in the slab. The dowel should not be bonded to the concrete on at least one side of the joint to
allow for slab contraction/expansion Bondng can be prevented using greased dowels or
wrapping bonebreaking plastic around the dowels. The dowel bars should be smooth. Dowel

bars are also used in wall contraction joilfsCl 224 1995)

~ SMOOTH DOWEL BAR CODATED
i TO PREVENT BOND
1/4Dum.[’l R
T :

L | bl

g 7
L S A iy

Figure 2-22: Doweled Contraction Joint (ACI 224 1995)

Selants are sometimes necessary in contraction joMisathesresistant polyurethane
or silicone can be used as sealants for contraction joints in walls. A waterstop may also be used
to keep water from leaking through the joifRCI 224 1995)

There ardlifferent reinforcement options at contraction joints. Reinforcement can stop
and not be continuous through the joisbmeof the reinforcement can continue through the
joint, or all reinforcement can continue through the joint. All of the reinforcerskotild
continue through the joint only when it is necessary to maintain structural stal#i@y 224
1995)

There are many different recommendations for contraction joint spachki§SHTO
(2010b) recommends that contraction joints be used througholgnbth of a tunnel spaced

approximately at 30 ft (9.1m). Other recommendations compiled by ACI 224 (1995) for
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contraction joint spacing are shown in Tabl@.2The ACI 224-92 spacing recommendation is
one times the wall height for high wallg/gically higher than 12 ft [3.Tn]) and three times the
wall height for short walls Ypically smaller than 8 ft [2n]) (ACI 224 1995). Recommendations
for contraction joint spacing in slalostgrade compiled by Kosmatka et al. (2002) are shown in

Table 23.

Table 22: Recommended Contraction Joint Spacing (ACI 224 1995)

Author Spacing

20 ft (6 m) for walls with frequent openings, 25
Merrill (1943) (7.5 m) in solid walls.

15 to 20 ft(4.5 to 6 m) for walls and slalon grade
Recommends joint lacement at abrupt changes
plan and at changes in building height to accc
Fintel (1974) for potentialstress concentrations.

Wood (1981) 20 to 30 ft (6 to 9 m) for walls.

20 to 25 ft (6 to 7.5 m) for walls depending

PCA (1982) number of openings.
15 to 20 ft (4.5 to 6 m) recommended until 302..
ACI 302.1R 89, then changed to 34 to 36 times slab thicknes

ACIl 350R 83 30 ft (9m) in sanitary structures.

Joint spacing variewith amount and grade ¢
ACI 350R shrinkage and temperature reinforcement.

One to three times the height of the wall in sc
ACI 224R 92 walls.
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Table 2-3: Recommended Spacition Fee} for Contraction Joints in Slalmn-grade(Kosmatka

et al. 2002)
Slab Maximum-size Maximum-size
thickness, aggregate aggregate
in. less than 3% in. % in. and larger
4 8 10
5 10 13
"6 12 15
7 14 18
8 16** 20**
9 18** - o3
10 20 25"

* Spacings are appropriate for slumps between 4 in. and 6 in. If con-
crete cools at an early age, shorter spacings may be needed to con-
trol random cracking. (A temperature difference of only 10°F may
be critical) For slumps less than 4 in. joint spacing can be
increased by 20%. - : ,

** When spacings exceed 15 ft, load transfer by aggregate interlock
decreases markedly. .

2.5.2.3Expansion Joints

Expansion joints are designed to allow concrete to expand witbaushing and
distorting the adjacent concrete (ACI 504 1990). They are also referred to as isolation joints.
Expansion joints in walls are usually vertical joints that extend through the concrete between
walls. They separate adjacent concrete andvaéach to move freely. The movements at
expansion joints could be dteethe concrete expanding, applied loads, or differential movement.
Temperature change is a major part of the expansion experienced in walls. Expansion joints can
also be put in slabsn-grade. However, expansion in slaiosgrade is typically smaller than the
initial shrinkage that the slab undees. Because of this, expansion jointssldom needed.

(ACI 224 1995)
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The space or opening between concrete placements in expansisns@reated by joint
filler. Compressible, elastic, and nonextruding joint filler, such as premolded mastic or cork, is
typically used. The joint should extend thdl ieight or width of the crossection. Figure 23

illustrates a typical expansigoint. (ACI 224 1995)

Elastomeric joint sealant

(where required) Floor
‘.l.‘l" '.-‘F /
s e .
Equipment S e
Z foundation L e
. \— Preformed
. "“.o‘ jOint fi"er
e . "

Figure 2-23: Typical Expansion/Isolation Joint (ACI 302 2004)

Lateral displacements at expansion joints sometimes need to be limited. This can be
achieved by using dowel bars, steps, or keys. (ACI 504 1990)

There are many diffent recommendations for the appropriate expansion joint spacing.
Typical expansion joint spacing in wallsfiem 200 to 300 ft (&.0to 91.4 m). Also, expansion
joints should be located at places where walls change direction, or where multiple walls come
together from different dections. (ACI 224 1995) bte contraction joint spacing

recommendations compiled by ACI 224 (1995) are shown in Table 2
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Table 2-4: Recommended Expansion Joint Spacing (ACI 224 1995)

Author Spacing
Lewerenz (1907)| 75 ft (23m) for wallls.

80 ft (25 m) for walls and insulated roofs, 30 to 4
Hunter (1953) ft (9 to 12 m) for uninsulated roofs.

100 ft (30 m) maximum building length withol
joints.  Recommends joint placement at abr
changes in plan and at chaage building height tc
Billig (1960) account for potential stress concentrations.
Wood (1981) 100 to 120 ft (30 to 35 m) for walls.

o

Indian Standards|45 m (a 148 ft) maxim
Institution (1964) | joints.

200 ft (60 m) maximum buildindength without
PCA (1982) joints.

120 ft (36 m) in sanitary structures partially fill¢
with liquid (closer spacings required when no ligt
ACI 350R-83 present.

2.5.2.4Joint Sealants, Joint Fillers,and Waterstops

Joints can either be filled, sea)ext left open. Somm contraction joints in floors used for
industrial and commercial applications can be left open. This is because little movement will
occur at these joints. Howeves, joint must be filledf it is exposed to moisturenust meet
hygienic and dustontrol specifications, or is subjected to ain hardwheel vehicle traffic
(Kosmatka et al. 2002)

Fillers and sealants differ in that fillers are stiffer than sealants and they give support to
the edges of the joint. If traffic loads are light, a sealant neaguificient, but if a joint is
subjected to heavier loads, support for joint edges may be needed. Spalling can occur at the
edges of saveut joints if they are not supported. (Kosmatka et al. 2002) Also, filler is used in
expansion joints to form the ijt and to allow for room between the joint faces when the

concrete expands (ACI 504 1990).
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Sealants serve the primary purpose of protecting the concrete by preventing liquids,
solids, and gases from passing through the joint. They also keep unwantetl nfrabe
collecting in the groove of the joint. The sealant must perform these functions while remaining
intact and allowing joint movement. Sealants can be divided into two main categories. The first
category is fieldmolded sealantswvhich are placedwhile the sealant is in liquid form. The
second category is preformed sealants. These sealants are typically preshaped by the
manufacturer. Waterstops are a type of preformed sealant that keepsnmvateout of the
structure. (ACI504 1990)

Field-molded sealants can be divided into mastics, hot applied, cold applied, chemically
curing, and solvent release. Mastics are usually used in structures with small joint movements
and where initial costs outweigh the maintenance costs. They do not haréemitersthey are
applied, but they form a skin layer over the surface. -&bmied sealants soften when they are
heated and harden when they cool. They tend to be inexpensive but they also tend have a shorter
life than other sealants. Ceépplied seants set when they are exposed to a solvent or when
emulsions break upon air exposure. These are also typically used in joints vibasniall
movements. Chemicallyuring sealants are placed while they are in the liquid phase and cure to
a hardened statby chemical reactions. They consist of either @néwo-compaent systems.

Also, chemicallycuring sealants can be used for a wide range of purposes. They resist
weathering, are flexible and resilient at hot and cold temperatures, do not readilyitbaa

wide range of chemicals, and have an abawerage resistance to abrasion and indentation. In
summary, they are considered to be able to withstand greater movements and last longer than
other feld-molded sealants. Solverglease sealants cunéhen a solvent is released. They are

similar to coldapplied sealants, but they are affected less by changes in temperature after they
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have set. Also, solvemelease sealants are typically considered to have an adequate service life.
Suitable fieldmolded joint sealers for water retainingy excluding structures includew
melting point asphalt mastic, happlied rubber asphalt, happlied PVC coal tar, coldpplied
rubber asphalt, chemically curing polysulfide, chemically curing polysulfide coatitamcally

curing polyurethane, anchemically curing silicone. It should be noted thatdoplied rubber
asphaltsshouldonly be used in horizontal joints because they have been known to fall out of
vertical joints when exposed to warm temperatu@&€l 504 1990)

Preformed sealants can be classified as flexible or rigid waterstops, gaskets and
miscellaneous seals, strip (gland) seals, compression seals, impregnated or nonimpregnated
flexible foam, and tensienompression seal systems. Rigid watgrstare usually made of steel
or copper. Steel waterstops are very stiff and can lead to cracking in the concrete around it.
They are typically used in heavy construction projects, such as dams. Copper waterstops are
corrosion resistant and are usedlams as well as general construction projects. They also must
be handled carefully so that damage does not occur. Because of this and cost issues, flexible
waterstops are often used. Flexible waterstops can be made of butyl, neoprene, natural rubbers,
and PVC. PVC is the most widely used waterstop material because it can be spliced on site and
special configurations can be made for joint intersections. However, rubber waterstops are more
elastic. Gaskets are widely used in precast pipe joints. BhéssEbtained because the gasket is
compressed between the faces of the joint. Strip (gland) seals are typically used in bridge
expansion joints. They are basically exposed, flexible waterstops that allow the joint to open or
close as needed. Compressbkeals, as the name entails, must always be in compression. This
ensures constant contact between the seal and the joint face even when the joint moves. They

perform well in almost all applications and in a wide temperature range. Impregnated flexible
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foam is a form of compression seal used in buildings and bridges. It does not recover well at
cold temperatures, and it does not follow joint movement well. The foam sealant is typically
bonded to the faces of the joint. Nonimpregnated flexible foamh filer resist chemicals well.

It can also be custom cut to accommodate any joint size or shape. An adhesive is used to bond
the sealant to the faces of the joint. Tensiompression seals are made of molded blocks of
elastomeric material. The saslattached to the faces of the joint and allows movement through
grooves and the shear deformation of the elastomeric material. (ACI 504 1990)

If joint sealants are only exposed on one face, the back face of the sealant that is not
exposed should not ®nded to the joint. This is so that the sealant can keep the desired shape.
A bond breaker is used to achieve this. Polyethylene tape, coated papers, and metal foils can be
used as bond breakers. Backup material is also needed in order to keeglathiefiszem being
displaced and to limit the depth of the sealant. Some backup materials do not bond to the sealant
and therefore act as a bond breaker. Joint filler can be used as backup material in expansion
joints. Neoprene or butyl sponge tubes areduss backup material in large joints, and neoprene
or butyl sponge rods are used as backup material in narrow joints (such as contraction joints).
Expanded polyethylene, polyurethane, and polyvinylchloride polypropylene flexible foams,
metal, plastic, giss fiber, and mineral wool are used as backupriahie expansion joints.

(ACI 504 1990) Figure-24 illustrates how a bond breaker and backup material work.
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Figure 2-24: How Bond Breakers and Backup Material Work (ACI 504 1990)

2.6  Crack Repair

Before a cracked structure can be repaired, it must be inspected and evaluated to

determine the cause and the extent of the cracking. The objetthwe crack repair should also

be deéermined The objectives of crack repair could include restoring or isamgahe strength

of the structure, restoring or increasing the stiffness of the structure, improving the performance

of the structure, making the structure watertight, making the structure aesthetically pleasing,

i mproving

t

h e

s t rpreeentingrreantocement cormokion! (ACI 224 2087%) d

According to AASHTO (2010b) Section 16.5 cracltsat are a result of thermal effects

should not be repaired because the cracks will reopen.

However, cracks that are caused by

structural movement (e.geslement) and that will not open up any wider should be repaired

(AASHTO 2010b).
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2.6.1 Epoxy Injection

Epoxy injection involves creating closely spaced entry and venting ports along the crack.
The exposed surface of the crack is then sealed to prevent the epoxy from leaking before it has
hardened. After sealing, the epoxy is injected into the crack with aatlydrpump, paint
pressure pots, or an actuated caulking gun. (ACI 224 200Higure 225 illustrates epoxy

resincrack injection

TYPICAL INJECTION
PORT SPACING

+ 320 MM (12 IN)
TYP,

CRACKS

INJECTION PORY, TYP. INJECTION
SEQUENCE+ START AT LOWER
ELEVATION AND FILL CONSECUTIVELY
TO OPPOSITE END OF CRACK,

.]3{\‘ . V- .
EXISTING M | - K R il
CONCRETE =] + 2 - '« /.7 27"
INJECTION ke
PORTS
EPOXY
SEALER

SECTION 1-1

Figure 2-25: Epoxy Resin Crack Injection (FHWA 2005)

Cracks as sall as small as 0.005 in. (0.0dm) can be repairedsing epoxy injection. It
is typically used to restore the tensile strengtihefstructural elementSpecial considerations

should be taken if the epoxy will be exposed to high temperatures. Epoxies tend to lose bond
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strength when they are exposed ighhltemperatures over a period of time. (ACI 546 2004) It is
an effective crack repair method unless the cause of cracking has not been fixed. New cracks are
likely to occur next to the original crack in this case. Also, if the crack is continuoukigdea
epoxy injection may not be a good option unless a moitleeant epoxy is used. (ACI 224
2007)

In tunnelscracks can be repaired by injecting epoxy resin into the crack. There are three
types of resin used for this application: vinyl ester resmine resin, and polyester resin. Vinyl
ester resin is generally notaise in tunnels because it will not bond to hardened concrete that is
wet. Polyester and amine resins work better for tunnel applications. Their ability to bond to

concrete is noaffected by the presence of moisture. (AASHTO 2010b)

2.6.2 Routing and Sealing

Routing and sealingf the concrete surfacean be used when the crack repair is not a
structural repair. It consists of further opening updfaek by sawing or grinding a ¥ to 1 in.
(6.4 mmto 25mm) deepgroove at the crack location. The groove is cleared of debris and then
filled with sealant and allowed to cure. Sealant materials that may be used include epoxies,
urethanes, silicones, polysulfides, asphaded polymer maternls. (ACI 224 2007) An

illustration of routing and sealing is shown in Figur&2

Groove cut wlth saw
or chipping tools— —Joint Sealant

L

a) Original Crack b) Routing ¢) Sealing

Figure 2-26: Routing and SealinfJohnsorl965)
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Routing and sealing is a method suitable for sealing wide and narrow cracks. Flat
horizontal faces are most suitable fouting and sealing, but using it on vertical and round
surfaces is also possible. It is also effective for waterproofing surfaces that are subjected to
hydraulic pressure or standing water. Active cracksatsobe seadd using routing and sealing
A bond breaker between the back of the sealant and the groove must be used in this case to allow

the sealant to move with the crack. (ACI 224 2007)
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2.7 AASHTO Reinforced Concrete Box Culvert Construction and Design Practice
The requirements for the conaediox culverts as required by tARASHTO LRFD Bridge
Construction Specificatia(2010a) and th@ASHTO LRFD Bridge Design Specificatson

(2007) are reviewed in this section.

2.7.1 Wall Height Construction Limitations

Section 8.7.2.4 (AASHTO 2010a) states timat bottom slab or footing should be the first
part of theCIP box culvert placed, and it should be allowed to set before the walls and the top
slab are placed. If the lggits of the walls are 5 f2(m) or shorter, the top slab and the walls can
be plaed as a monolith (AASHTO 2010a).

Section 8.7.2.1 (AASHTO 2010a) states that if the culvert walls are taller than 16 ft (4.
m), they should be permitted to set for at least 12 hours before casting the top slab. If the
culvert walls are 15 ft (6.m) highor smallerbut greater than 5 f2(m) high, the walls should
be allowed to set for at least 30 minutes. These setting times are to allow for the concrete to

settle after losing water due to bleeding. (AASHTO 2010a)

2.7.2 Concrete Protection from Environmental Conditions
Section 8.6.1 (AASHTO 2010a) states that the concrete temperature must be between 50

and 90°F (10 and 32C) prior to it being placed.

2.7.2.1Protection from Hot-Weather Conditions

Section 8.6.3 (AASHTO 2010a) states that if the ambient temperatgreater than 90
°F (32.2°C), objects that the fresh concrete will be placed against (forms, reinforcement, etc.)
must be cooled to a temperature that is less th&f @82°C). This can be done by spraying the

items with water. The temperature bétconcrete must be controlled also. This can be done by
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keeping the concrete materials and the mixing equipment in the shade, splashing the aggregate
with water, keeping the aggregate in a refrigerated area, replacing a portion of or all of the
mixing water with crushed ice, or by adding liquid nitrogen to the concrete mix. (AASHTO

2010a)

2.7.2.2Protection from Cold-Weather Conditions
Section 8.6.4 (AASHTO 2010a) states that if the temperature of the air is lower than 35
°F (2 °C), the concrete should be keptaatemperature greater than or equal t6R%7 °C) for
the first 6 days after it has been placed. If supplementary cementing materials (SCM) are used,
|l onger periods of time may be required unl ess
strergth has been reached at 6 days. When the concrete is being placed, the concrete temperature
shall be at least 6%F (16 °C) for members that are smaller than ib2 (300 mm) thick. To get
concrete that is within the specified tegngture range, the aggegeor the mix water may be

heated. (AASHTO 2010a)

2.7.3 Joints

2.7.3.1Construction Joints

Section 8.8.1 (AASHTO 2010a) requires that construction joints, unless otherwise
approved, only be put at places where indicated on the plans, or whe@nthete placement
schedule calls for them. All planned reinforcement should be continuous through the joint at
these locations (AASHTO 2010a).

For bonding purposes, Section 8.8.2 (AASHTO 2010a) requires that vertical joints must

be constructed with keys, but horizontal comstion joints may be constructed with or without

54



keys. The keys should be formed by making depressions in the concrete that take up

approximately onghird of the contact surface (AASHTO 2010a).

2.7.3.2Contraction Joints

Section 8.9.1 (AASHTO 2010a) requirestltontraction joints be put at places indicated
on the construction plans and should be constructed as specified. The joints may be open joints,
filled joints, sealed joints, reinforced joints, or joints with a combination of these features
(AASHTO 2010a).

Section 11.6.1.5.2 (AASHTO 2007) requires that contraction joints be placed at a spacing
of no more than 30 ft (9.t) in wingwalls.

Section 8.9.2.3 (AASHTO 2010a) states that materials put inside of a contraction joint
should be a bond baking mateal such as asphadiaturated felt paper. When joint sealant is
required in contraction joints, Section 8.9.2.4 (AASHTO 2010a) requires that the sealants used
must be either a hgioured sealant thabnforms toAASHTO M 282 (ASTM D3406), a silicon
cold-poured sealant that follows Federal SpecificationSTI543 Class A, or an impervious,

commercial quality polyethylene foam strip.

2.7.3.3Expansion Joints

Section 8.9.1 (AASHTO 2010a) requires expansion joints be placed at locations indicated
on the constructionlans and be constructed as specified. The joints may be open joints, filled
joints, sealed joints, reinforced joints, or joints with a combination of these features (AASHTO
2010a).

Section 11.6.1.5.2 (AASHTO 2007) requires that expansion joints be aeespacing

of no more than 90 ft (27 mn wingwalls.
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When joint filler is required in expansion joints, Section 8.9.2.1 (AASHTO 2010a)
requires that the preformed joint fillers for concrete pavements and structural construction should
conform to AASHTOM 213 (ASTM D1751), preformed sponge rubber and cork joint fillers
should conform to AASHTO M 153 (ASTM D1752), and preformed joint fillers for concrete
should conform to AASHTO M 33 (ASTM D994). Section 8.9.2.2 (AASHTO 2010a) states that
polystyrene boal filler made of expanded polystyrene may also be used.

When joint sealant is required in expansion joints, Section 8.9.2.4 (AASHTO 2010a)
requires that the sealants used must tieeea hotpoured sealant that conformsAASHTO M
282 (ASTM D3406), a scon coldpoured sealant thabnforms toFederal Specification T-5

1543 Class A, or an impervious, commercial quality polyethylene foam strip.

2.7.3.4AWaterstops

Section 8.9.2.6 (AASHTO 2010a) requires waterstops be made of polyvinyl chloride
(PVC), copper or ubber. They should also be uniform throughout, dense, and without
imperfections (AASHTO 2010a).

Also, Section 8.9.3.4 (AASHTO 2010a) requires that when waterstops are placed at a
joint that is free to move (i.e. contraction joint), they shall allow thet o move without being
damaged themselves. They shall be placed in the joint so that a continuous waterproof seal is

formed (AASHTO 2010a).

2.7.3.5Concrete Culvert Joint Sealants
Section 27.4.2 (AASHTQ@O010a) requires culvert jointse sealed so as to keeptside
water and soil from entering the culvert. Section 27.3.3 (AASHTO 2010a) states that the sealant

can be made of cement mortar, flexible watertight gaskets, conforming to AASHTO M 198
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(ASTM C990) or AASHTO M 315 (ASTM C433), or other materials tha approved by the

engineer.

2.7.4 Reinforcement
Section 5.10.8f the AASHTO LRFD Bridge Design Specificaof2007) states that
shrinkage and temperature reinforcemenCIR reinforced concrete box culvert®mponents

should be governed by the two followinguations:

1.30bh

2 —— Equation 2-3
A 2(b+h)f, a
where,
A, = area of temperature and shrinkage reinforcementength of culvert
componen(in.?/ft),
b = smallest height/width of the culvesbmponentection (in.),
h = smallest thickness of the culv@amponensection (in.), and
f, = yield strength of the reinforcesnn t O 75 ksi (ksi).
0.11in¥ f A0O00. %0 i n. Equation 2-4

The temperature and shrinkage reinforcement from these equations should be distributed
uniformly around the perimeter of the culvert component. Equati®masderived so that the
temperature and shrinkage reinforcement ratio would be 0f@0X8rade 60 reinforcementhe
value specified by ACI 318 (2011). (AASHTO 2007)

For a culvertwall with a height of 8 ft (2n), a thickness of 12 in. (30mm), and an

assimed reinforcement vyield strength of 60 Kdil4 MPa) the temperature and shrinkage
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reinforcement area would be 0.116%ft.(245 mm?/m). If the same wall was 30 in. (26mm)

thick, the temperature and shrinkage reinforcement area would be 02#&585 mm?/m).

2.8  Box Culvert Construction Practices of SASHTO States

States that are members of the Southeastern Association of State Highway and
Transportation Officials (SASHTO) have climates that are similar to Alabama. Therefore these
states may have silarities in requirements in requirements for reinforced conci@te, box
culvert design and construction methods when compared to ALDOT. Puerto Rico was excluded
because it is not a U.S. State.

Information was difficult to find for most states; themefp some states may have

significantly less information than others.
2.8.1 Arkansas State Highway and Transportation Department (AHTD)

2.8.1.1General Construction
The AHTD uses both precast a@dP reinforced concrete box culvertdVhen precast

box culverts are usethey must conform to AASHTO M 259 or M 273. (AHTD 2003)

2.8.1.2Wall Height Construction Limitations
For CIP box culverts that are 6 f2(m) in height or smaller, the top slab and walls can be
built monolithically. If they are built in separate sectionke bp slab will be bonded to the
walls, and the walls will be bonded to the bottom slab by roughened longitudinalt&ysthe
top slab and walls should be cast 24 hours or more after the previous placement has set. (AHTD

2003)
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2.8.1.3Concrete Protection from Environmental Conditions

2.8.1.3.1Protection from Hot-Weather Conditions
The temperature of the concrete mix when it is placed should not be greater ftan 95

(35°C) (AHTD 2003)

2.8.1.3.2Protection from Cold-Weather Conditions

Concrete should not be placed when the airpenature is below 36F (2 °C). An
exception is when the concrete will be enclosed, and the mix ingredients and the enclosed space
will be heated. Concrete should not be placed unless the concrete mix temperatife (060

°C) or above(AHTD 2003)

2.8.1.4Joints

2.8.1.4.1Joint Waterproofing

Waterstops should be made of copper, rubber, or polyvinyl chloride (PVC) and they
should be uniform throughout, dense, and have no poil@gityD 2003).

AHTD Standard Drawing RCB (2006) states that construction joints in the swdds

and top slab of box culverts should have membrane waterproofing (AHTD 2006).

2.8.1.4.2Joint Filler
Expansion joint filler can be preformed sponge rubber complying with AASHTO M 153

Type | or a mixture of one part asphalt and four parts sawdust (AHTD 2003).

2.8.1.4.3Joint Sealant
Sealants that can be used for contraction joints includeapgtied silicone, hepoured

elastomeric joint sealant, synthetic polymer joint sealant, epboted elastic type sealant. A

59



backer rod can be used with the cafplied siliconesealants that either need a primer to bond
with concrete or that do not need one. It can also be used wHpobotd elastomeric joint

sealants(AHTD 2003)

2.8.2 Florida Department of Transportation (FDOT)

2.8.2.1General Construction

The FDOT uses botfRIP and prea s t box culverts. |t is the
there is a plan note forbidding the use of precast culv&DOT 2010c) A typical double barrel
CIP box culvert cross section used by the FDOT is shown in Fig& 2

For CIP culverts, the base d¢igor footing) should be placed first and allowed to set
before construction is continued. The bottom slab, footing, and apron walls should be built as a
monolith if possible. (FDOT 2010c)

The wingwalls are recommended to be placed as monoliths. Wiseis thot possible,
the construction joints should be horizontal and not visible. (FDOT 20AQgpical double

barrel culvert cross section used by the FDOT is shown in Fig@ve 2
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Figure 2-27: Typical FDOT Double Barrel Cagh-Place Box Culvert CrosSection (FDOT

2010a)
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2.8.2.2Wall Height Construction Limitations

If the wals of the culvert are 6 ft2(m) or shorter, the top slab and side walls may be
poured as a monolith. It is also allowable for the side walls to be poured first, arfthtieetine
top slab poured after the walls have set. If the walls of theediare taller than 6 ft2(m), the
sidewalls should be placed first and allowed to set for twelve hours before placing the top slab.
(FDOT 2010c)

The smallest allowabl€IP box culvert is 4 ft by 4ft (Im by 1 m), and the smallest

allowable precastdx culvert is 3 ft by 3 ft (0.9 m by 0:9) (FDOT 2010b).

2.8.2.3Concrete Protection from Environmental Conditions

2.8.2.3.1Protection from Hot-Weather Conditions

The FDOT Standard Specificatianfor Road and Bridge Constructiq@010c) defines
hot weat her concreting as Athe production, p
temperature at placing exceeds®85(29°C) but is less than 10F (37°C) . 0 All concr
has a temperata greater than 106F (37 °C) should be refused. If hot weather concrete
measures are not in effect, all concrete with a temperature greater tia{2Z85°C) should be
refused. If the temperature of the placed concrete is greater thdf {Z8°C), awater reducing
admixture or a watereducing and retarding admixture should be added to the concrete mix.
Also, forms and reinforcement shall be sprayed with cold water before concrete is placed in hot

weather conditions. (FDOT 2010c)

2.8.2.3.2Protection from Cold-Weather Conditions
No concrete should be placed when the temperature of the concrete is b8 36).

Also, concrete should not be mixed when the temperature of the air is belfw(45C) and
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dropping. However, concrete may be mixed and pldcde air temperature reading taken is in
the shade and is at least 40(4 °C) and rising. If the fresh concrete is not heat cured, it should
be protected from freezing until its compressive strength is at least 1,50® pdPa) (FDOT

2010c)

2.8.2.4Joints

2.8.2.4.1Construction Joints

When building the walls and the top slab as a monolith, any essential construction joints
should be vertical and have beveled keys. Transverse construction joints should be
perpendicular to the culvert barrel. Proper provisionsldagitudinal and transverse keys at
joints should be made. The keys should be beveled and not more than 38&%nm)(from the
edge of the concrete. Also, transverse construction joints should be vertical and have continuous
reinforcement through themin long concrete box culverts, vertical construction joints heave

minimum spacing of 30 ft (9.h). (FDOT 2010c)

2.8.2.4.2Joint Waterproofing

When a dry environment is desired in the culvert, an external sealing band (in compliance
with ASTM C87) should be used waterproof the culvert joints. It should be centered on the
joint and be placed from the bottom of one sidewall to the top slab, on the top slab, and then
from the top slab to the bottom of the other sidewall. The band should be placed at individual

precast section joints or @P construction joints(FDOT 2011)

2.8.2.4.3Joint Filler
Joint fillers should meet AASHTO M53 or AASHTO M213. If the filler is made of

cellulose fiber it should meet AASHTO H2113 requirements (excluding the asphalt content
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requirament) if it contains at least 0.2% zinc borate and 1.5% waterproofing wax. Type I, Type
II, or Type Ill AASHTO M-153 joint sealers may be used unless otherwise spediR&DT

2010c)

2.8.2.4.4Joint Sealant

Joint sealants can be made of many different materialsthey will typically be a
mixture of bituminous based materials. The material will melt when it is heated and then adhere
to the concrete to form a seal when it cools. A low modulus silicone sealant may also be used as
a joint sealant. Acetic acid aisealants should not be us@geDOT 2010c)

A bond breaker rod made of expanded polyethylene foam may be used. The rod should

not react with or bond to the seala®DOT 2010c)

2.8.3 Georgia Department of Transportation (GDOT)

2.8.3.1General Construction

The GDOT albws for the use of precast a@lP reinforced concrete box culverts
(GDOT 1985). GDOT also recommends that one foot be the smallest fill height allowed for a
reinforced concrete box culvert (GDOT 2010). An example of a single l&2iPdbox culvert

crosssection used by the GDOT is shown in Figu2g82
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Figure 2-28: GDOT Single Barrel Cash-Place Box Culvert Cross Section Example (GDOT

2001a)

2.8.3.2Concrete Protection from Environmental Conditions

2.8.3.2.1Protection from Cold-Weather Conditions

The concrete tempature should be kept above %0 (10°C) for 72 hours after it has
been placed, and it also should be kept above freezing temperature for 6 days after it has been
placed. This can be achieved by using heated enclosures, commercial blankets, or hathinsula
if the expected 4®our temperature is below 25 (-4 °C). If the expected 48 hour temperature

is at or above 2% (-4 °C), heavyduty polyethylene sheets can be used. (GDOT 2001b)

2.8.3.3Joints

2.8.3.3.1Construction Joints

Transverse construction joints shoutel fierpendicular to the culvert barrel. They should

be at all locations where the design changes and at places shown on the plans. Construction
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joints should not be located in the culvert section directly under the width of the pavement.
However, if confruction joints must be presented directly under the pavement width then the
reinforcement should be continuous through the joint and no bond breaking measures should be
taken. Reinforcement should also be continuous when the joint is withir{4.6 i) of the end

of the culvert or when it is located directly under a roadway. (GDOT 1996) All other
construction joints should not have continuous reinforcement through the joint. Thaunaxi

joint spacing is 30 ft (9.in) (GDOT 2010).

2.8.3.3.2Joint Waterproofing

Coalttar pitch is used for waterproofing in culverts (GDOT 2001b).

2.8.3.3.3Joint Filler
Preformed joint filler, preformed foam joint filler, elastomeric polymer type joint
compound, or wateblown urethane can be used as joint filler. Preformed joint filler should

meet AASHTO M 153 or AASHTO M 213 specificatiof&DOT 2001b)

2.8.3.3.4Joint Sealant
Hot-poured joint sealer, preformed elastic joint sealer, or silicone sealant with a bond
breaker can all be used as joint sealants. A backer rod should be used for the bamnd brea

(GDOT 2001b)
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2.8.4 Kentucky Transportation Cabinet (KYTC)

2.8.4.1General Construction

The KYTC recommends tha minimum fill height of 1f(0.3 m)should be for culverts
used unless the top slab is designed to be the driving surface (KYTC 2005). The K¥TC als
allows the use of precast GtP reinforced concrete box culverts (KYTC 2008).

The base slab and footings of a box culvert should be poured and allowed to cure before
placing the walls and top slab. Also, the base slab and footings should be pouradremsiti
when it is possible. When necessary, construction joints should be perpendicular to the culvert
barrel. (KYTC 2008)

Wingwalls should be poured as a monolith if possible. However, if that is not possible,
horizontal or vertical joints may be wsgKYTC 2008)

The top slab should have rainimum thickness of 7 in. (178 mmThe bottom slab
should have the same effective depth as the top slab but it should have a total depth that is 1 in.
(25 mm) greater for single barrel culverts and 2 irl (&m) greater for multiple barrel culverts.
Culvert sidewalls should have a minimum thickness of 1/12th of the clear height or 104in. (25
mm). Interior culvert wall should havemainimum thickness of 10 in. (254 MN{KYTC 2005)

A typical CIP cross sectionf a single barrel culvert used by the KYTC from Exhibit 510

of the KYTCDivision of Structural Design Guidance ManyaD05) is shown in Figure-29.
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Figure 2-29: Typical KYTC Single Barrel Cagh-Place Box Culvert Cross Section (KYTC

2005)

2.8.4.2Wall Height Construction Limitations

If the clear height of &ulvert is less than 5 f2(m), the walls and top slab of a box
culvert can be placed as a monolith if it is desired. The construction joints in this case should be
vertical and perpendicular to tlais of the culvert. flthe clear height is 5 f2(m) or greater,

the side walls should be placed before the top slab. (KYTC 2008)

The minimum size for &IP concretebox culvert is 4 ft x 4 ft (Im x 1 m) (height x

span). The maximum size is 16xf20 ft (49 m x 6.1m). (KYTC 2011)
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2.8.4.3Concrete Protection from Environmental Conditions
The concrete temperature just before a box culvert is placed should be between 50 and 90

°F (10 and 32C) (KYTC 2008).

2.8.4.3.1Protection from Hot-Weather Conditions
If the ambient air temperature is above 90 (32 °C), all surfaces that will touch the
placed concrete should be cooled to below’®Q32 °C). If the ambient air temperature is

greater than 10€F (38°C), concrete for box culverts should not be placed. (K\?008)

2.8.4.3.2Protection from Cold-Weather Conditions

Freshly placed concrete should be kept at a temperature no lower tfa(i748) for the
first 3 days after it has been placed, and it should be kept at a temperature no lowerh@h 40
°C) for another 4ays after that. Concrete should not be placed when temperatures are expected
to drop below these limits unless measures have been taken to sustain acceptable concrete
temperatures. In order to keep the concrete at an acceptable temperature, thendvater a
aggregates should be heated. Also, freshly placed concrete should not come into contact with
objects (forms, etc.) covered with frost or that are at a temperature at or beffw(@2C).

(KYTC 2008)

2.8.4.4Joints

2.8.4.4.1Construction Joints

Wood strips that haveelen saturated should be used to form keys in construction joints.
Steel dowels may also be used as an alternative to shear keys. (KYTC 2008) Construction joints
between the walls and top slab should have keys. The keys should be turned down, as shown in

Figure 231. (KYTC 2005)
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2.8.4.4.2Contraction Joints

Contraction joints can be used in culvert wingwalls if it is approved by the division of
structural design (KYTC 2005).

A contraction joint detail for walls, which appears applicable to culverts, from Exhibit
516 of the KYTCDivision of Structural Design Guidance Many2005) is shown in Figure-2

30.
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Front face of wall ~ Rustication Groove

Figure 2-30: KYTC Wall Contraction Joint Detail (KYTC 2005)

2.8.4.4.3xpansion Joints

Expansion joints can be used in culvert wingwalls if it is approved by the dividion
structural design (KYTC 2005).

An expansion joint detail for walls, which appears applicable to culverts, from Exhibit
516 of the KYTCDivision of Structural Design Guidance Many@005) is shown in Figure-2

31
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asphalt or coal-tar pitch.
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Figure 2-31: KYTC Wall Expansion JoinDetail (KYTC 2005)

2.8.4.4.4Joint Filler

Preformed filler should be made of a single piece unless otherwise specified. Preformed

sponge rubber, preformed cork, or preformed asphalt may be used for expansion joints. (KYTC

2008)

2.8.4.4 .5])oint Sealant

Hot-poured elastic ealant, silicone rubber, and preformed expansion and compression

joint sealers can be used as joint sealants. Thedwed sealant should meet ASTM D 6690

Type Il requirements, the preformed expansion joint sealant should meet ASTM D 5973, and the

prefomed compression joint sealant should meet ASTM D 2628. (KYTC 2008)
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2.8.5 Lousiana Department of Transportation and Development (La DOTD)

2.8.5.1General Construction

The La DOTD allows the use @lP or precast reinforced concrete box culverts. When
using CIP culvetts, the footings or base slab should be placed and allowed to set before
proceeding further with construction. (La DOTD 2006)

Wingwalls should & built as a monolith whermpossible. Otherwise horizontal
construction joints that are not visible should bedi (La DOTD 2006)

Figure 232 shows the cross section of a typical La DOTD double b&ifebox culvert.
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DOTD 1978)
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2.8.5.2Wall Height Construction Limitations

When a culvert is 4 ft (in) high or less, the top slab and walls can be built as a monolith.
When this is done, the construction joints should be normal to the axis of the culvert and vertical.
When aculvert is larger than 4 ft (fn) high, the walls shall be placed first and allowed to cure
before the top slab can be placed. (La DOTD 2006) The location of construction joints in these
cases is shown in Figure32.

The minimum size for a reinforced concretexizulvert is 4 ft by 4t (1 m by 1m) (La

DOTD 1987).

2.8.5.3Concrete Protection from Environmental Conditions

2.8.5.3.1Protection from Cold-Weather Conditions

When air temperature in the shade is dropping and it reach&s @JC), all concrete
operations should be stopped. They caumge when the air temperature in the shade is rising
is at least35 °F (2 °C), and theforecasted highiemperature is above 4¢ (4 °C). (La DOTD
2006)

The aggregate can be heated to allow for the concrete to be placed when the temperature
is less than3°F (2 °C) and the procedure is approved in writing. The placed concrete must then
be protected using insulating materials, additional covering, or by other approved methods. (La

DOTD 2006)

2.8.5.4Joints
The locations of longitudinal construction joints and wiegwall expansion joint for La

DOTD box alverts are shown in Figure33.
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Figure 2-33: La DOTD Box Culvert Section Showing the Rear Side of a Wingwall and

Expansion and Construction Joint Locations (La DOTD 2008)

2.8.5.4.1Construction Joints
The longitudinalconstruction joints between walls and base slabs should be keyed and

located at points shown in Figure33 (La DOTD 2008). A detail of the La DOTD construction

joint is shown in Figure -34.

A 8 [
vl |l
=T\ /]

DETAIL “C"
Figure 2-34: La DOTD Longitudinal Construction Joint betwease and Wall (La DOTD

2008)
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2.8.5.4.2Expansion Joints

Transverse expansion joints in culvert barshisuld be spaced at 200 ft (61In) and
should be keyed. No reinforcement should run through these joints. The expansion joint filler
material should be a prefoed resilient bituminous type, and geotextile should be placed around
the outside of the culvert barrel at the expansion joint. (La DOTD 2008) The location of the
transverse expansion joint is shown in Figur852 Note the concrete block located undes t
base of the culvert at the expansion joint. A typical transverse expansion joint used in culvert

barrels by the La DOTD is shown in Figur8@

HBECONCRETE BLOCK

Figure 2-35: La DOTD Culvert Barrel Elevation View and Transverse Expansion Joint Location

(La DOTD 2008
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Figure: 2-36: La DOTD Transverse Expansion Joint Details for Culvert Barrels (La DOTD

2008)

Expansion joints in wingwalls should be keyed vertical joints and should be dowelled.
The expansion joint filler material should be preformed resilient hitans type. A ifoot (0.3
m) wide strip of geotextile fabric should be put on the back side of the wingwall expansion joint,
as shown in Figure-33. (La DOTD 2008) Thexpansion joinshould be located as shown in

Figure 233. A detail of a wingwall gpansion joint is shown in Figure&.
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Figure 2-37: La DOTD Wingwall Expansion Joint Detail (La DOTD 2008)
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2.8.5.4.3Joint Waterproofing
Waterstops can be made of plastic, rubber, or metal. They should also allow for the joint

to move without being damaged thegives. (La DOTD 2006)

2.8.5.4.4Joint Filler
Joint fillers can be preformed. They can be bituminous, wood, asphalt ribbon, closed cell

polyethylene, or rubber. (La DOTD 2006)

2.8.5.4.5Joint Sealant
Joint sealers can be hpbured rubberized asphaltic type, polyurethanesilaone. A

backer material should be used along with the sealant. (La DOTD 2006)

2.8.6 Mississippi Department of Transportation (MDOT)
The minimum size for a reinforced concretexkculvert is 4 ft by 4tf(1 m by 1 m)

(MDOT 2011).

2.8.7 North Carolina Department of Transportation (NCDOT)

2.8.7.1General Construction

The NCDOT use£IP reinforced concrete box culverts with an option of using precast
culverts. Precast box culverts are not allowed if the maximum design fill on top @flvest is
exceeded (10 ft [3.6n] in some areasfdNorth Carolina and 15 ft [4.61] in others). (NCDOT
2007)

An example of &CIP box culvert cross section is shown in Figur88 which is from

Figure 94 of the NCDOTStructure Design Unit Design Manu@007).

78



gred-
8- 70" 8-

6" Cl BARS @ 12"CTS.
2"HIGH BEAM BOLSTERS
Al BARS — BB @ 4-0°CTS.

PERMITTED 11
CONST. J1. _\ “i'.v'
o) 20 N T~

| TP 'I:F'

AI00 BARS- Ik

|

Ky

B2 BARS=—
3 — Bl BARS p

CONTINUOUS b
o
q &

8'=4"

HIGH CHAIR UPPER
(CHL.USH @ 3'-0"CTS.

3@
WEEP HOLES
:‘H vzoo BARS
"'I 'Lk?z:n"n::..._i_"
£ |- [ ts
— A2 BARS =4 F1 @ 5'-0"¢ CTs,
Cl BARS @ 6CTS,

Cl BARS @ 12°CTS.

Y A AU A
| P

L=t

£

—
—

Figure 2-38: NCDOT Sirgle Barrel Casin-Place Box Culvert Cross Section Example (NCDOT

2007)

2.8.7.2Wall Height Construction Limitations

Culverts with avertical clearance of 4 ft (in) or smaller must be poured as monoliths.
Culverts with avertical clearance of 4 ft (In) through 8 ft (2m) can have longitudinal
construction joints below fillets in the top slab, but it is not required. Culverts witdrteal
clearance of 9 ft3 m) or larger must have longitudinal construction joints below the fillets in the

top slab. NCDOT 2007)

2.8.7.3Concrete Protection from Environmental Conditions
The temperature of the concrete should be no less théfl BM°C) and no higher than
95 °F (35°C) when it is placed in the forms. Exceptions to this can be made when placing

concrete in calweather conditions. (NCDOT 2006)
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2.8.7.3.1Protection from Cold-Weather Conditions

Concrete should not be placed when the temperature in the shade is less’thén°G9
without permission. If permission is given, the water and/or aggregate should be heated to
temperature at or below 18B (66 °C). The concrete can then be placed when its temperature is
less than or equal to 86 (27 °C) and greater than or equal %5(13°C). (NCDOT 2006)

Aggregate that is frozen or has ice on it should not be usedxingrtoncrete. Also,
concrete should not be placed on a foundation that is frozen. (NCDOT 2006)

Concrete should be protected by insulation or by heated enclosures when the air
temperature in the shade at the time of placement is lower théa @°C), a when the air
temperature in the shade is lower than’B%2 °C) and the fresh concrete is less than 72 hours

old. (NCDOT 2006)

2.8.7.4Joints

2.8.7.4.1Construction Joints
Transverse construction joints shall be placed in culvleatsare longer than 70 ft (24d).
Thes joints should be oriented parallel to the main reinforcement in the slabs. The maximum
allowable spacing for transverse constian joints is also 70 ft (2dn). (NCDOT 2007)
It is permissible for he bottom slab of a multiple barrel culvad have lomgitudinal
construction joints located ft (305 mm) from the interior wall(s). The slab reinforcement can

be spliced at these construction joints if the contractor desires. (NCDOT 2007)
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2.8.7.4.2Expansion Joints

All CIP culverts should have aih. (25mm) expasion joint in their wings. Filter fabric
should be placed on the soil side of the joint to keep material from coming through. (NCDOT
2007) An example of an elevation view of a wingwall and the location of the expansion joint is

shown in Figure B9, which is from Figure % of the Structure Design Unit Design Manual

(2007).
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Figure 2-39: NCDOT Wingwall Expansion Joint Location (NCDOT 2007)

2.8.7.4.3Joint Filler
Nonbituminous or bituminous joint filler can be used. The nonbituminous joint filler
should meet AASHO M 153 Type |, II, or lll, and the bituminous joint filler should meet

AASHTO M 213. (NCDOT 2006)
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2.8.7.4.4Joint Sealant

Hot-applied joint sealer and low modulus silicone sealant are the types of joint sealers
that can be used. The kapplied sealer should me&STM D 6690 specifications. The silicone
sealant should meet ASTM D 5893 specifications. All expansion joints should be sealed with
low modulus silicone sealant. Backer rods made of polyethylene foam or polyolefin foam

should be used with the silicosealant. (NCDOT 2006)

2.8.8 South Carolina Department of Transportation (SCDOT)

2.8.8.1General Construction
Both precast an€IP reinforced concrete box culverts are used by the SCDOT (SCDOT

2007).

2.8.8.2Concrete Protection from Environmental Conditions

2.8.8.2.1Protection from Hot-Weather Conditions

A Hot Weather Batching and Mixing Plashould be developed to ensure that the
temperature of the concrete is not greater tharfF(B2 °C) when it is placed. This could
include sprinkling aggregate with cool water, using Type Il cemamd, using cold water or
shaved ice for mixing. The plan should meet the requirements set in ACI 305R. (SCDOT 2007)

A Placing and Curing Plarshould also be implemented to achieve the same goal. It may
include (SCDOT 2007):

1 Spraying the forms and reinflement with cool water,

1 Scheduling concrete placement so that delays will be kept to a minimum,

1 Prewetting the forms or subgrade to keep them from absorbing water from the

concrete,
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1 Building windbreakers to keep the exposed concrete surfaces from drying,
1 Screeding, floating, and starting the concrete curing process as soon as the concrete is
placed, and

1 Providing evaporative cooling by using watering technigues.

2.8.8.2.2Protection from Cold-Weather Conditions
When the temperature is below 35 (2 °C), aCold Weather Batching and Mixing Plan
should be developed. At a minimum it should include:
1 Uniformly heating the aggregate using steam or dry heat,
1 The mixing water can also be heated but it should not be aboV¥# {70 °C) when
it is poured into the mixer
1 Ensuring that the concrete temperature is at lea%t $00°C) when it is placed, and

1 Avoiding using aggregates with frozen particles.

A Placing and Curing Plarshould also be implemented to make sure that the air temperature

around the concrete is niotwer than 50F (10°C). (SCDOT 2007)

2.8.8.3Joints

2.8.8.3.1Construction Joints
Longitudinal construction joints between the base of the culvert and the walls should be
keyed as shown in Figure4®. Joints in interior walls or midwall joints should also be similar

to Figure 240 if possible. (SCDOT 2009)
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Figure 2-40: SCDOT Longitudinal Construction Joint Detail for Wall to Base Connections

(SCDOT 2009)

2.8.8.3.2Joint Waterproofing

Waterstops made of flexible polyvinyl chloride should be used in expansion joints

(SCDOT 200).

2.8.8.3.3Joint Filler

Joint filler for expansion joints can be preformed,-potred elastic, or a ccelapplied
sealant. The preformed filler should meet AASHTO M 213 or ASTM D 6690 Type |
requirements. The hgtoured filler should meet ASTM D 6690 Type | vdgments. The cold
applied filler should meet ASTM C 920 requirements. A polyethylene backer rod should be used

with the coldapplied sealant. (SCDOT 2007)
2.8.9 Tennessee Department of Transportation (TDOT)

2.8.9.1General Construction
The TDOT uses both precastdadIP reinforced concrete box culverts (TDOT 2006).

A typical crosssection of a double barr@lP box culvert used by the TDOT is shown in

Figure 241.
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Figure 2-41: Typical TDOT Castin-Place Box Bridge CrosSection (TDOT 2000c)

2.8.9.2Wall Height Construction Limitations

For CIP culverts 6 ft 2 m) high or less, the top slab and side walls can be built as a
monol ith. When this is done, construction
upright. For alvertsthat are greater than 6 & (n) high, the side walls should be placed first
and then let set for a minimum of 4 hours before placing the top slab. When this is done, there

should be keys in the side walls for the purpose of anchoring the top slab. (TDOT 2006)
2.8.9.3Concrete Protection from Ervironmental Conditions

2.8.9.3.1Protection from Hot-Weather Conditions
When conditions consist of high temperature, low humidity, and/or high winds, the fresh
concrete should be protected to prevent drying shrinkage cracking from occurring. As a rule, no

concretewill be placed when the evaporation rate is greater than 0.2/Hb/ftL kg/nf/hr).

(TDOT 2006)
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2.8.9.3.2Protection from Cold-Weather Conditions

If the ambient temperature is below ¥5 (2 °C) after the concrete has been placed, the
air temperature around the avete should be kept at or above#5(7 °C). Also, the concrete
temperature should not be greater thailB(R7°C). These conditions should be kept until 120

hours after the concrete is placed. (TDOT 2006)

2.8.9.4Joints

2.8.9.4.1Construction Joints

For stage constation joints where the fill is not gater than 3.5 ft (1.tn) high, TDOT
drawing STD152 (2000a) st ates, AWhen a box or sl ab
that the construction joint is not perpendicular to the bridge, the stage constructicingdliie
a plain butt joint, and no reinforcement shal
used as shown in Figure42. These joints should not be located underneath a traffic lane.

(TDOT 2000a)
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The construction joints between the top and bottom slabs and the exterior walls are
shown in Figure 243. The construction joints between the top and bottom slabs and the interior
walls are shown in Figure-24. The conguction joints between the top and bottom slabs and
the interior walls that should be used when the fiigheis greater than 10 ft (3/©) are shown

in Figure 245. The steel is continuous through the joint in each of these cases (TDOT 2000c).
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Figure 243: TDOT Construction Joints between Slabs and Exterior Walls (TDOT 2000c)
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Figure 2-44: TDOT Construction Joints between Slabs and Interior Walls (TDOT 2000c)
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Figure 2-45: TDOT Interior Construction Joints bve¢en Walls and Slabs when the Fill is

Greater than 10 Fe€3.0 m)(TDOT 2000c)

2.8.9.4.2Contraction Joints

Transverse contraction joints shall be used as transverse stage construction joints in box
culverts when the filheight is more than 3.5 ft (1rh) (TDOT 200a). The contraction joints
used in box culverts should be plain butt joinReinforcement should not be continuous through
these joints These joints shodlbe spced at 30a 40 ft (9.1 to 12n), and should be placed at
points where the box sectichanges, when possible. The contraction joints should run parallel
to the main reinforcement in the slab, but not necessarily normal to the axis of the culvert.
(TDOT 2006) When the top slab of the box culvert is going to be used as riding surface for

traffic, no contraction joint should be used. (TDOT 2000a).

90



Vertical contraction joints are also located in the wingwall of the culvert. They are
located at midength of the wingwall wén it is longer than 30 ft (9.4). (TDOT 2000d) The
location of tke contraction joint on the wingwall is shown in Figurel@ and a detail of a

wingwall contraction joint is shown in Figure4Z.
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Figure 2-46: TDOT Wingwall Elevation View (TDOT 2000d)
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Figure 2-47: TDOT Wingwadl Vertical Contraction Joint (TDOT 2000d)

2.8.9.4.3Expansion Joints
Note 1 in Figure 246 states that vertical expansion joints are required when thgpaaih

is longer than 15 ft (4.61). The joint should be only in the wing wall and not in the footing
They ae located at the junction between the outer culvert wall and the wingRelhforcing
bars shall not be continuous through the expansion.jobrie of the ends of the dowel bars used
in the joint should be covered with tarpaper and also havepapar end cap. (TDOT 2000d)

The location of the expansion joint on a wingwall is shown in Figudé,2and a detail for a
wingwall expansion joint is shown in Figure43.
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Figure 2-48: TDOT Vertical Wingwall Expansion Joint (TDOD 2000d)

2.8.9.4.4Joint Waterproofin g
Waterstops can be made from copper, natural rubber, synthetic rubber, or polyvinyl
chloride (PVC). They should be uniform throughout, dense, and without imperfections. (TDOT

2006) See Figures#6 and 247 for waterstop illustrations.

2.8.9.4.5Joint Filler
Prdormed nonbituminous or bituminous joint filler can be used. The nonbituminous
joint filler should meet AASHTO M 153 Type |, Il, or Il specifications, and the bituminous joint

filler should meet AASHTO M 213 specifications. (TDOT 2006)

2.8.9.4.6Joint Sealant
Longitudinal and transverse joints may be sealed using a silicone sealant gucuiext
elastic type sealant that meets ASTM D 3405 specifications. Thpohotd sealant must be

made of virgin synthetic and/or reclaimed rubber combined with tacifiersticpass, and
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asphalt. A backer rod may also be used along with the sealant. The sealant and backer rod shall

not be allowed to bond together. (TDOT 2006)

2.8.10 Virginia Department of Transportation (VDOT)

2.8.10.1 General Construction

The VDOT allows contractors tose CIP and precast reinforced concrete box culverts

(VDOT 2007). A typical single barré&IP box culvert used by the VDOT is shown in Figure 2

49,

Each wingwall should be built as a monolith if possible. If it is not possible, the

construction joints shdd be horizontal. (VDOT 2007)
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Figure 2-49: Typical VDOT Single Barrel Cash-Place Box Culvert Cross Section (VDOT

2008)
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2.8.10.2 Joints

2.8.10.2.1Construction Joints

Box culverts more than 35 ft {Im) long shall have constructigoints spaced at no more
than 25 ft 7.6 m) andlocated no more than 30 ft (91) from the ends (VDOT 2008).

If consecutive courses need to be bonded, keys should be formed. They should be
formed by inserting beveled wood strips that have been sadundie water. Dowel bars may

be used instead of keys if the engineer chooses. (VDOT 2007)

2.8.10.2.2Joint Waterproofing
Waterstops can be made of copper, neoprene, or polyvinyl chloride (PVC) (VDOT 2007).
A 6 x 3/8n. (152 x 76 mm) Dumbbell PVC waterstop should beed in the joints between the

culvert and the wingwall (VDOT 2008).

2.8.10.2.3Joint Filler

Joint fillers can be preformed, expanded rubber, PVC, PE, or sponge rubber. The
preformed filler should meet AASHTO M213 requirements, the expanded rubber filler should
med ASTM D 1056 requirements, the preformed neoprene filler should meet ASTM D 1056
Grade 2BS requirements, the PVC and PE filler should meet ASTM D 1667, and the-sponge

rubber filler should meet AASHTO M 153 requirements. (VDOT 2007)

2.8.10.2.4Joint Sealant

Joint setants can be hegboured, silicone, or preformed elastomeric joint sealants. The
hot-poured sealant can be an asphalt sealer, meeting ASTM D 6690 Type |l specifications, or an
elastomeric joint sealer meeting ASTM D3406 specifications. The elastomaricsgaler

should only be used for longitudinal joints. Bond breakers should be used with the silicone
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sealant. The bond breaker can be a backer rod (made of-clelsedpanded polyethylene foam
or closed cell expanded polyolefin foam) or bdmwdaking tape (made from extruded

polyethylene). (VDOT 2007)

2.8.11 West Virginia Department of Transportation (WVDOT)

2.8.11.1 General Construction
The WVDOT uses box culverts that can be designeéci@er precast (WVDOT 2004).
Culvertswith a clear span of 16 ft (4.61) or lessare typically used. Single barrel
culverts should be used whenever it is possible, and triple barrel culverts should generally be

avoided due to high construction and maintenance costs associated with them. (WVDOT 2004)

2.8.11.2 Concrete Protection from Environmental Conditions
The concrete temperature should be no lower thdiF $00°C) and no greater than 86

(29°C) when it is placed (WVDOT 2000).

2.8.11.2.1Protection from Hot-Weather Conditions

When the air temperature in the shade reache¥§29 °C) the concretéemperature
should be monitored, and when the concrete temperature reacliEs(8%°C) the concrete
should be poured within an hour of the mixing water being introduced. If the concrete
temperature rises to 9¢ (32°C) the mixing water and/or agayate should be cooled to lower
the concrete temperature. Crushed or flaked ice may be used also. Concrete should never be
placed when the temperature at the end of mixing exceet¥s(@2°C). (WVDOT 2000)

It is also important to make sure that the acef of the concrete is kept wet during the

curing process to prevent shrinkage cracking (WVDOT 2002).
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2.8.11.2.2Protection from Cold-Weather Conditions

Cold weather provisions go into effect when the plastic concrete has a temperature less
than 55°F (13°C). To kep the concrete at acceptable temperatures, the aggregate and/or the
mixing water may be heated. The aggregate or water should not have a temperature higher than
150 °F (66 °C) when it is poured into the mixture. Any materials that are frozen shouloenot
used in the concrete mixture. (WVDOT 2000)

When the concrete is curing, the surface of the concrete must be kept at a temperature
above 35°F (2°C). However, days when the concrete surface temperature is beltfw(%0
°C) cannot be counted as cuidays. (WVDOT 2002) Insulated forms may be used to protect
the concrete during this period (WVDOT 2000). Cold weather protection should be taken off in
a way to prevent concrete surface temperature from dropping more t8&n(-Z0°C) in a 24

hour perod (WVDOT 2002).

2.8.11.3 Joints

2.8.11.3.1Joint Waterproofing
Waterstops can be made of polyvinyl chloride (PVC) or rubber, and they should be free

from imperfections, dense, and the same throughout (WVDOT 2000).

2.8.11.3.2Joint Filler

Joint fillers for the expansion joint can be forened. They should be nextruding and
either resilient no bituminous or resilient bituminous types. Thehitoiminous type should
meet AASHTO M 513 requirements and the bituminous type should meet AASHTO M 213

requirements. (WVDOT 2000)
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2.8.11.3.3Joint Sealart
Joint sealants can be hodured, silicone, or a mortar. The {ptured sealant should
meet ASTM D 3405 requirements, and the silicone sealant should have-apbagkerial that

prevents the sealant from moving to the bottom of the joint. (WVDOT 2000)
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Chapter 3

Box Culvert Crack Condition Survey

3.1 Introduction

As stated in Section 1.2, one of the objectives of this project was to exdriiaesverse
cracking similar to that found in the Antos Eastern Bypass (AEB) project wasperiencedn
other castin-place (CIP) reinforced concrete box culverts in Alabama. This was achieved by
doing culvert crack condition surveys of seveZdP reinforced concrete box culverts throughout
Alabama. The surveys consisted of a team walking through culeedsdocumenting the
location and width of everyisually observableéransverse crackCulverts were visited in five
ALDOT divisions. Construction documents that contained the time of placement and
environmental conditions during the placement of eactiosewere also gathered from ALDOT

for each of the surveyed culverts if they were available.

3.2  Survey Procedure

In the culvert crack condition surveysiack comparators were used to measure crack
widths,a measuring wheel was used to measure the distamgetfre beginning of the culvert to
the crack location, and construction crayons were used to trace the crack and to write the crack
width next to the crack A crack culvert survey documentation sheet was also prefmredch

culvertsurvey visits whichis shown inAppendix A.
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When the box culvert crack condition surveys were begun, the end of the culvert (north,
south, east, or west) that was entered was determined first. Then the wall on which the
measuring wheel would be used was decided. The negsuheel was always zeroed at the
beginning of the culvert. The width and station of every transverse crack and transverse joint in
the box culvert were then documented. In @odj the location in the crossection of the
culvert (walls, ceiling, or &se) that the crack occurred was also documented. The crack widths
were recorded in Idin. for simplicity (e.g. a 0.01&. wide crack was reported as 12 x°1f.).

The cracks widths were measured at the location of the crack that was the widesing®m

all joints were recorded. If a joint experienced no movement or opening, it was designated as
closed or tight. Also, if a joint or crack was patched, sealed, or covered in some way it was
desi gnat ed coald notfin@dsore. Longitudinatacks and plastic shrinkage cracks
were also documented, as well as any corrosion stains, efflorescence, exposed reinforcement,

spalls, popouts, scaling, or previous repairs to the concrete.

3.3  Culverts Visited

Minor distress, such as corrosion and effloeese, were seen in almost all of the
culverts surveyed, as well as som@or longitudinal and plastic shrinkage cracks. However,
only major distress signs, transverse cracks, or conditions uniqeadwoculvert will be
mentioned in this chapter. Foilfarack condition survey results séppendix A. The locations
of the culverts visited, as well as the ALDOT division locations are shown in FiglreThe

geometry, length, and fill height for all of the culverts surveyed can be seen in Thble 3
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Figure 3-1: Culvert Survey LocationfALDOT 2011a)
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Table 3-1: Surveyed Culvert Information

Surveyed Culvert Information
EZre}e(lg ?(‘ Maximum Ceilin Interior Exterior
Culvert ID | & Length|  Fill efing wall wall
Width x . Thickness : :
. Height Thickness | Thickness
Height)
AEB o . " . .
149+60 (C) 1x8'x8' | 1,005 560 170 -- 140
AEB . ' A
162+90 (D) 1x6'x6 355 366 13.5 -- 11.5
AEB . ' A
175470 (E) 1x8'x6 508 526 16.5 -- 10. 5
AEB o . : " " "
240+37 (J) 2x8'x8 892 59 18.5 9 15
AEB . . : . "
257+69 (I) 1x6'x6 625 78 18 -- 13
Centreville - . : " " "
1808498 3x12'x7' | 286 12 14 6 10.5
Corridor X o . . Va4 an " L
4877413 3x8'x10" | 901 124 2-10 12 2-11
Corridor X o . . . " C1 A
4959+43 3x8'x10" | 945 110 2-8 12 2-10
Corridor X R
Exit 85 3x66|> 9 N/A N/A N/A N/A
Dadeville o . : " " "
45+31 55 3x10'x10'| 305 32 16.5 7 12
Dutton v ' A
548423 1x8'x8 929" 1114@0¢0 240 N/A 19.5
I-85North| 2x10¢ 122 N/A N/A N/A N/A
-85 South| 2 x 12 (¢ 287 N/A N/A N/A N/A
3.3.1 Anniston East Bypass (AEB)
The culverts surveyed were locatedAnn ni st on i n AV3IONT 6Tke Four t

culvert sites were under the section of the Anniston East Bypass that was 700 ft (213 m) north of

Choccolocco Road and 1,500 ft (457 m) south of Lake Yahou.
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3.3.1.1AEB Culvert at 149+60 (Culvert C)

The conditionsurvey of AEB Culvert at 149+60, #&so known as Culvert C, was
performed on July 12, 2010This culvert wasbuilt with transverse construction jointbat
contained continuous longitudinal reinforcemand not contraction joints. The average joint
spacingused wasi8 ft (15 m). The vee joirt in Figure 1-3 was specified in the plansThe
measuring wheel was zeroed on the north wall and the endrgivesnt the west end. The cross

section ofAEB Culvert at 149+60 can be seen in Figure23and the entrance to the culvert is

shown in Fgure 33.
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Figure 3-2: AEB Culvertat 149+60 Cros$Section(ALDOT 1986)
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Figure 3-3: AEB Culvertat 149+60 Entrance

The widest crack observed wai in. (32 mm) in the north wall at statior&08 ft O in.
and 314 ft dn., and the widest constructigmint opening wad/4in. (6.4mm) at station 293 ft 3
in. in the base. See Figure43for the wall crack at station 308 ft d. Several of the
construction joints werpatched with mortar At station 293 ft 3n. the base of the construction
joint had an opening ofl/4 in. (64 mm) and water was runningprough this crack into the
supporting baserhe surveywas stopped at the top of the slope at statio@31ft00 in. because
the rest of the culvert was under watdrongitudinal chamfer cracks werégerved on both

sides of the culvert barrel.
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Figure 3-4: 1/4 in. 6.4 mm) Wide Transverse Crack XEB Culvertat 149+60 at Station 308 ft

0in. in the North Wall

3.3.1.2AEB Culvert at 162+90 (Culvert D)

The conditionsurvey of AEB Culvert at 162+90, also knon as Culvert D, was
performed on July 12, 2010This culvert wasbuilt with transverse construction joints that
contained continuous longitudinal reinforcement aod contraction joints The average joint
spacingusedwas53 ft (16 m). The measuringvheel was started on the north wall and the end
of entry was the east end. The inside of the barrel of this culvert can be seen in f5gurbe3
plans for this culvert could not be obtained.

The widest crack observed w8 in. (32 mm) at multiple dcations in the base and both

walls. See Figure-8 for one of tiese cracks found at station 179 fn0in the base. The widest
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constructiongint opening was at station 153 fir6, which lad an opning greater @ 0.08 in.

(2 mm). Longitudinal tvamfer cracks were observed on both sides of the culvert barrel.

Figure 3-5: Inside ofAEB Culvertat 162+90

Figure 3-6: 1/4 in. (3.2mm) Wide Trangerse Base Crack at Station 179 #h0in AEB Culvert

at162+90
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3.3.1.3AEB Culvert at 175+70 (Culvert E)

The condition survey of AEB Culvert at 175+70, also known as Culvert E, was
performed on July 12, 201 This culvert wasbuilt with transverse construction joints that
contained continuous longitudinal reinforcement aod contraction joints. The average qgint
spacingusedwas 52 ft (16 m). The vee joih in Figure 1-3 was specified in the plans The
measuring wheel was started on the north wall and the endrgfvess the east end. The cross
section ofAEB Culvertat 175+70 can be seen in Figureé/3and the entrance is shown in Figure
3-8.

The widest crack observed was 3it6(4.8 mm) wide at station 148 ftiA. in both walls
and the ceiling. One of the wider transverse cracks can be seen in FgureA3vertical
reinforcement bar was visiblertbugh a wide transverse crack the north wall at station 148 ft
7 in. The widest coreuctionjoint opening was 0.08 in. (@m) wide in the basand north wall
at station 112 ft 3n. Longitudinal chamfer cracks were observed in this culvert. Thentdr
cracks ranged frorhairlineto 0.016 in. (0.4 mm) wide.

' glot+ 20! |
2 o gro” | 6

:5{.3#' I-. . i L5
P 53t g F g [ A3y s 27

-

& ST L
¥ MR NEN | -
Nl N k \ Bty & ‘
&ﬁ qu\sAL‘Bgrfﬂl— G”
&h Pt BarsB rozgiionsy) Pl

TBarsC ED E-_—v-
‘/’Z‘waf# @/E'za,c- . 4

— Bars £

Lo
e

¢ %U arsS Z"::‘Jf e £, Tgrp-.
Nl s A | R
IBNGE / B B2t '
=L % — * M | - T | ]
ﬂ' r\v C /W\ "'—-—h—ﬂﬂd!l

Figure 3-7: AEB Culvertat 175+70 CrossSection ALDOT n.d.b)
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Figure 3-9: Transverse Waknd Base Crack IAEB Culvert at 175+70that is greater than 0.08

in. (2mm) wide
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3.3.1.4AEB Culvert at 240+37 (Culvert J)

The conditionsurvey ofAEB Culvertat 240+37, also known as Culvert J, was performed
on November 9, 2010This culvert washuilt with transverse construction jesnthat contained
continuous longitudinal reinforcement andt contraction joints.The average joint spacingsed
was50 ft (15m). The vee joihin Figurel-3 wasspecified in the plansThe measuring wheel
was started on the north wall, the endewtry was the east end, and the north barrel was
surveyed. The north wall was an exterior wall and the south veallam interior wall. The cross

section ofAEB Culvertat 240+37 is shown in Figure-B0.
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Figure 3-10: AEB Culvertat 240+37 CrossSection(ALDOT n.d.a)

Many of the cracks in Culvert J had been repaired when the research team visited the

culvert site, and the crack widths could not be measured; however some of these repaired cracks
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had already started to reopeBecause of this, a previodd. DOT crack survey was used for all
of the data.The ALDOT survey is included in Appendix A.

The widest crack observed w8816 in. (48 mm) wide at station 595 ft . in the
ceiling, both walls, and the base. The widest joint opening wasAléan. (4.8 mm) at station
69 ft Oin. in the celling, both walls, and the base. A picture of a base crack found in the culvert
can be seen in Figureld. Cracks were st observed in the wingwalll of the culvert, as shown

in Figure 312. Longitudinal cracs

Figure 3-12: Wingwall Cracks inAEB Culvertat 240+37
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3.3.1.5AEB Culvert at 257+69 (Culvert I)

The conditiorsurvey ofAEB Culvertat 257+69, also known as Culvert |, was performed
on July 12, 2010.The meauring wheel was started on the north wall and the end of emats
the east end. The crosection ofAEB Culvert at 257+69 is shown in Figure-B3, and the

entrance can be seen in Figur&é8
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Figure 3-13: AEB Culvertat 257+69 CrossSection (ALDOT D01)
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Figure 3-14: AEB Culvertat 257+69 Entrance

This culvert had contraction joings detailed irFigure 315. The average joint spacing
usedwas49 ft (15 m). This was the only culvert in the AEB project detailed with a contraction
joint and a skar key. Sealant was used in the base and walls at most of these contraction joints
(see Figure d6a). However, thedse was patched at stations 149 ft 3 in., 246 ft 10 in., and 440
ft 10in., and wood was in the joiat the base at stations 99 ft 3amd 295 ft in. (see Figure-3

16b). Stations 344t8in. and 392 ft 3n. had construction joints instead of contraction joints.
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Figure 3-15: Transverse Contraction Joint UseddBB Culvertat257+69 (ALDOT 2001)

(b)
Figure 3-16: (a) Contraction Joint and Sealant XEB Culvertat 257+69

(b) Wood Strip in a Contraction Jointh AEB Culvertat 257+69
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The widest crack observed wai in. (3.2 mm) wide in the base at station 510 firD,
and the widest construction joint opemiwas3/16 in. (48 mm) at station 440 ft 1. in the

ceiling.

3.3.2 Centreville

3.3.2.1Centreville Culvert at 1808+98

This condition survey was performed on October 6, 201Tentreville Culvert at
1808+98was built with transverse construction joints that corggircontinuous longitudinal
reinforcement andot contraction joints.The average jot spacing used was 51 ftgin). The
vee joint in Figure 1-3 wasspecified in the planslt is located east of County Road 20 on US
Highway 82 in Centreville. Eachalrel of this culvert was surveyedhe measuring wheel was
zeroed on the east wall and the end of entry was the south end for eachHaretossection

of this culvert is shown in Figure B7, and the entrance can be seen in Figei8.3
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Figure 3-18: CentrevilleCulvertat 1808+98 Entrance

This culvert had experiencedacking before the culvert was evieackfilled The widest
crack observedh the eastern barrel was 0.02 {8.5mm) wide. The widest crack obserden
the center barrel was 0.03 in. (Gv8n) wide. The widest crack observed in the texs barrel
was 0.02 in. (0.5nm) wide. The widest jotnopenings were 0.013 in. (@3m) inthe center
barrel were and 0.0@. (0.5mm) in the eastern and western barrels. Many of the wall cracks
had been covered with mortar since the initial crack survey was performed by ALDOT (see
Figure 319). The locations of these cracks were documented, and the widths of these cracks
were taken from a previously performed ALDOT crack survElge ALDOT survey is included
in Appendix A. Cracking was also observed at the wingwall and culvert wall interseation
shown in Figure 20. Throwh cracks, some wider than 0.03 in. (&), wae observed on the

outside of the ceiling of the culvert tas shown in Figure-31.
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Figure 3-19: East Barrel Wall Crack Covered with Mortar@entrevilleCulvert at1808+98

Figure 3-20: Crackat Wingwall and Culvert Intersectian CentrevilleCulvert at1808+98
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Figure 3-21: Ceiling Crack on the @side of Centrevill&€ulvert at1808+98

3.3.3 Corridor X

The culverts surveyed were located on Interstate 22 in Jefferson CoGotyidor X
Culvert at4877+13is approximately 0.5 mile (0.Bm) west of Coaty Road 77. Corridor X
Culvert at 4959#43 is approximately 1 mile (1.Bm) east of County Road 77Corridor X

Culvert atexit 85 is located at the Exit 8 Mile sign on the westbound highway.

3.3.3.1Corridor X Culvert at 4877+13

This crack survey was perforoheon September 16, 2010. The crossction of the
culvert is shown in Figure-32. The southernmost barrel was chosen for the crack survey. The
south wall was an exterior wall and the north wall was an interior wall. The measuring wheel

was zeroed orhe south wall and the end of entry was the east end.
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Figure 3-22: Corridor X Culvertat4877+13 CrosSection (ALDOT 2000a)



Corridor X Culvert at 4877+13 was built with transverse contraction joints. The
contraction joint detail from the plans is shownFigure 323, and theaveragejoint spacing
used was 38 ft (12n). However, the contraction joints used in the interior walls and ceiling did
not have sealant in the joint groove as specified. The exceptions were the contraction joints in
the interia walls at stations 39 ft 9 in. and 77 ftr0, which were built with sealant. The exterior
walls and base contraction joints all had sealant, altholgloint filler or sealant had come
loose in many of the contraction joints in the base as showigureF324. An exterior wall
contraction joint is shown in Figure-Z5. It should be notedhat 8 of the 23 transverse
contraction joints in the walls had cracks adjacent to the, jaimd 6 of the 8 cracks occurred in
the exterior wall These cracks rged from hairline acks to cracks as wide as 0.10 in. (2.5
mm). These cracks should not form next to a joint gilows movement; therefora, question
about whether the contraction joints in this culvert function corréctigised The cracks could
be a result of the restraint provided by alternate bars being continuous through the contraction
joint.

The ceiling of this culvert was too high to measure. Therefore, the ceiling crack widths
were estimated relative to the crack widths measured in d@hlie. \Iso, the base was muddy and
cracks were impossible to see. Because of thigsjin the base at stations 39 ft 9 in. and 77 ft 0
in. could not be observed. Theadest crack observed was 0.10 in. (Bofn) wide ad it was

located at station 680 fOin. in the exterior wall.
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Figure 3-23: Transverse Contraction Joint Used in Corridor X Culvert at 4877+13 (ALDOT

2000a)

Figure 3-24: TransverseéContraction Joint in the Base @brridor X Culvertat4877+13 at

Station151 ft 8in.
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Figure 3-25: Transverse Contraction Joint in the Exterior WalCafridor X Culvertat

4877+13 at StatioB41 ft 3in.

3.3.3.2Corridor X Culvert at 4959+43

This crack survey was performed on September 16, 20he.cross section of Corridor
X Culvert at 4959+43 is slwn in Figure 326, and lhe entrance to the culvert is shown in Figure
3-27. The southernmost barrel was chosen for the crack survey. The south wall was an exterior
wall and the north wall was an interior wall. The measuring wheel was started ontthevalbr

and the end of entry was the west end.
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Figure 3-26: Corridor X Culvertat4959+43 CrosSection (ALDOT 2000b)
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Figure 3-27: Corridor X Culvertat 4959+43 Entrancand Wingwall Crack

The ceiling of this culvert was too high to measure. Theeefthe ceiling crack widths
were estimated relative to the crack widths measured in the walls. Also, the base was muddy and
made it difficult to find cracks Because of this, joints and cracks in the base could not be
observed in this culvert. The wistecrack observed wdg8 in. (3.2mm) in the ceiling at station
334 ft 4in. Cracks were also observed in the wingwall as seen in the left wingwall in Figure 3
28.

The transverse joint that was used in the constructid@@oofidor X Culvert at 4959+43
does not match the transverse contractiointjin the plansas shown inFigure 328. The
averaggoint spacingusedwas44 ft (13m). The joint used in construction had no sealant, as
can be seen in FigureZ®. Some of the joints were open wide enougtere they could be

looked into with a flashlight. No reinforcement could be seen through the joint, and a key could
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not be seen either. The joints were still determined to be contraction joints because of the lack of

continuous reinforcement.
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Figure 3-28 Transverse Contraction Joint usedCiarridor X Culvertat4959+43 (ALDOT

2000b)

Figure 3-29: Joint Openind.ocated in the wall o€orridor X Culvertat4959+43
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3.3.3.3Corridor X Culvert at Exit 85

This crack survey was performed on June 12, 2@@&ridor X Culvertat Exit 85 was
built with transverse construction joirttsat contained continuous longitudinal reinforcemant
it and not contraction jointsThe average jot spacing used was 46 ft (id). The entrance to
Corridor X Culvert atExit 85is shown in Figure-30. The easternmost barrel was chosen for
the crack survey. The east wall was an exterior wall and the west wall was an interior wall. The
measuring wheel was zeroed on the east wall and the end of entry was the south enchsThe pla

for this culvert could not be obtained.

Figure 3-30: Corridor X Culvertat Exit 85 Southerrentrance

Much of the base was under water and hard to see. Because of this, few joints and cracks
in the base were observed in this culvert. The crackegwas stopped at station 965 ftirD
because of sediment build up in the culvert. The widest transverde abserved was 0.05 in.

(1 mm) wide n the east wall at stations 756 fir§ 844 ft 5in., and 931 ft 4n. and also irthe
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