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ABSTRACT
Early-age cracking of concrete may influence the teemgn durability of a sucture. Cracking
occurs when the tensile stress in concrete exceeds its tensile streBgthrage stress
development in concrete is influenced by temperature changes, modulus of elasticity, creep or
stress relaxation, shrinkagmefficient of thermaéxpansion, and the degree of restraintthis
dissertation, threedimensional, finiteelement analysis was used to model the emgly stress

development of concrete

Four creep compliance models including the B3 Model, Modified B3 Model, B3 ModeRwignd B4
Model were incorporated in the finildement model. Experimental results from restraint to volume change
tests with rigid cracking frame were used to asdesatcuracy of the finitelement analysis. The results
show that the Modified B3 Model provides the most accurate prediction of the measuredjeariycrete

stresses.

Extensive crackingvas foundn several casin-place concrete culverts in Alabamaparametric
studywas performedy finite-elementanalysisof culvertsand results revealed thise following
measureswill reduce the risk of earhage crackingin castin-place concrete culvertsower
coefficient of thermal expansiotoncrete contracion joints, sandlightweight concrete orall-
lightweight concretescheduling the castingf the culvert wallto minimize the difference in its
placement time relative to its previously chase andscheduhg constructiorto avoid concrete

placement during hot weather conditions.



The highstress nonlinearitgoupled with creepvas considereth this study by correcting the

model with a reduced effective modulus when the tensile stress is above 70% of its tensile strength.
The experimental results of concrete mixtures were used to verify the accuracy of the proposed
finite-element model from initial setting the ageof cracking. The coefficient of determination

for all stress data points aboaeoncrete tensile strengih70% increased from 0.39 to 0.81 when
using the predictions from the proposed maghparedo the original lineatelastic modelThe
proposed model that accounts for creep and -kigkss nonlinearity has a coefficient of
determination of 0.97 for athe data points from 22 concretiested and provides an accurate

prediction of earlyage concrete stresses from setting to cracking.
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CHAPTER 1 OVERALL INTRODUCTION

1.1 BACKGROUND

Stress assessment and cracking risk of eagé/concrete have attracted considerable interest (ACI

231 2010) because eaidge cracking can increase the rate and amount of chloride penetration
which may accelerate the reinforcing steel corrosion irdtagnce aesthetics, cause leakage, and
decrease lonterm durability of structures (Darwin and Browning 2008)Reliable material

models and structural analysis methods are needed to estimate the risk of cracking and to evaluate

potential options to mitigate eargge cracking in concrete.

Early-age stress development in concrete is influenced by temperatureshiwegmal coefficient

of expansion, shrinkage, degree of restraint, modulus of elasticity, and creep or stress relaxation.
The schematic diagram of stress development during the concrete hardening [shasen in

Figure 1-1. Cracks occur when tensile stress in the concrete exceeds its tensile strength.
Quantification of many of the influencing factors above is complicated, and many of these

variables have complexteractionghataffect earlyage concrete stress development.

Volume Structural Stiffness

changes configuration properties
| 1 : - :
|| Autogenous 1
| shrinkage |
I + :x § X IE-modqusI x| Creep/ | =|| Concrete
I thermal : relaxation stress
| dilation I

Figure 1-1 Stress development during the concrete hardening phasehematic diagram

(Bjgntegaard 2011)



In some structures, such as bridge degesvements, culverts, and retaining walls, high tensile
stress might develop due to high axial restraints estimated that more than 100,000 bridges in
the United States developed eaalye transveescracks (Krauss and Rogalla, 1996). Eage

craking in retaining wall and culvert wall is shownFkigurel-2 andFigure1-3, respectively.

ML
i

Figure 1-2 Thermal cracking in walls due to external restraintprovided by footing

(Bjontegard 2013



Figure 1-3 Cracking in Culvert Wall (Minton 2012)

Modeling of earlyagestres®sin such structures requirgise validation ofa creepmodel with

realistic restraint conditions. Many models are reported in literature to predict the creep and
shrinkage behavior of hardened concrete whichirclud he B4 Model (Bagant,
the B3 Model (Bagant ®DXACI BRIR), GEB MO (CCEB 19MW)C1 2 0 ¢
and the GL2000 (Gardner and Lockman 2001). These models are designed for mature concrete
that were calibrated for 1 day tater. Earlyage concrete have different behavior than mature
concrete, because it has changing temperature due to hydration heat and changing mechanical
properties. There is the Modified B3 Model (Byard and Schindler 20&Bich could be used as

it capures the earhage behavior of concrete from setting through later ages.



1.2 FINITE -ELEMENT METHOD

The finiteelement methodFEM) is a numerical analysis technique for obtaining approximate
solutions to a wide ariety of engineering problemsThe FEM can beused in conventional
structural analysis for modeling both eladiteear and nonlinear behavior. The advantages of
using FEM are that complicated geometries and boundamyditions can be studied and
representative3-dimensional modslcan bedeveloped d evaluate the behavior of fitdtale

structures.

The FEM program used for eat®ge concrete stress analysis rstedbe able to corporate thermal
properties, boundary conditions and restraant] constitutive models of mechanical properties
However, incommercial FEMprograms, there amo availablemodelsto accurately modifyhe
behavior of earlyage concreteSeveral commercial FEMrograms can be used to model early
age concrete stress development; having the need calibration to ensure theie accdeds are
obtained.For exampleWitasse and Hendriks (2002) did firkdéement modeling of eaHgge
concrete behavior usinglANA, Truman et al. {99]) reported using ABAQUS code for early
age concrete stress anlysis, &d et al. (2011) estimatedawking risk of concrete aarly-age

based on thermal stress analysiusingANSYS program.

1.3 RESEARCH APPROACH

A threedimensional finiteelement model (FEM) that can accurately simulate the-egeystress
development of concrete was developed. This EBNkiders the changing mechanical properties,
thermal effects, creep or relaxation, and drying shrinkage. A commercial softaiked
ABAQUS was usedor the finiteelement analysis. The creep and drying shrinkage effects were
handledby coding inthe userdefined subroutines UMAT and UEXPA®Df the software. A rate

type creep analysis was used herein to implement the creep models in the FEM.
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Experimental results from restraint to volume change tests with rigid cracking frame (RCF) were
used to verify te accuracy of the finitelement analysis. THRCF consists oflogbone shaped
formwork with dimensions of x50 in, two mild steel crossheads, and two Invar safebThe

test setup can capture tbarly-age concrete stress developmeoin setting tacracking A total

of 72 experimental concrete mixtures from three projects at Auburn University were used for the
analysis herna. Four creep models were evaluated to determine their accuracy: the B3 Model, the

Modified B3 Model, the B3 Model witRr, ard the B4 Model.

Finite-element analysis was also used to model the -egeystress development in concrete
culverts by accounting for the following factors: construction sequencing, support restraint,
concrete constituents, temperature effects, and thedependent development of mechanical
properties, creep/relaxation, and drying shrinkage. A parametric study was performed to quantify
the effect of changing joint spacing, joint type, construction sequence, concrete coefficient of
thermal expansion, plament season, and concrete type on the-ageycracking risk. The finite
element model results revealed the measures to reduce the risk edgsadyacking in casn-

place concrete culverts.

Since highstress nonlinearity coupled with creep is of pasant importance when determining

the cracking risk of concrete, the higtress nonlinearityas considereih this study by correcting

the model with a reduced effective modulus when the tensile stress is above 70% of its tensile
strength.A total of 22experimental concrete mixturéssted in the RF@re used to verify the
proposed model to simulate eadge concrete stress development from initial set to the age of

cracking.



1.4 RESEARCH OBJECTIVES

The primary objective of the research is topde finite-element modeling (FEMapproach to
estimate the cracking riskf concrete structures iboth design and construction staged
secondary objective is to develop a represenfante-element model (FEM) that can accurately
simulate the earhage stess development of concrete considering the changing mechanical
properties, thermal effect, creep or relaxation, and drying shrinBggesingthe FEMto chang
variables of the concrete structusaich as different concrete materials, properties, aaistn
sequences and so on, methods of reducing-agdycracking can lmetermined Thus an accurate

FEM accurately considers the effect of temperature change, creep or relaxation, shrinkage, and the
degree of restraint is needda.order to achivehis objective experimental esults from restraint

to volume change tests witlgid cracking frames were used to verify the accuracy of-thigl.

The research presented in this dissertation is divided into three parts, and each part focused on

differentaspects of earkpge concrete analysis.

Part | focuses on finitelement modeling of eaHsige concrete stress development with different

creep modelsThe research described in Plnis the following objectives:

1 Develop FBM method to snulate the earhage stress development of concrete based on
structural and material modeling
1 Use the developed FEM to model the stress development of the 72 experimental concretes.
1 Compare the stress results from the FEM to the measured stress resukxperiments
to verify the accuracy of the finkelement model.
1 Using four creep models in the FEM for all the 72 concretes to determine the accuracy of

the B3 Model, the Modified B3 Model, the B3 Model wiRh, and the B4 Model.



Thefocus ofPartll was toperformthreedimensionafinite-element modeling atastin-place
concrete culverts and@vide recommendations to mitigate eaalye crackingf the culverts
The research described in Pluits focugdon the fdlowing objectives:

1 Model the earlyage stress development of Culvert J from a propath were surveyed
to showa lot of cracking.

1 Perform cracking risk analysis of the modeled culvert to explain the reasotisefor
crackingfound in the culverts.

1 Perform a parametric study to evaluate the effecishahging joint spacing, joint type,
construction sequence, concrete coefficient of thermal expansion, placement season, and
concrete type on the earfige cracking risk

1 Provide methods to mitigate egidge cracking in cash-place concrete culverts for

engineering practice.

Partlll focuses on finite-element modeling of eardgge concrete behavior under high level of
tensile stresse3he research described in Piirthas the following objectives:
1 Use the most accurate creep model obtained froml Rarhodel earlyage concrete
stress development from initial setting to cracking.
1 Correct the model with a reduced effective modalud adamage factaio account for
high-stress nonlinearitwhen the tensile stress is above 70% of its tensile strength.
1 Compare the stress results from the FEM to the measured stress results from experiments
to verify the accuracy of theroposed model that accounts foregend higkstress

nonlinearity.



1.5 DISSERTATION OUTLINE

This dissertation is divided into three parts. Part | focuses on-&l@teent modeling of eadgge
concrete stress development with different creep models. Part Il focuses on theldimiat
modelng and analysis othe early-age cracking risk of cast-place concrete culverts. Part Il
focuses on finiteelement modeling of eaHgge concrete stress behavior undgh-level of
tensile stres€ach paris focused on different aspects of eaalyeconcrete behavipthus, each

part was written to be a stafatbne document.

In Part I, the finiteelement model was developed to simulate the eagéy concrete stress
developmentA literature review of the factors that influence the eadg stressncluding
temperature histories, changing mechanical properties, creep efiedtdegree of restraiate
presented in Chapter 3. The mathematical modeling of-agdyconcrete behavior, aralf creep
models including the B3 Model, Modified B3 Model, B3 Model with and B4 Modethatwere
incorporated in the finitelement modelwere discussed in Chapter #he details of the
experimentalwork to verify the FEM is presented in ChapferThe development of the finie
element model, and the algorithm of incorporating the creep model in the FEM are presented in
Chapter 6. Results and discussions of this part of work are presented in Chapter 7. The conclusion

of Part | is presented in Chapger

In Part Il, measures to mitigate eadge cracking in culverts by evaluating the cracking risk were
analyzed.This part of dissertation comprises of five chapters. A literature review containing
culvert information, concrete culvert cracking backgehusnd causes and influencing factors of
cracking in culvert are summarized in Chapter 10. The process of modeling concrete culvert using
finite-element method (FEM), which includes incorporating culvert geometry, material properties,

creep model, and dmyy shrinkage model are presented in Chapter 11. The resulke of
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parametric studgonductedwith the FEM to evaluate the effect of changing joint spacing, joint
type, construction sequence, concrete coefficient of thermal expansion, placement sehson, an

concrete type are summarized in Chapter 12. Conclusions for this part are presented in Chapter 13.

In Part Ill, nonlinear behavior at high tensile stresses is considered in theslamtent model.
This part of dissertation comprises of five chapterslitédrature review containingoncrete
nonlinear tensile stresgrain behavior with and without creep effects, #tgifee creep law, and
experimental work to verify the modate summarized in Chapteb.IThe process of modeling
early-age concretebehaviorusing finiteelement method (FEM), which includes incorporating
material properties, creep model, amohlinear behavior at higsiress levebre presented in
Chapter 6. The modeling results efrlyage concrete stress development from setting togihe a
of cracking and comparisons with experimental wam& summarized in Chapter.XConclusions

for this part are presented in Chapt8r 1



PART I
FINITE -ELEMENT MODELING OF EA RLY-AGE CONCRETE STRESS DEVELOPMENT
WITH FOUR CREEP MODELS

10



CHAPTER 2 PART I: INTRODUCTION

2.1 BACKGROUND

Cracking in concrete structures at early ages is a result of tensile stresses induced by restraint of
volume change effects. Stress assessment and cracking risk edgmaidpncrete have attracted
considerable intereqACI 231 2010) because eaidygje cracking can decrease the loegn
durability of structures (Darwin and Browning 2008). Eaabe stress development in concrete is
influenced by temperature changes, modulus of elasticity, cregfpess relaxation, simkage,

thermal coefficient of expansion, and tlestraint conditions.

In some structures, such as bridge decks, pavements, culverts, and retaining walls, high tensile
stress might develop due to high axial restraint. When the tensile stress exceesigatsttength,
crackng may occur in these concrete structures. It is estimated that more than 100,000 bridges in
the United States developed eaalye transverse cracks (Krauss and Rogalla 1996). Modeling of
early-agestres®sin such structures requirése validation of creepmodel with realistic restraint
conditions. For this purpose, the strefimin development in an axially restrained concrete
specimen starting after placement using Rigid Cracking Frame (RCF) was used to evaluate the
accuracy ofexisting creep models. A thremensional, finiteelement model (FEM) is then
developed to model the development of eadg stresses, which can then be used to assess the

cracking risk of aduilt structures.

The earlyage behavior of concrete is muadifetent than mature concrete, because it is changing
temperature due to the effects of hydration and includes rapidly changing mechanical properties.
Four creep models were used and compared in this study to determine their accuracy to predict the

earlyage stress development of concrete. Thimeensional, finiteelement analysis was
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employed to simulate the eaiyge stress development of concrete. Therefore, a model to
determine the earlgge stresses in concrete structures are provided. By modifymgyete

properties, concrete constituents, or construction procedures, the risk of cracking can be reduced.

2.2 OBJECTIVES
Theprimaryresearctobjective of thigartis to develop a finitelement modelith accurate creep
models to simulate the earge stres development of concrete and verify the model by

experimental result§.he objectives of the research described inghis are asdlows:

1 Develop FBM method to simulate the earge stress development of concrete based on
structural and material molitey.

1 Use the developed FEM to model the stress development of the 72 experimental concretes.

1 Compare the stress results from the FEM to the measured stress results from experiments
to verify the accuracy of the fintelement model.

1 Using four creep models in the FEM for all the 72 concretes to determine the accuracy of

the B3 Model, the Modified B3 Model, the B3 Model wiRh, and the B4 Model.

2.3 RESEARCH APPROACH

Threedimensional, ihite-element analysis was used to model the eagly stress development of
concrete and ratetype creep analysis was used herétour creep compliance models including
the B3 Model, Modified B3 Model, B3 Model witRr, and B4 Model were incorporateal the
finite-element modelExperimental results from restraint to volume change tests with rigid
cracking frame were used &ssesshe accuracy of the finitelement analysis. The experimental
tests include 72 concrete mixtures whicbhntain varying cemntitious materials, mixture

proportions, temperature histories, aggregate types, ‘icat@mentitious materials ratios, and

12



chemical admixturesThe commercial finiteelement program ABAQUS was used for the FEM

andits material subroutine UMAT was useal¢ode the creep models.

2.4 OUTLINE

In this part, the finiteelement model was developed to simulate the eayé/ concrete stress
development. A literature review of the factors that influence the-agdystress including
temperature histories, changingechanical properties, creep effects, and degree of restraint are
presented in Chapter 3. The mathematical modeling of-agdyconcrete behavior, and four creep
models including the B3 Model, Modified B3 Model, B3 Model wih and B4 Model that were
incorporated in the finitelement model, were discussed in Chapter 4. The details of the
experimental work to verify the FEM is presented in Chapter 5. The development of the finite
element model, and the algorithm of incorporating the creep model irEfidleaFe presented in
Chapter 6. Results and discussions of this part of work are presented in Chapter 7. The conclusion

of Part | is presented in Chapter 8.
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CHAPTER 3 PART I: LITERATURE REVIEW

The relevant research literature are summarized and presented in this diepteview include
factors affect the eargge stress development and crackiwhjch are temperature change,

shrinkage, creep, mechanical properties of concrete, and degestraint.

3.1 TEMPERATURE AND THERMAL STRESSDEVELOPMENT

The thermal stress of earge concrete is influenced by its temperature, coefficient of thermal
expansion, the modulus of elasticity, creep or relaxation, and the degree of restraint. The
developmat of thermal stressan be determined withquation3-1 (Schindler and McCullough

2002.

kI CTET &T1 (Equation 3-1)

Co

Where,

A =the thermal stress (psi),

Ec=the creepadjusted modulus of elasticity of the concrete (psi),

Kr = the internal/external restraint factor,

CTE=t he coefficient of thermal expansion of <co

E T =the difference in temperature Febstress- Tmin ( € F ) ,

Tzerostressst he t emperature at zero stress in the con

Tmin=t he mi ni mum temperature recorded by the cor
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Figure 3-1 Evolution of early-age thermal stresses (Schindler and McCullough 2002)

A fully restrained concrete element considering only uniaxial stress is used to illustrate the
development of earfpge thermal stresses and how it is effected by changing temperature and
mechanical properties is shownFigure3-1. After the placement of the fresh concrete bheafbre

final set, the concrete is in plastic state and no stresses are generated. After fihgl set (

compressive stress begins to devel@xavse the increasing temperature due to hydration heat.
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The mechanical properties of concrete such asetigle strength and stiffness starts to develop

at final set, and develop rapidly with concrete aging. After the temperature goes to a maximum
point Tmax (line B), the temperature is decreasing, the concrete starts to contract and thus the
compressive stress starts to decrease and gradually reaches a zero valug dttigrterperature

at zero stress is defined as Thereafter, tensile strebegin to develop in concrete and will vary

under the temperature changing cycle, and finally goes to a high value that exceed the tensile stress
of the concrete (line D). Then cracks occur in concrete, and the cracking time is deneted as t
(Springenschmitkt al.1994).In this process, the creeprelaxation effect on concrete stress need

to be considered.

3.2 THERMAL DILATION

3.2.1 Coefficient of Thermal Expansion

The coefficient of thermal expansion of concrete mainly depends on the composition of the
concrete nxture and its hygral state at the time of the temperature change. The coefficient of
thermal expansion of concrete is influenced by two main comporbkatlydrated cement paste

and aggregates. The linear coefficient of thermal expansion of hydrateditcpaste varies
between about6L0°® and 1k 10®per°F, and is higher than the coefficient of aggregate (Neville
2011). As aggregate makes up -88% by volume of concrete mixture, the influence of the
coefficient of aggregate is to influence theefficient of thermal expansion of the concrete
containing the given aggregate. Generally, the higher the coefficient of thermal expansion of the
aggregate, the higher the coefficient of thermal expansion of the concrete, but the latter also
depends on agegate content and mixture proportioigable 3-1 presentsthe values of the

coefficient of thermal expansion of concreteade with different aggregates.
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Table 3-1 Coefficient of thermal expansion of concretes made with different aggregates

(Neville 2011)

Linear Coefficient of Thermal Expansion
Air-Cured WaterCured Air-Cured andVetted
Type of Aggregate Concrete Concrete Concrete
10%°F 10%° F 10%° F

Gravel 7.3 6.8 6.5
Granite 5.3 4.8 4.3
Quartzite 7.1 6.8 6..5
Dolerite 5.3 4.7 4.4
Sandstone 6.5 5.6 4.8
Limestone 4.1 3.4 3.3
Portland stone 4.1 3.4 3.6
Blastfurnace slag 5.9 5.1 4.9
Expanded slag 6.7 5.1 4.7

3.2.2 AutogenousShrinkage

Chemical shrinkage in concrete is the phenomérexrethe absolute volume of cement plus water
decreases progressively with hydratidrafawa 1998 Before settingthe concrete is still in
plastic condition therefore, this volume change due to chemical shrinkage does not generate
stressegHolt 2001). After settingof low waterto-cement ro systems \W/c<0.42) hydration
products formed a rigid skeletal formwork in the paste matnict veith continued hydration when

no moisture movement to or from the cement paste is permitted, shrinkage dt¢uesirshrinkage

is the result of withdrawal of water frothe capillary pores by the hydration of the hitherto
unhydrated cement, a procesowm as seHdesiccationNeville 2011).The change in volume

due to the chemical process of hydration of cement, exclusive of effects of applied load and change

17



in either thermal condition or moisture content is called autogenous shrinkage (ACI CT 2016)
Figure3-2 shows an illustration of the relationship between chemical and autogenous shrinkage
(horizontal direction), where C is the cement volume, W is the voluwatet, Hy is the volume

of hydration products, and V is the volume of voids.

Autogenous shrinkage is relatively small, excepéxtremely bw waterto-cementitious ratias
For higherw/cm generally above 0.42, autogenous shrinkage and associated siresses a

major concern and can be negledtddit 2001).

; ( oy ; W At Casting

H. (' , ;'-;Tflii,_fli-r_f : W At Initial Set

—> "'— Autogenous: Shrinkag:

W After Hardaning

s
Chemical-Shrinkage
Figure 3-2 Volume reduction due to autogenous shrinkagéHolt 2001)
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3.2.3 Drying Shrinkage

Removal of water from concrete thastored in unsaturated air causesmyyshrinkage (Neville
2011).When concrete is exposed to ambient humidity below 100%, loss of physically absorbed
water fran the hydrated cement pasésults in drying shrinkage strain (Mehta and Monteiro 2013).
The differential relative humidity between concrete and the environment is the driving force for
drying shrinkage, and the concrete mixture proportions, the aggregate type, the time ang,humidit

and the geometry of concred affect the drying shrinkage (Mehta and Monteiro201

Restraimof drying shrinkage of concrete can lead to internals tensile stress development, and when
the tensile stress exceeds its tensile strefigéitoncretecracks. Another consequence of drying
shrinkage is curling or warping of concrete sladsd if an effort is made to reduce drying
shrinkage, curling will also be reduced (ACI 36B®X%). There are several models in literature to
describe the development drying shrinkage. ACI 209 (2008) providdstails of four different

models for the prediction shrinkage of hardened concrete.

3.3 CREEP AND RELAXATION

When concrete is loaded, there is an instant elastic response, and if the load remains applied there
will be additional time-dependent responsé&reep and stress relaxation are viscoelastic
phenomena that describe the tidependent behavior of concre@reep is the time dependent
increase in straiunder a sustained stress (ACI 209 19%R¢laxation represents the time
dependent decrease in the uniaxial stegssget caused by a unit constant strain imposetb at

(B a g amd tWittmann 1982). Compliance characterizes both the elastic deformation and time
dependent part, and is defined astibtal load induced strain (elagpicis creep strain) at agper

unit stress caused by a unit uniaxial sustained load agpliedding ag@s¢ACI 209 1992)Figure
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3-3 illustrates the creep and relaxatieffects. Stress relaxation is beneficial in delaying the

cracking time of earhage cracking in concrete (Mehta and Monteiro 2014).
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Figure 3-3 lllustration of creep and relaxation effects (adapted from Neville and Brooks

1991)

The stress and strain relatiahse tocreep and relaxation are showrEguation3-2 andEquation
3-3, respectivelyThe compliance function o andrelaxation functionY oo are alternative
descriptions of the same intrinsic phenomerasmd by definition, thetwo functionsare integral

equation kernels inverse to eachotfeBa gant and Wi tt mann 1982)

~

-0 VoD, O (Equation 3-2)
, 0 Yo -0 (Equation 3-3)

Where,

Gez age at loadinddays)
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0= concrete ag@ays)

- 0 =dtrain at timet (in./in.),

, 0= stress at time (psi),

0 o = compliance functior{1/psi), and
'Y & = relaxation functior(psi).

3.4 MECHANICAL PROPERTIES OF CONCRETE

The accuracy of eardgige thermal stress analysisaftected by how the thermal properties and
mechanical properties are describ€derefore the changing mechanical properties of eade
concrete need to be considered in oreobtainaccurate crack prediction$he strength and
modulus of elasticity growth in young concrete havenbextensively studied and moddlin
literature. The compressive strength, splitting tensile strength, and modulus of elasticity

development can be measuitey cylinders match cured to the structure concrete mixture.

A regression analysisan beperformed on the discrete data points from tests therhyperbolic
function(seeEquation3-4) recommended by ASTM C1072016) From he regression analysis

the besfit values for "Yho , and0 can be determined.

VO O (Equation 3-4)

“Y - < - -
p LO O

Where,

“Y= average cube strength at ajesi),
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0= test agddays)

“Y = limiting strength(psi),

0 = age when strength development is assumed to fdays) and
0 = the rate constant.

3.4.1 CompressiveStrength
The compressive strength of concretenfuienced bymany factors, mainly including the water
to-cementitious materialsatio (w/cn), air content, cement type, aggregate type, aggregate size,

temperaturdiistory, curing conditions, and rate of loading (Mehta and Monteir@R01

Several functios exist in literature to model the compressive strength of coneredeACI 209
71 proposedEquation3-5 for predicting compressive strength at any day baseth®@8-day

strength otheconcrete.

0 (Equation 3-5)

Where,

"Q= compressive strength of samples moistd at 73° F

0= concrete age (days)

| =4.0and =0.85 (for Typd cement)

| =2.3and =0.92 (for Typdll cement).
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3.4.2 Tensile Strength
Tensile strength is a more important parameter to assess the risk of crackingafjeadyncrete.
Splitting test and flexural test are normally used to determineetiséle strength of concrete, as

the direct uniaxial tensile tests are difficult to carry out.

ACI 207.2 R(2007) provided theEquation3-6 to estimate the splitting tensile strengfltoncrete

by a given compressive strength.
QoY "0 (Equation 3-6)
Where
"Q = splitting tensile strength (psgnd
"Q= concrete compressive strength (psi).

For concrete containingightweight aggregate, Greene and Graybeal (2013) developed an
expressionshown in Equation 3-7, to estimate the splitting tensile strength from known
compressive strength values. 4lht wei ght modi fi cation factor (o

density, as shown iBquation3-8.
Q™ p Qs (Equation 3-7)
™ X&0 [o}i10) (Equation 3-8)
Where,

0 = density of normalweight concrete or equilibrium density of lightweight concrete (kcf),
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"Q = splitting tensile strength (ksi),
"Q= concrete ompressive strength (ksi), and
& = | i grodifieadion tadtar (unitless).

3.4.3 Modulus of Elasticity

ACI 318 2014 provided Equation3-9 to estimate the modulus of elasticity a concrete from

a known density and compressive strength.
0O o6 8 Q (Equation 3-9)
Where,
'O =modulus of elasticity (psi),
0 = density of concrete (IbAt, and
"Q= concrete compressive strength (psi).

AASHTO providal a newfunction for determining the modulus of elasticity of concrete that deals

with lightweightand normalweightoncretewhich is shown irEquation3-10.
0 pchwnimy Q8 (Equation 3-10)
Where,
'O = modulus of elasticity (psi),

0 = aggregate correction factor (unitlgss
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0 =density of normalweight concrete or equilibrium densityghftiveight concretekef),

"Q= concrete compressive strength (psi).

3.5 DEGREE OF RESTRAINT

If the length or volume changes caused by temperature change and shrinkage with a concrete
element could take place freely, there would be no stress development. However, nearly all
structural members are restrained to a certain degree. The degreeoftnsstiefined as the ratio

of actual stress resulting from volume change to the stress that would result if completely restrained:;
and the degree of restraint is primarily influenced by the relative dimensions, strength, and
modulus of elasticity of theoncrete member and the restraining material (ACI 207.2 R 2007).
The restraint conditions are of greatest concern are those the restraint conditions that induce tensile

stresses in concrete that can lead to cracking.

There are traditionally two restrainbnditions, namely external restraint and internal restraint.
External restraint could occur at the end and at the inner suppdmrsnes, slabs, beams and so

on, where the deformations are impeded by thiacant members. Another kind of continuous
extanal restraint is within a slab or foundation cast on subsoil or a wall on foundations. Internal
restraint occurs in concrete elements with nonuniform volume change on a cross section such is
the situation when the interior temperatures are greaterthi@cs temperatures for mass concrete
slabs or walls. For example, when the formwork is removed from a hot concrete structural element,
the rapid cooling of the surface would lead to surface contraction that is restrained by the core,

which may result inwrface cracking (Bjgntegaard 2011).

The estimation of restraint actions is influenced by many challenging aspects (Rostasy et al. 1998):
1) the timedependent changing viscoelastic and viscoplastic behavior and strength afgearly
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concrete; 2) the reatis measurement or prediction of the field of temperature, thermal strain, and

degree of hydration; 3) the realistic modeling of the interaction of the restraining effects.

3.6 EQUIVALENT AGE AT DIFFERENT TEMPERATURE S

The maturity method is used to accounttha effect of time and temperature on concrete strength
gain(Pintoand Hoverl999) The effects of temperature on creep, shrinkage and aging rates can
be captured by equivalent age. The equivalent age is used to replace the real age of concrete.
Severafunctions can be used to calculate the maturity of concrete. The Arrhenius equation is more
representative and selectedhis study(Carino 2004).

P _ p _ (Equation 3-11)
¢CXOoOY ¢Xxaoy

Where,
0 = equivalent age ahé reference curing temperature (hour),
“Y = average temperature of concrete during time integ/gC),
“Y = reference temperaturgQ),
‘O= activation energyJ/mol), and
R = universal gas constant, 8.3144 J/(mol K).

Therefore, based oBquation3-11, assume the exponential term varies linearly with the time

interval Yo, the incremental equivalent agen be expressed as:

26



<. . P P .
Yop Q - — Yo
h CXoY ¢xo 'Y Y I

(Equation 3-12)

The temperature at the time step used the average value of the current temperature and the previous

temperatureThen the equivalent age can be obtained by:
(o 0r Yop (Equation 3-13)

The timed andYo that were used to calculate the creep in the subroutine are all replaced by the

equivalent ago ; andYo ;.

The activation energy of all the concrete here is calculated based on the methiddd by

Schindler(2004):
O ¢pmd 2D & Badh®: Q (Equation3-14)

Where,

Ca

= weight ratio of GA in terms of total cement content,

Ca

= weight ratio of GAF in terms of total cement content, and

6 a & '88l&@ne value, specific surface area of cemeritkg).
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CHAPTER 4 PART |: MATHEMATICAL MODELING OF EARLY -AGE CONCRETE

BEHAVIOR

4.1 VISCOELASTIC BEHAVIOR

When concrete is subjected to loading, there are three possible fundamental deformations, which
are elastic, plastic, and viscous deformation (Emborg 1998). Combinations of these deformations
would occur as viscelastic and elastplastic deformations. For thermal stress analysis of-early

age concrete, the viscoelastic behavior is a very important parameter (Emborg 1998). The validity
and reliability of earlyage concrete stress analysis dependghergoodness of the viscoelastic
model to describe the viscoelastic behavior of concrete. For the modeling of viscoelastic responses
of concrete, several methods have been suggested in literature and will be discussed in the

following sections.

4.1.1 Rheologicd Model

Concrete exhibits elastic and viscous behavior, so a viscoelastic model is effective to simulate
concrete behavior. A viscoelastic material have both elastic and viscous behbiilke a solid

and a bit like fluid. A lineawiscoelastic model exhibitsombinations of the lineaelastic spring

and the lineawriscous dasipot, which is called rheological model or mechanical model (Kelly

2018).A linear spring with stiffnesg has theconstitutiverelationas shown irEquation4-1. A
dashpot with viscosityd behaves with a strairate proportional to stress shown irEquation

4-2. Table4-1 shows some simple rheological models and their creep and relaxation responses.

(Equation 4-1)

b
!O”
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= (Equation 4-2)

Table 4-1 Simple rheological models and their creep and relaxation respons@dehta and

Monteiro 2014)

Name Representation g Creep £ Relaxation
o So
— - | e ———
(a) Spring £ al
g E G, /E ———E&,
e t
(b) Dashpoot £ o
1
Ll_l n
t L wt
(c) Maxwell % . e i
/ o=E§,
Ll_l n \
— t
(d) Kelvin E &

E é %_l n
(e) Standard Solid E, § G
% PR
E
E; 0 - / \
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4.1.2 Kelvin Chain Model

A Kelvin model consists of a spring aadlashpot in parallel Figure4-1). The spring and the
dashpot experience the same strain and the total stress of the model is the sum of stress in the
spring andthe daskpot (seeEquation4-3 to Equation4-5) (Kelly 2018) The Kelvin Chain is
rheologicalmodel composed of series coupling of many Kelvin unitasnd each unitonsists of

a parallel coupling of a spring analashpot.

P (Equation 4-3)
!O”

= (Equation 4-4)

b . (Equation 4-5)
E

» O

& ,]

Figure 4-1 The Kelvin model (Kelly 2018)

If a constant loadois applied to th&elvin model, the spring cannot stretch immediately because

of the hold of the dashpot. The stress is initially taken by theplatslgradually decreasing and
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finally taken over all by the spring. The creep curve has an initial slope,@nd maximum strain
of ok The strain chargwith time for theKelvin model isobtainedby solving the first order

differential Equatiord-3 to Equationd-5with - 1t 1 (Kelly 2018)

~0 (Equation 4-6)

Then the creep compliance functior{kelly 2018}

oo %p Q= (Equation 4-7)

0 =— (Equation 4-8)

The parameted is called the retardation time of the material and reprdsmmtrapid the creep

straindevelops

4.2 SOLIDIFICATION THEORY

B a g and tPrasannan (1989 a,b) presented a constitutive law for lwased on solidification
theory,in which the micromechanical analysis of the solidification process is used to represent the
aging Aging is modeled as a growth of the volume fraction of lbadring hydrated cement,
which itself is treated as neaging and thus is described as +a@ing viscoelastic materidh the
solidification theory, lte total strair of concrete can be decomposedBs ¢ and Prasannan

1989a)

- -h - - - (Equation 4-9)
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Where,, = stressO = elastic modulus;- = elastic strain; = creep strain; = viscoesstic

strain,- =viscous strain (flow), and = sum of the hygrothermal strain such as drying shrinkage,
thermal dilatation, chemical strain such as autogeneous shrinkage, and the cracking strain at high

stresses. All the strains Eguation4-9 aredepictedn Figure4-2 (B a g and Prasannan 1989a

} ; TRAINS

elastic

visco-
elastic

> Creen

viscous
{Tlow) _J

shrinkage
+ thermal
+ cracking

Figure 4-2 Model for role of solidification in creep (B a g amdtPrasannan 198%)

The main feature of the solidificatidheory is that the aging aspect of bas&ep of concrete is
considered to be due to the growth of the volume fraetiéh(Figure4-2) of the effective load
bearing portion of solidified matter (i.e. hydrated cememhjch represerd both the increase of
the volume fraction of hydrated cement and thedase ofoad-bearing solid fraction caused by

formation of further bonds (or polymerization of calcium silicate hydraBes) ¢ amd tXi 1995)



The volume growths O andE O can be mathematically formulated. The elementary volume
' O that solidifies at timéis assumed to be represented by a layer deposited on the surface of
the material that previously solidified from a flujd dhO is the microstress in the solidified
matter at timeand is at the location where the solidifioatoccurred when the volume of all the
solidified matterist. 5 0 0 is the microscopic creep compliance function of the solidified
matter for the viscelastic strainandw 6 0 is the corresponding microscopic compliance
function of the solidifiednatter for the viscous strain, which is nonagiBga ¢ amu Prasannan

1989a)

In the formulation of the solidification theory, the creep of the nonaging constituent is described
by a Kelvin chain with a numbé\ of Kelvin units 8 a § aml Prasannan 198). Each Kelvin

unit has a parallel of a spring with an elastic mo@uland a dashpot with\ascosity of— .| is

the strain of the th unit and rangesfrom 1 toN. The differential equatiofor a nonaging Kelvin

chainis shownin Equatiord-10, and the total strain of all the Kelvin unit$ ior a constant stress

or -1 ,h T I (Equation 4-10)

4.3 CONSTITUTIVE EQUATIONS BASED ON THE PRINCIPLE OF
SUPERPOSITION

When the stresses in concrete vary, such as theagelgtresses caused by temperatures change
due to heat of hydration, the previous explanation of material behavior under conssannsise

be extended to formulate a constitutive equation valid for variable stresses and often the principle
of superposi ti onThe winciple & supefpositiontwhichss equiaatert to the
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hypothesif linearity, states that@sponséo a sum of two stress (or strain) histories is the sum

of the responses to each of them taken sepatately B angl & ittrhann 1982)The principle is
sufficiently good prediction if the stresses and their changes are sufficiently small, andethe tim

hist or y i s suffici ent Thg prisciple roft supér@sitipra gid¢lds doéd7 2 )
approxi mation when concrete i andWittnaimild82)itishe ser
generally agreed that the use of the principle of superposition is &b Istresgo-strength

ratios of 40%~60%, but the ratio can be as high as 85% (Neville et al. 1983).

According to this principle, for a variable stress history, the final stra@incaused by stress
history, 0 is the sum of individual strain caused by the decomposed small increfecds
applied ab. Figure4-3 illustrate the principle of superpositioBquation4-1landEquation4-12
describe this principleand the integral in this equation is applicable for both continuods an

di sconti nuous s tamdd\sttmanhio982): or i es (Bagant

. s . (Equation 4-11)
-0 Voo A, o2 - O

-0 - ao | Y'Y (Equation 4-12)

Where

0 oD = compliance function at timéfor a loading at timé ,

‘Q, 0 =stress increment at tinte, and

- 0 =the strain due to thermal dilation agiying shrinkage which istress independent

strains
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Figure 4-3 Use of principle of superpositionto modelviscoelastic response(a) an arbitary
stress history as a sum of inifinitesimal stress incrementf) two stress increment occur at
different times, (c) strain response by superposition of the two stress incremeredapted

from Emborg 1988b]
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The variation of stress at prescribed strain history can be written in a similar vaaglhyation

function shown agquatiord-13( B a gaadnAftittmann 1982)

. AT o~ s , . (Equation 4-13)
., O Yoo Q-0 Q 0

Where,

'Y o0 s the relaxation function of time for a deformation at timend

'Q - &eeis the strain increment introduced at time

4.4 RATE-TYPE FORMULATION OF CREEP

The integral equation (Equatigiquation4-11) to calculate variable stresses by the principle of
superposition is computationally inefficient for large concrete structures (Yu et al. 2012).
Therefore, a ratéype creep law with internal variables whose current values accoutieor
previoushistoly of strairs areprovided for the analysi&fu et al. 2012 The benefits of the rate

type approaclincludesthat there is no need to store and track the strain history and there is no
need to sum the history over all the previous time steps. Moreovekés the creep computations
more efficient andnakeit possible to take into account the evolution of various inelastic and
nonlinear phenomendhe ratetype creep law is visualized by the Kelvin chain model, and this
model consists of a series of Kelwinits which involves a spring and a dashpot in paréBeh g a n t
andPrasannai98%,b). The spring and the dashpot experience the same stjaenf the total
stress,( of the model is the sum of stress in the spring and the dashpot as slyaiiond-14

(B a g andRrasannai98%,h):
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. O- — (Equation 4-14)

Where

E is the spring stiffneséi), and

— is the viscosity of the dashp@s(3).

Yu et al. 012 summariesthe details of theatetype creep law and thienplemenation of
different creep models with this approach udinge-element analysisVei and Hanson (2012)
and Byard and Schindler @5) both used the integral type method with fgrciple of
superposition to model earfge concrete stress. In thissertationthreedimensionalFEM will

be used with theatetype creep law This approach will allow the modeling ioFplace stresses

of various concrete structurdisat havethreedimensional stress states and varying degree of

restraints.

45 MATHEMATICAL MODELS FOR CREEP IN ACI 209.2R

There are numerous models for calculating shrinkage and creep of concrete in ditek@tur

209.2R (2008) provides details of ACI 2092 model, CEB MC9®9 Model, GL2000 Model,

and B3 Model. These models are intended for the prediction of shrinkage and creep in compression
in hardened concrete and it may be assumed that prediagiplygo concrete under tensiofhese

models presented here are valid for hardened concrete moist cured for at least 1 day and loaded

after curing or later (ACI 209.2R 2008).
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46 CREEPMODELS USEDIN THIS STUDY

4.6.1 B3 Model

The B3 Model for concrete creep is basedsohdification theory and the Kelvin chain model.

The solidification theory for concrete creep describes the cement hydration as a growth of the
volume fraction of loatbearing solidified matter (hydrated cement), and the solidified material is

treated a noraging viscoelastic materidB(a ¢ and Prasannan 198%9).

The B3 Model compliance function is expresseétquation4-15to Equation4-20 (B a ¢ and t
Baweja 2000), and the complianzéfd (1/psi) can be decomposed in to three termsthe

instantaneous strain due to unit strespgil/6 ohdeecompliance function for basic eep (no
moisture loss) (Ps), anddé o  additional compliance due to drying§$)). The basic creep

function is described iEquation4-16 (B a g and Baweja 2000)

~

VoD R 6 de 6 dD (Equation 4-15)

- v e N 0 ion 4-
5 ot Rodd Ril o o i (Equation 4-16)

o

Where,0, 0, 0 are age oftoncrete, age at loadingnd age when drying beginespectively
(days). The creep strain is treated as a sum of agidgdho ), nonaging@G 1 o 06 o )
viscoelastic strains, and aging viscous or flow stmin-{ ). Based on this, thB3 Model can be

modified to account for the earfge behavior of concrete.

The termgy ton] are empirical material constitutive parameters based ooret® composition

and strength, and are determined vidtfuation4-17 to Equationd4-20 (B a § and Baweja 2000).
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p Tt (Equation 4-17)

n 1 O
AT PR 8 (Equation 4-18)
A & wr 0 (Equation 4-19)
N 8 (Equation 4-20)
Where,
e T,
a T8,

GG  aggregateto-cement ratio by mass,
0 X0 waterto-cement ratio by mass

® the total aggregate contefit/(t*), and
® the cement conteni{ft®),

4.6.2 Modified B3 Model

The B3 Model is not intended or calibrated for concretes younger than 1 dastidolgg as the
early-age shrinkage in concrete is governed by exothermal chemical reactions and the transition
between liquid and solid phase, the model is not intended for predicting theagarbnrinkage

and creep effectB a ¢ atralt 2014 Earlyage stress development in concrete is different from

stress in hardened concrete because of hydration process, rapid temperature change, and high
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viscoelastic behavior. A model to calculate eadye stress can be obtained by modifying a-later

age compliace model to consider earge properties (Byard and Schindler 2015).

For earlyage concrete stress development, the stress developed from setting should be accounted
for in order to achieve accurate latage cracking prediction. Earfge concrete shanaboth

rapidly changing elastic properties and high viscoelastic properitegergaardet al. (2001)

provides a modification t§ of the B3 Model to capture the eadge high viscoelastic behavior

as shown irfEquationd-21. In this expression] is the concrete structural setting time in days and
should be less than the age at loadingT his modification provides a higher eadge viscoelastic

behavior while leaing the viscoelastic behavior of the original B3 Model unchanged at later ages.

0 (Equation 4-21)

Since the B3 Model uses a constant asymptotic modulus of elasticity, Byard and S¢BoiBer

found that the B3 Model overestimates the eagg compressive stress due to thermal effects.
Overestimating the initial compressive stresses leads to an underestimation -afyeasysile
stresses that occur after the time of zero stressmibiuiellus of elasticity of earlgge concrete is
changing rapidly, therefore the use of a constant modulus of elasticity is not suitable fagearly
concrete. Byard and Schindler (2015) therefore introduced an elastic property modifier similar in
format © the modification for viscoelastic behavior as providedEmuation 4-22. In this
expressiongs is the concrete structural setting time in days, which must be less than the age at
loading,0 . This modification also only has an effect for 2 days or less, which leaves thagater

elastic compliance of the original B3 Model unchanged.
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0 (Equation 4-22)
o n

ne n

The final Malified B3 Model with the two modifications can be expressed as showruetign
(Equation4-23. The definitions of all the variables Eguationd-23 can be found fronkEquation
4-15to Equatiord-20. As a practical simplification when RCF testing cannot be performed, Byard

and Schindler (2015) recommended the use of equivalent age at initial set as the vgluasdor
n.

O Ot g i bod nRid o o - (Equation 4-23)

4.6.3 B3 Model with Rr

Temperature affects creep in two ways: 1) it directly influences creep by increasing the creep rate
and 2) it indirectly influences the aging rate of the concrigta ¢ @&trat 2014). The maturity
method with equivalent age (Carino 2004) is used to allow the models to capture the temperature
effects on concrete aging rate. Some researchers provide coefficients multiplied to the compliance
function to account for the effeof temperature on the creep ramborgl1998;Umehara et al.

1995). Many researchers only consider equivalent age for temperature effect on aging of concrete,
and ignore the effect of temperature on the creep Bateg and tBaweja (2000) provide two
components to consider the effect of temperature on creep: 1) use of equivalent age to account for
temperature effects on time and 2) use of a vertical scaling fagtapplied to the basic creep,

which is also used in the B4 Mod#® @ ¢ atmlt 2014)The formula to calculatBr is expressed

in Equationd-24 and the final B3 Model witlRr is shownEquation4-25.
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. Ye p p (Equation 4-24)
YOAORr S F

vod i YO oD 6 oD (Equation 4-25)
Ng'Y TR U T @y ol (Equation 4-26)
Where,
Y ¢wo,d
w = water content of concrettfft3),
"Q cylinder compressive strength of concreisi)(
R = gas constant (8.314 J/mkK)), and

"Yee = activation energy of creep describing magnification of creep due to temperature

increasgJ/mol).

4.6.4 B4 Model

The B4 Model B a § atralt 2014) is a new prediction model for creep and shrinkage which is
intended to be an improvement over the B3 Model. The main changes in the B4 Model include
enhanced muldecade prediction, separation of drying shrinkage and autogenous shrinkage,

consideration of the effects of various admixtures and aggregate Beg (atalt 2014).

The B4 Model provides scaling factors to parameatehroughry to consider the effects of
concrete ingredients such as retarder, silica fume, fly ashyraingh watefreducing admixture,

silica fume, and aientraining agent. In the B3 Model, the parameters in formulas are based on
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concrete strength, mixture composition, cement type, aggregate types, and curing procedure. These
parameters have been completayised and refined based on extensive statistical optimization

of a new enlarged database of laboratory tests used to calibrate the MoBed By dt malt 2014).

Note that other than the autogenous shrinkage term, the B3 Model and B4 Model retain the same

mathematical form.

B a g atmalt (2014) reported that the B4 Model is more sophisticated than the B3 Model and it is
only necessary for special types of structures that have a high level of sensitivity to creep and
shrinkage effects, such as leggan boxirders, large offshore structures, and stip#buildings.

The B4 Model is as defined Bquationd-27 throughEquationd-30 (B a ¢ atmlt 2014).

., P N (Equation 4-27)
" o ©
n o 07e (Equation 4-28)
p' 0 A |
Aon Wwo - 0Tw (Equation 4-29)
® @ Y
n oo 0Te (Equation 4-30)

p' 0 Ag ™ Y

Wheren ,n,n ,n.,0 ,n ,N.,n ,n are creep parameters for the B4 Model that depend
on the cement type and their values can be foufdlang atralt (2014). In the case of multiple
admixtures, the effects of specific admixtures and their interactions have been ranked empirically.

Only the first applicable modifier listed in the table should be seleBted{ atmlt 2014).
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Table 4-2 Admixture dependent parameter scaling factors for creep for B4 ModefBa g a n t

et al. 2014)
Admixture class (% of ¢) Xp xps X Pa Xps
Re( <0.5), Fly( <15) 031 714 135 048
Re( = 0.5),Ay( < 15) 1.43 0.58 0.90 0.46
Fly( = 15) 0.37 2.33 0.63 1.60
Super( = 0) 0.72 2.19 1.72 0.48
Silica( = 0) 1.12 3.11 0.51 0.61
AEA( =0) 0.90 3.17 1.00 0.10
WR( <2) 1.00 2.10 1.68 0.45
WR( =2, <3) 1.41 0.72 1.76 0.60
WR( = 3) 1.28 2.58 0.73 1.10

Re retarder, Fly fly ash, Super superplasticizer, Silica silica
fume, AEA air entraining agent, WR water reducer
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4.7 RELAXATION FUNCTION

If creep is assumed to be linear in terms of stress and follows the principle of superposition, the
creep properties are fully defined either by creep function or by the relaxation function, and one
follows from the othe(B a g and Kim1979) Their relationship is given by alineaoM t er r a6 s
integral equationg a g d9v%H, which can benumericallysolved by computer programA

general algebraic formula for inverting the creep function to the relaxation function is needed for

convenience in structural calculations for designers.

B a g and Kim (1979)3eveloped an approximate formula BRI t, that éah be computed from

the compliance functiod ( t. Théréaxation function can be writtenkguatiord-31to Equation

4-35.
YdD O 6 (Equation 4-31)
5 p 3 (Equation 4-32)
0 OO
5 @ Ofee (Equation 4-33)
oD —
5 0o, (Equation 4-34)
| EE I
0 O (Equation 4-35)
’ G
Where,
- pAAU
3 1@ ,@nd
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If the material is nonaging such as polyméngn thecompliance functiom o depends only
onthetimelagt 6 , a|ndieeand Bivgould be 0. Thel ohd  pF0 OO . This expression
coincides with the effective modulus approximation for condiidteMillan 1916) and an elastic
analysis with the effective moduluEdquation4-36) can replace the structural creep analysis.

B3 Model,0 0 is calculated a8 6 18t pO , which agrees well with the conventional elastic

modulusEzs.
o p 0o (Equation 4-36)
LA P . AD
.. LoD prOo (Equation 4-37)
e OO
pfO o
~ P (Equation 4-38)
00 T
Where,

« oD is creep coefficient which is the ratio of creep strain to the elastic strain, and
O0 iselasticormst ant aneous modul us at age t 0.

Later an improved formula fo¥ o was developed bB a ¢ atmlt(2013) that is significantly
more accurate for longime relaxation of concrete loaded at a young age. The new relaxation

function is described iRquation4-39to Equatior4-42.
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Where,

n

p day, and

p

D oD Ao -
5 vo ,
0 oD P
0 Oee
C

@ TEIp p woee T8 Y
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CHAPTER 5 PART |I: EXPERIMENTAL PLAN

51 RESTRAINED STRESS MEASUREMENT

A schematic of the test equipment and procedure is showigune5-1. Figure5-1 shows the
matchcured temperature conditions used to test all concretes, rigidraydckame equipment, and
matchcured concrete cylinderRestrained to volume change tests with rigid cracking frame (RCF)
were used to measure the eaafye stress development in various concrefdse rigid cracking
frameshown inFigure5-2 andFigure5-3 consists ofdog-bone shaped formwork with dimensions

of 6, 6x49 in, two mild steel crossheads, and two Invar sideb@ine formwork is lined with

plastic and then sealed after concrglegcement; therefore, no drying shrinkage occuil$he
concretecuring temperature in the setigocontrolled to simulate typical concrete ekmts such
as bridge decks, mass concrete, concrete culvertsiieie details of the RCF test can be found

in Byard (2011).

After the concrete starts to hydrate and volume change starts to occur due to temperature and
autogenous shrinkage effects, the@ete deformation is restrainég the RCFwhich cause

stress to develop. The concrete stress developed in the RCF is influenced by the temperature
change, coefficient of thermal expansion, modulus of elasticity, creep (relaxation), and autogenous
shrinkage. For the rigid cracking frame, the deformation of concrete is restrained by the Invar bars;
however, the stiffness of the Invar bars is such that some deformation is allowed to occur. So the
degree of restrairthe RCF provides faihe concrete needs be considered for the calculation of
concrete stress. When the concrete is fresh, the rigid cracking frame has 100% restraint and when
the concrete is mature, the frame provides approximately 80% restraint to the concrete specimen

(Mangold 1998) This clanging restraintan becaptured by the FEM.
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Figure 5-1 Experimental test setup(Tankasala 2017)
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Figure 5-2 Schematic diagram ofrigid cracking frame (Mangold 1998)
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Figure 5-3 Actual rigid cracking frame equipment(Meadows 2007)

5.1.1 Degree ofRestraint of RCF

For the rigid cracking frame, the deformation of concrete is restrained bywHrdars, and ahe
same time there is always sosmall deformation in the steel ba(SeeFigure5-4). Therefore,

the degree of restraitite RCF provides theoncrete need to be considered for the calculation of

concrete stress.

Below shows the mechanism of calculating the restraint matioei cracking framéquations-1

to Equation5-6).

S|

=

o

Figure 5-4 Schematic diagram of Rigid Cracking Frame
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O O (Equation 5-1)
-006 -00 (Equation 5-2)
_ 0b6 TOb (Equation 5-3)
The restraint strain is determined as the difference between the free stihaicooicrete specimen

(- ) and the allowed strain in the test confidgima (strain in steel bars ) (Rostasy,

et al.1999.
- - - (Equation 5-4)
- - (Equation 5-5)

- - - p (Equation 5-6)

p '©0 T00

The cross sections of concrete ame¢br bars are constant. The elastic modulus otrlear bar is

also constant and so only the elastic modulus of the concrete is changing witiThierefore,

when the concrete is fresh, the rigid cracking frgnoeides100% restraint and when the concrete

is hardened, the frame could provide approxetya80% restrain(Mangold 198). In the finite
elementmodel,it is assumed thaine side of the concrete specimen is fully restraiaad, the

other sideprovidesa restraint changing with time which is calculated based on the concrete elastic

modulusO 0.
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5.2 MISCELLANEOUS PROPERTIES

5.2.1 Concrete Mechanical Properties

For eachconcrete mixturetwenty-four 6x12 in. cylinders were cast ttest the development of
compressive strength, splitting tensile strength, and modulus of elasfidiy.cylinders were
placed in a temperatwantrolled box and cured using the same temperature history as the RCF.

The mechanical properties of cylinders were tested at the &€ds @&, 2, 3, 7, and 28 days.

5.2.2 CTE Test
Since it is difficult to test the coefficient of thermal expansion (CTE) of concrete at early ages, the
CTE of hardened concretes testedfter 28 days using a modified approach based on AASHTO

T 336 (2009). Details of the setup and test procedure céubd in Byard (2011).

5.2.3 Setting Test

The setting test used a mortar sample obtained by wet sieving the concrete through a #4 sieve. The
mortar is match cured to the temperature profile of the concrete in the RCF. Penetration resistance
testing accordinggt ASTM C403 (20Q6) is performed to obtain the initial set and final set. When

the concrete achieves a penetration resistans@0psiand4000psi, initial set and final set times

are obtained, respectively. The initial setting times can be used tbatalthe parameters and

N for the Modified B3 Mode(Byard and Schindler 2015)

5.3 EARLY -AGE CONCRETE STRESSDEVELOPMENT DATABASE

Seventytwo concrete mixtures prepared for three projects were used for the analysis reported
herein.Table5-1 shows a general summary of the concrete mixture proporfiabge5-2 shows

the mixture proportions cdfix example concretes from the three projects. The stress development

and predicted stress for these four concretes will be shown as examplepanttbfgissertation
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Table 5-1 Summary of concrete mixture proportions

Variable Min . Average Max.
CementandSCMs (blyd®) 470 609 738
Cement Contentl/yd®) 282 539 738
Water Contentlb/yd®) 211 248 276
w/cm 0.30 0.41 0.53
Class C Fly Ash %" 0 5.2 30
Class F Fly Ash % 0 0.63 25
Silica Fume %~ 0 0.17 6
GGBF Slag % 0 6.0 50
Density (b/ft) 87 135 151
Table 5-2 Sample mixture properties
Project A Project B Project C
0.42 Shale 0.42LS SLWC ICC
Item
23D 30A SLW (Sum) (Sum) 0.38 0.38
Water Content
(Iblyc?) 237 232 276 260 243 243
Type 1 Cement
Content 395 611 658 620 435 435
(Ib/yd?)
SCMs 169 195 195
Content (GGBF 0 0 0 (Class Frly | (Class F Fly
(Iblyd®) Slag) Ash) Ash)
Coarse 1927 1910 g(’gg 1760 ?ég 1740
Aggregate (SSD River | (SSD River Lightweight (SSD Lightweight (SSD River
A .
(Ib/yd3) Gravel) Gravel) Shale ) Limestone) Shale) Gravel)
1000 (SSD
Fine Agaredate 1270 1266 1354 1211 1190 Sand) plus
(b /ggg) 93%€ " (SsD River | (SSD River| (SSD River | (SSD River | (SSD River | 140 (SD
y Sand) Sand) Sand) Sand) Sand) Lightweight
Shale)
Total Air
Content (%) 2.0 2.0. 55 55 5.0 5.0
Waterto
Cementitious 0.42 0.38 0.42 0.42 0.38 0.38
Materials
Ratio(w/cm)

Note: SCMs = Supplementary Cementing Materials; SD =wetted surface dry; SSD =
saturated surface dry.

53




A mixture identification system is used to refer to a specific type of concrete mixture. For each
series of experimenhe mixture identification system foll@athe convention used by the original

author whaoperformedhe experiments

5.3.1 Lightweight Aggregate
Lightweight aggregate (LWA) can be manufactured into coarse aggregate or fine agignegate
usein concrete. The deity of lightweight concret is reduced compared to normaight

concrete. Manufactured LWA includes expanded shale, clay, and slate.

The aggregates in concrete significantly influence the coefficient of thermal expansion (CTE) and
the modulus of elastiyi of the ©ncrete (Mindess et al. 2002)he coefficient of thermal
expansion of LWAs are reportedlte reduced whecompared to river gravel, and thus concrete
with LWA has a smaller CTE than concrete with river gravel (Mehta and Montel4).20 he
modulus of elasticity of lightweight concrete is lower than that of normalweight concrete (Mindess
et al. 2002). Numerous studies have shown that concrete using IE®#& to anncreased
availability of moisture in the concrete leading to minimal or zerogartous shrinkage, and thus
relieving a component of earbge stresses for the concredenseret al. 2007; Bentz andlVeiss

2011; Byard et al. 2012).

5.3.2 Internal Curing

ESCSI Guide Specificationf2012) for Internally Cured Concrete providdése following
definition of -wetiedexpanded shateuctay ongjate lightReight is incorporated
into a conventional concrete mixture to provide reservoirs of water with the concrete that slowly
release the water after the concrete sefgavidesmt er nal curing to the
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LWA hasahighwaterabsorption capacity when pweetted and introduced in the concrete, and it

can desorb water into the cement paste and relieve the concrete from autogenous shrinkage stresses
(Bentz etal. 20(; Byard et al. 2012)As cement paste hydrates and sid6iccates, water from

capillary pores are consumed and then the pressure in the capillary pores decrease. This creates
suction that pulls water out of the saturated LWA into the cement paste.eSpaats remove
available water more easilyah large pores. Castro et@011)foundthat various commercially

available LWAs desorb between 85 to 98% of the absorbed water at 93% relative humidity. The
desorption properties of LWA depend on the aggte pore size distribution, the porous nature of

the paste, and the internal relative humidgnseret al.2007).

Concrete withLWA addition are classified into different types, and the commonly used ones are
sandlightweight (SLW) concrete, allghtweight (ALW) concrete, and internallyured (IC)
concrete. SLW concrete has coarse LWA and fi
coarse and fine aggregates are both LWA. IC concrete has coarse normalweight aggregate and
involves replacing a portiorf ine normalweight aggregate with fine LWA. The name IC concrete

is commonly used in literaturdgnseret al. 2007, but for all concrete containing preetted
lightweight aggregate, internal curing takes place. Herein, in order to distirfgansitoncete

having LWA, normalweight (NW) concrete is alsfor concrete without any LWA.

5.3.3 Project A

Meadows (2007) performed 34 RCF testsAuburn Universitywith different concrete mixture
proportions and curing conditions. Type | cement, Type Il cement, Cldlgsash, Class F fly
ash, slag cement, and silica fume were used in the mixtures. Differenttovatenentitious
materials ratiosvwf/cm) rangirg from 0.32 to 0.53 were usedhe fresh concrete placement

temperature and ambient temperature were simulatbdlifferent combinations @0 °F, 73 °C,
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and95 °C. The concrete mixtures also usedeatraining admixtures (AEA), lowange water
reducing (LRWR), mierange watereducing (MRWR), and highange watereducing (HRWR)
admixtures. All concretes used river gravel (RG) as coarse aggrébateoefficiem of thermal

expansion (CTE) of thesmncretes were tested to 584! 10° in/in/°F.

The mixture identification system is originally followinghat of Meadows (2007) with

modi fications. The mi X3 e meiatnts It D afi&indde ( 3In0 %S
by Meadow(2007) the A defines the batch ID whiaenotesa different concrete temperature,

and theextin parenthesedefines the specialty of this mixtyrhich isthatthe concrete has 30%

of slag cement replacement for this mixturdl the mixturesthat do not includéhe cement type

or w/cm in parenthesisused Type | cement and/cm of 0.42. Some summary mechanical
properties and temperature information of all concretes from project A are shoabié®-3 and

Table5-4.
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Table 5-3 Properties of concretefrom Project A (Meadows 2007) Part 1 of 2]

Fresh . L 28-day

_ Concrete Ambient Activation 28-day ' Modulus 28-daty

Mixture Temperature Temperature Energy Compressive of . Tensile

°F) (°F) (J/mol) Strength Elastlt:|ty Strength
(psi) (ksi) (psi)
12A (Control 73°F) 73 73 43140 5680 5750 660
12B (Control 50°F) 50 50 43140 7040 6250 755
12C (Control 95°F) 95 95 43140 5160 6050 600
12D (Control 73°F) 73 95 43140 5890 6350 645
12E (Control 50°F) 50 95 43140 5460 6000 595
21 (30%Class C) 73 73 38670 5790 6000 560
22 (20%Class C) 73 73 40490 5700 6050 630
23A (30%Slag 73°F] 73 73 49420 5650 6100 705
23B (30%Slag 50°F] 50 50 49420 6320 6500 655
23C (30%sSlag 95°F 95 95 49420 5190 6150 565
23D (30%Slag 73°F 73 95 49420 5510 6200 680
23E (30%Slag 50°F) 50 95 49420 5710 6200 665
24A (50%Slag 73°F] 73 73 52960 5350 6500 665
24B (50%Slag 50°F] 50 50 52960 6400 6400 720
24C (50%Slag 95°F 95 95 52960 5610 6350 605
24D (50%Slag 73°F 73 95 52960 5650 6150 635
24E (50%Slag 50°F 50 95 52960 4410 6100 620
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Table 5-4 Properties of concrete from Project A (Meadows 2007 Hart 2 of 2]

Fresh . o 28-day 28-day

_ Concrete Ambient Activation Compre Modulus 28-da}y

Mixture Temperature Temperature Energy ssive of_ . Tensile

°F) (°F) (J/mol) Strength Elast|p|ty Stren_gth
(psi) (ksi) (psi)
25 (25%ClassC 6%Slag 73 73 39580 5870 6150 555
26 (25%ClassF 6%Slag 73 73 36390 5150 5450 595
27 (20%ClassF 30%Slag 73 73 43230 6060 6250 635
28(W/C=0.32) 73 73 44130 7770 6650 770
30A (W/C=0.38 73°F) 73 73 44130 6120 6000 690
30B (W/C=0.38 50°F) 50 50 44130 7520 6500 740
30C (W/C=0.38 95°F) 95 95 44130 5910 6250 565
30D (W/C=0.38 73°F) 73 95 44130 6240 6100 720
30E (W/C=0.38 50°F) 50 95 44130 8190 6450 625
31 (W/C=0.48) 73 73 44130 5000 5750 630
32 (W/C=0.53) 73 73 45250 4720 5800 600
33A (Type Il 73°F) 73 73 45250 5900 6500 580
33B (Type 11l 50°F) 50 50 45250 7330 6250 720
33C (Type Il 95°F) 95 95 45250 5140 5500 555
33D (Typelll 73°F) 73 95 45250 5620 5950 635
33E (Type Il 50°F) 50 95 45250 6950 6200 675
34 (AEA) 73 73 44130 4260 5250 465

5.3.4 ProjectB
Byard (2011) performed RCF tests for 28 concratesuburn Universityith different aggregate
types, wateto-cement ratiogw/c), and curing conditions. Concretes tested contained coarse

normalweight aggregate that included river gravel (RG) and limestone (LS). In addition,
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lightweight aggregates (LWA) that consisted of expanded clay, shale, and slate were used to
produce ingérnal curing (IC), santightweight (SLW), and allightweight (ALW) concretesThe

SLW concrete contagdc oar se LWA and fine normal wei ght a
coarse and fine aggregateare both LWA. The IC concrete t@oarse normalweight agepgate

and involvel replacing a small portion of fine normalweight aggregate with fine LWA. Twenty

two concretes withw/c of 0.42 were tested under both fall (Fall) and summer (Sum) simulated
temperature conditions. Simulation of sum#tiere placement stead with a concrete temperature

of 95 °F and fall season started with a concrete temperatu@df. Three concretes withv/c

of 0.36 and another three concretes witlt of 0.30 were tested only under falimulated

conditions. All concretes used Typeement without any supplementary cemegtnaterialsThe

activation energy value for the concretas determinedo be 41,520 J/mol.

The mixture identification system used here is to refer to vwateement ratio, a specific type of

LWA, mixturet y p e, and simul ated pl aCc.edren®| assteeasb@. |
represerdthat the wateto-cement ratio is 0.42, the LWA type is slate, the mixture type is IC, and

the placement season is fall. Anod hregprexsaanptl
the watefto-cement ratio is 0.42, the coarse aggregate type is river gravel, and the placement
season is fallThe mechanical properties and coefficient of thermal expansion of concrete from

project B are shown imable5-5.
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Table 5-5 Properties of concretefrom Project B (Byard 2011)

Coefficient 28-day 2&day 28-day
.| Modulus i
Mixture of Thermal Compressive of Tensile
Expansion Strength .- Strength
(°F) (psi) Elastl_(:lty (psi)
(ksi)
0.42 Slate IC (Fall) 5.9 5840 4500 465
0.42 Slate IC (Sum) 5.90 5580 4200 430
0.42 Slate SLW (Fall) 5.10 5140 3500 495
0.42 Slate SLW (Sum 5.10 5130 3550 485
0.42Slate ALW (Fall) 4.30 4760 2450 385
0.42 Slate ALW (Sum 4.30 4610 2650 460
0.42 Clay IC (Fall) 5.80 5820 4300 505
0.42 Clay IC (Sum) 5.80 5640 4250 460
0.42 Clay SLW (Fall) 5.10 5020 2800 530
0.42 Clay SLW (Sum) 5.10 5380 2850 510
0.42 Clay ALW(Fall) 4.00 4860 2050 505
0.42 Clay ALW (Sum) 4.00 4490 2000 480
0.42 Shale IC (Fall) 6.00 5610 4350 455
0.42 Shale IC (Sum) 6.00 5640 4250 505
0.42 Shale SLW (Fall) 5.20 5040 3200 500
0.42 Shale SLW (Sum 5.20 4920 3400 520
0.42 Shale ALW (Fall) 4.00 4780 2350 445
0.42 Shale ALW (Sum 4.00 4320 2150 485
0.42 RG (Fall) 6.20 5700 4550 465
0.42 RG (Sum) 6.20 5310 4750 410
0.42 LS (Fall) 491 6080 5520 450
0.42 LS (Sum) 491 5630 4940 500
0.36 RG (Fall) 6.18 6435 5535 485
0.36 ICM (Fall) 6.02 6890 5250 565
0.36 ICH (Fall) 6.02 6960 4865 525
0.30 RG (Fall) 6.62 8115 5700 600
0.30 ICM (Fall) 6.04 8120 5265 665
0.30 ICH (Fall) 6.01 8860 5170 610
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5.3.5 ProjectC

Tankasala (2017) performed RCF teatsAuburn Universityfor 10 concretes with different
aggregates ang/cm placed under simated mass concrete conditioiifiese concretes included

a reference (REF) concrete with river gravel, internally cured (IC) concretelighivaeight

(SLW) concrete, allightweight(ALW) concrete, and inverse satightweight (ISLW) concrete.
ISLWC represent concrete with normalweight coarse aggregate and fine lightweight aggregate.
Two w/cmratios of 0.45 and 0.38 were used for each concrete type tested during Project C. Fall
simulaed placement condition with an initial temperatur@®fF was used for all the concretes.

All these concretes contained 30% of Cla$ly ash replacement, which is representative of mass

concrete.

Table 5-6 Properties of concrete from project C(Tankasala 2017)

Coefficient 28-day 2&day 28-day
.| Modulus :
. of Thermal| Compressive Tensile
Mixture . of
Expansion| Strength . .| Strength
(°F) (psi) Elastl_(:lty (psi)
(ksi)
REF 0.38 6.07 5970 4550 510
ICC 0.38 5.95 6180 4500 530
ISLWC 0.38 5.29 5200 2950 340
SLWC 0.38 5.24 5850 4000 480
ALWC 0.38 4.17 4370 2950 380
REF 0.45 5.86 4710 4050 430
ICC 0.45 5.81 4900 3950 470
ISLWC 0.45 5.19 4160 2750 330
SLWC 0.45 5.13 4640 3550 460
ALWC 0.45 414 3980 2650 360

All the concrete contains 30% GfassF fly ash replacement. The lightweight aggregate used

this studyis expanded shale. The activation energy value for the concrete is 33,835Thenol.

61



mechanical properties and coefficient of thermal expansiorhécdncretes from project C are

shown inTable5-6.
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CHAPTER 6 PART I: FINITE -ELEMENT MODEL

Eightnode linear hexahedral (brick) elements with thraeslational degrees of freedom at each

node (C3D8) were used for the FEMABAQUS.For t he el ement type C3D
continuum stress/ di spdiamemzindn ali 3dloe demto,t easnd |
of nodesFor the rigid crackingrame (RCF), the deformation tife concrete is restrained by the

Invar barsand at the same time there is alwagme deformation in the Invar bars. These strains

were captured by modeling the two Invar bars in the FEM of the RCF. The FEM mesh fGRhe R

with concrete is shown iRigure6-1. The Invar side bars were assigned a modulus of elasticity of
21500ksi and the crossheads at the two ends were assigney higiermodulus of elasticity to

function as a rigid body to restrain both the concrete and Invar barse 6-2 shows the
temperature history of two example concrete mixtures with summer and fall season placement
conditions. After concrete placement, the temperature starts to rise because of thieyioeation.

After reaching the peak temperature, the concrete gradually cools down to the ambient temperature.

Figure 6-1 Mesh of finiteelement model ofrigid cracking frame

The concrete temperature gle$ and CTE value of each concrete mixture were input into the
FEM. Then the thermal strain was calculated based on the CTE, and the small deformation of the
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Invar bars was captured by the FEM itself and considered with the thermal strain to get the final
strain to calculate the concrete stresses. Then based on the strain inatezaentime step and

the compliance subroutinghe stress with time was calculated and output from the FEM. The
effect of varying concrete temperatures on all concrete preperas considered by using the
equivalent age maturity method (Carino 2004). Therefore, all ages mentioned in this study, unless
statedto be differentare presented in equivalent age. Since the concrete in the RCF was sealed

and there was no moistuiesk, drying creep and drying shrinkage were neglected.

160
140
& 120
-°]
5 100
=
5 80
=7
E 60
-]
E 2 (R 23D (30% Slag 73°F)
5 20 ——0.42 Shale SLW (Sum)
0

0 2 4 6 8 10 12 14 16 18
Equivalent Age (days)

Figure 6-2 Concretetemperature historiesof two exampleconcretes

6.1 INCORPORATING CREEP IN THE FEM

6.1.1 UMAT Subroutine
ABAQUS provides the facility for users fwogram intheir own material models. UMAT is the
subroutine that allows users to define any constitutive material maugisling those not exist

in the standard material library of the progrédassaulSystemesSimulia Corp. 2012bJUMAT
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is the user subroutinghat can be used o define a materi al 0s me
ABAQUS/Standard module. For threlimensional analysis, the material Jacobratrix for the

constitutive model can be defined in UMAT.

The quantities like stress, strain, strain increment, total and incremental values of time, temperature,
element, current step, increment numbers and so on are available in UMATSubroutine

UMAT is a FORTRAN programming language environment. Coding the UMAT requires that all
variables be defined and initialized properly and enough storage dgfaoedin the progranfor

state vaiables with the *DEPVAR option in the *Material section.

Using thesubroutine needbe followings peci fi ¢ ABAQUS fAKeywordso i

*MATERIAL, NAME = <user named>

*USER MATERIAL, CONST = <number of constants>

*DEPVAR <number of solution dependent variables>

An already developed UMATodefor basic concrete creep behavior based on B3 Mads|
obtained fron¥u et al.(2012) Modifications to the routine for equivalent age, modified B3 Model
B4 Model,and temperature parameter were made by the authoBimple models to verify the
subroutine code for creep, relaxation and taeiable stressesvere built and compared to

analytical solutions before using it for the experiment simulation.

In this study, concrete creep is assumed to be aging linear vistmetand is modeled by a rate

type law based on a Kelvin chain model. In the B3 Model, the basic creep compliance function
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can be converted intoaradtey pe creep | aw according to the

Prasannan 198%).

Concrete creep modeled by the ratg/pe law instead of the integral type analy$isis approach
in the FEMuses a stepy-step analysis, and in each time stbpjntegration poirg of each finite
element is considered within the UMAT subroutine. The inelastic gnedgem for the structure
is reduced to a sequence of elasticity problems by converting the incrementadtsaias®lation
for each time stegptto a quaselastic stresstrainrelation as shown ikEquation6-1 (Yu et al.

2012.

a=E' &) (Equation 6-1)

Where in the threadimensional FEMYQ is a6x1 columnmatrix of stress incremesatluring each

time step si), | is a6x6 matrix of incremental modulugéi) for an isotropic material using

constant concrete Poisson ral& is a 6x1 columnmatrix of inelastic strain incremesfrom

creep in./in.), andYk is a 6x1 columnmatrix of strain incremerstfrom shrinkage and thermal

dilation (n./in.). This quasielastic stresstrain relation makes it possible to calculate the strain
response for any stress history (creep), as well as the stress response for any given strain history

(relaxation)anfaB¥8dHnt and Pr as

6.1.2 Algorithm and Numerical Implementation for B3 Model

The coding of the B3 Model into ABAQUS subroutine UMAT is described in this se@m®n.
creep is a timelependent phenomena, a commercial finite element program can be used to do a
stepby-step analysis of structural creep problem, and it is simplified to a sequence of elastic finite
element analyses for elastic streg®in relation with actual inelastic strain for each time step

(B a g atmalt 2012).
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Concrete creep is assumed ® dging linear viscoelasticity and is modeled by a-tygie law
based on Kelvinchain. InBdodel, it 6s particularly easy to con

basic creep to a ratgpe creep law according to the solidification theory.

For the solidiication theory, the aging is modeled as a growth of the volume fraction of the
loadingbearing solidified matter (hydrated cement), which itself is viewed as nonaging
viscoelastic material Ba g an't and Pr Bhenatnimpossiblelt® &€ a nragnyg .
compliance function for the solidifying component and a unique continuous retardation spectrum

can be determined by a si mpl eBagaptali2012)t f or mul

TheKelvin chain model used for B8odel in Abagqus UMAT subroutenconsists of a series of
Kelvin units. € 1 Kepvin engseandtranges flom 1 to IN.nHach unit bas a
spring of stiffnes<O 0 and a dasipot of viscositys 0.1 s 07O 0 is the chosen
retardation time. For stepy-step anajsis, if the time steYois short enough, the moduli and

viscosity ofKelvin units can be regarded as approximately constant in théYategi al. 2012).

A continuous retardation spectruin;t hwhich relates to the Kelvin chain and can be identified
from the compliance function analytically by Laplace transform inver@srshown irEquation

6-2) (B a g anad Xi.1995;Yu et al. 2012)

T Ei 6 o (Equation 6-2)
n [e]
0t Q oA
Where,
€ = the number of Kelvin units and ranges
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0 t  acontinuous retardation spectrum,

T retardation timeand

0 =the kth derivative on time t of the creep part of ttompliance function.

0 T varies in each time step for each integration point of each finite element. For B3 Model, k=3
is used and a simple approximation of the retardation spectrum is presente(Bbal@vand Xi.

1995).

of (Equation 6-3)

Where,
0t a continuous spectrum,
N empirical material constitutive parameteiB3 Model(seeEquation4-18),
t  retardation time, and
¢ aconstant.

Constand may generally be found by the method of cdiitting of data, and an approximate
formula givingd had been provided iB a g amdtXi (1995) where a form of continuous
retardation spectrum far can be discretized. Thethe discrete spectrur, T , is a discrete

approximation of the continuous retardation spectfimet al. 2012)
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6t —=0t IbXIitC o0t 1 pn (Equation64)

Where

YiitCc 1 TpQt p,

ot a discrete spectrum,

‘O 0 aspring of stiffness for Kelvin unit, and

0t a continuous spectrum

The discrete spectrum relates to a finite Kelwmits and is nesed for numerical calculation§he
compliance functio deecan be represented the Kelvin chain model withufficientprecision.

The Kelvin chain model converts the creep law to a system of ordinargruist linear differentila
equatons for the rate of Kelvin urst The exponential algorithm is devised for the numerical
integration of firstorder ordinary differential equations. In the exponential algorithm, it is assumed
that within each short time step, the stress varieatly. One calculates the following parameters
for each integration point of each finite element in each time(Btepg and Prasannan 1989a;

Yu et al. 2012)

X QY7 (Equation 6-5)
1t p 1 7Y (Equation 6-6)
P (Equation 6-7)

ot p 1
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(Equation 6-8)

Where,
I R intemal variablesof Kelvin units,
$ elastic moduli of Kelvin units,
Yo time increment at each time step,
t  retardation time,
ot a discrete spectrum,
O conventional shottime elastionodulus,and
O  the incremental modulus.

The inelastic strain increments which also called the eigensarecalculated byEquation6-9,
then the stress increment at each tirep stould be obtained by the following quatastic stress

strain relation as shown Bquation6-10(B a g and Prasannan 1989a; Yu et al. 2012)

(Equation 6-9)

Y, GCe® Y- (Equation 6-10)

Where,
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Y- inelastic strain increments which also called the eigenstrains,
Y- the strain dueatthermal dilation or shrinkage,

Y, stress increment at each time step,

O  the incremental modulus, and

] internal variables of Kelvin units

Then the nonlinear structural creep problem is reduced to a sequence of incremental elasticity
problems and can be prograd in finite element softwar&he internal variables of Kelvin chain
units is updated at each integration point at each timgBtapg and Prasannan 1989a; Yu et al.

2012):
I 1Y, $ I (Equation 6-11)
Where,

r B A internal variables of Kelvin units

()

Y,  stress increment at each time stang

$ elastic moduli of Kelvin units,

For B3Model, a simpler exponential algorithm which only needs the compliance réltéseis

applied(Yu et al. 2012)
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(Equation 6-12)

o t oTo 7 AT Ot
y- V- y- (Equation 6-13)
. (Equation 6-14)
Y- pfo v nmMm p I T
y- A, yoro 4 (Equation 6-15)

Where,
Y- represents the inelastic strain increments of the current ediaction of solids,
Y- is the inelastictsain increment of viscous flow,
o ¥ a discrete spectrum for B3 Model,
¢ number of time steps,
” stress at time step-{1),

r A R internal variables of Kelvin unitg&nd

n M empirical material constitutive parameter in B3 Model (Sgqaation4-18 to

Equation4-20).

This quasielastic stresstrain relation makeit possible to calculate the strain response for any
stress history (creep), as well as the stress response for any given strain history (rel&xati@rg (n t

and Prasannan 1989ga,b
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For B3 model the compliance function of basic creep is ctedeio a rge-type creep law
accordingto the Solidification theoryThe theory of the code in UMAT for the Bdodel is
summarized by Yet al.(2012. The derivation of the exponential algorithm for the-tgee form
was given for the B3 Model bad on solidificabn t heory i n BagantTheand
calculation of the continuous retardation spectrum and its discretizatqresented ilBa g a n t

and Xi(1995)

6.1.3 Algorithm Utilizing FEM for B3 Model

The Algorithm utilizing ABAQUS for BaVlodelis as follows (also shown irFigure6-3):

1. Select the retardation times for basic creep of ®M8del t+ pm K
phelB Y80 ¢ ¢ Initial the internal variable .

2. Loop over time stepsd QQi wd Q6N phcB .0 5 © o)
o 0 6 7 forn>1. Whenn=10, 0 0 Tc.

3. Calculate the strain due to thermal dilatitfn,

4. Compute current stress in the subroutine UMAT.

5. Calculateb ¥+ ,0 T ,0 T ,f ,} ,$ andthe incremental moduli@e e

6. Compute the inelastic strain incremebt, Y- Y-

7. By the quasielastic strestrain relation ¥, ‘Cee¥e Y- to get the stress
increment at this time step. FoBanalysis in ABAQUS, a constank® matrix for
isotropic material with a Poissanis used in the subroutine.

8. Update the internal variable

9. End of loop over finite elements and their integration points

10.Go to ste® and begin the next time step.
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11.End of loop over all time steps.

¥
- Input
Loop over time steps
n=12,.M At
Y
» Loop over element

\

Shrinkage increment A, K— (g%ﬁ"é) ¢—

Shrinkagdg

Y

" UMAT
L(T/1)9 A(Tﬂ)sﬂ/nlﬂ,Dﬂ,E <:I (ABAQUS) <:I Cree P

y - Input "V, Ag

Inelastic (creep) strainAg’

Y

Stress increment Ao ¥
! Loop over elements
Assemble stiffness matrix L]
and load matrix Calculate stresses and
H # |strains and displacement
Structural analysis by Y
ABAQUS Update »{"
. — ,
Y
End

Figure 6-3 Algorithm utilizing ABAQUS (Yu et al. 2012)

6.1.4 Modeling Procedure inFEM

The procedure of buildingfaite-element model in ABAQUS CAE module for simulating early

age concrete stress is shown below:
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1.In *PARTS create threelimensional geometry of model creation

2. In *Materials define material properties for concreéetivate subroutine selectiohere

3. For concrete properties, wdependdént>&@tp vadablés; t o d
use AExpansiono to give a constant CTE value

mechanical constants for the Subroutine.

4. Define* Secton and* Assembly for each padf the model

5. In *Steps, define the total time period for analysis and time increment size

6. In *Amplitude input temperature profile

7.1n *BCs, define boundary conditiefor the model

8. In *Predefined Fields, defirtbe initial temperature for the concrete

9. Create a job and in AGeneral o find the use

10. Run the analysis

11. Output stress and other results

6.2 SIMPLE MODEL VERIFI CATION

6.2.1 CreepResponse Verification

A short concrete colummember was simated in ABAQUS to check accuracy of the mofel
creep and relaxatiorA concrete column model was built HEM, with oneend restrained and a
constant loacpplied at the other er{deeFigure6-4). The values of] ton , the loading age of

7 days, and a load of 2000 psi pressure were ingheikrEM foranalysis.
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Figure 6-4 Simple concrete column model to check creggsponse

A given concrete example is used to verify the creep codkerFEM Part of the concrete
properties are from the exampleBna g a nt  a (2600.ECaleulatjorss are made with four

digit accuracy. Th properties of this given concrete are: 1) Tymement concrete; 2) age at

|l oading t6 =7 days; 49 rtcryrbH; 5) deenent comentg + E36% i o n
Id/ft3; 6) water content of concrete=8.23 Ib/ff; 7) watercement ratiow/c =0.6; 8) aggregate

cement ratio a/c=7.0; 9) applied stress (50%Xf10) calculatéhe creep strain of concrete at age

14 days.
Oj U)(T[ﬁQ'[S vxmnm nnft oMt Q (Equation 6-16)
n 1@ p O; =0.1664 (Equation 6-17)

n ruzpﬁ)sfza Tup p@S TnmA Tu et (EQuation6-1§

U .
r'] ”&‘*’5“ ® w T MBoU @ T8I0 U W (Equation 6-19)
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n ™®t= ¢ mptx & mrouvw
6 e RO O Nl o O r]c)E
s 6o p o0 7
w oo
0 o ™mype 7 pg po T 0.33327
io0 pgo ® Y pBTXP
¢ o o 1T o o T® TITT L
0 dd 18 wp
6O ohee ™M O CT
vod i 6 Ope 0.4988

Creepstran® oD , 1T QU TP 1T

YOI MQEQOD wYPTPT WW'OR p QAW
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(Equation 6-21)

(Equation 6-22)

(Equation 6-23)

(Equation 6-24)

(Equation 6-25)

(Equation 6-26)

(Equation 6-27)

(Equation 6-28)

(Equation 6-29)

(Equation 6-30)
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Figure 6-5 Creep response verificationresult

The creepresponse verificatioresults are shown iRigure 6-5, and he two curves match very
well. The strain at 14 days calculated fr&® Modelby analyticalmethodisw w p ™ QEQE
the strain fromthe FEM result isw T p 1 "QEFQ¢ and the difference is 1.4%which is
acceptableThese results provthat the code for creep model in the FEM is performing the

calculations correctly.

6.2.2 Relaxation Response Verification

A concrete short column model was built in ABAQUS, with -@mel restrained ana constant
constant displacement applied at tthieeo end (se€igure6-4). Relaxatioroccursunder constant

strain, which is realized bthe application oflisplacemat inthe ABAQUS model. The values of

N ton , the loading age of 7 days, and a defined displacement which leads to the target strain

value were input inthe FEMfor relaxationanalysis.
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Di spl ac

Figure 6-6 Simple concrete column model to checthe relaxation response

A constant strain value af o op m Q&FQ8(which comes fromy ¢nmmn Woo

p 1T Q&QY was appliedo the modelThe analyticalrelaxation result is based on the relaxation
function discussed i®ection4.7, and the relaxation function is converted from theNB&del.
Figure6-7 shows the relaxation response results from the two methods, and the two curves match
very well. The stress calculated by analytical formula at age of 14 days is 656 s (s¢ien

6-32). The stress value a# days fronthe FEM resultis 636 ps{seeEquation6-32). The results

of the two methosl differ 3.1%, which is acceptable.
YdO Ypix p®oxppTmni Q (Equation 6-31)

. Q¢ ion 6-
., Yoo o - pBOX pp T ooopnﬁé LRI Q (Equation 6-32)
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Figure 6-7 Relaxation response verificationresult

6.2.3 Variable Loads Application
The model with variabléoad history is checked here Threeloadingsteps were applied to the

model 2900 psi at age of 7 days, a total of 3900 psi at age of 14 days, and a total of 4900 psi at

age of 35 dayéseeFigure6-8). The creep parameters input in the subine includery 1 v

N pd8tn 1 yandi TP T

The principle of superposition wased withthe B3 Model for the variable stress situatiynthe
analytical calculationwhich means linear combination of a compliance functiontob  with
load of 2900 psi applied at 7 days, a compliance functiondbh T with a load of 1000 psi applied
at age of 14 days, and a compliance functiob ¢fo v with a load of 1000 psi applied at 8&ys

The FEM resulis based on rateype creeplaw for variable stress
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For example, to calculate the straiat time ste@ v 1days for the moddlseeEquation6-33

to Equation6-37):
-0 - - - 06D , OdDe, Oodve, (Equation 6-33)
., Com, & XQoEidn Vv fx TR X o Q (Equation 6-34)
, prnmni,& pTiQO@idte OuvipT T YPX)P Q (Equation 6-35)
.,  pTmmMn, & ocwWO@idre Ovufouv T @Y Q (Equation 6-36)

-0 MY O Qcomi Q@ Yxp Q p mmmr  (Equation 6-37)

™ ey Q pmmn Do Yy m QFQE

Thereforethe strain value calculated based on the principle of superpositog i¢ yp T Q&
"Q8while the strain result frotme FEM at 50 days is X @ vp 11 "QFQLThis differencein strain

is about 2.1%, which is acceptabléhe creep response underigale load by the two methods
are shown irFigure6-9, and the two curves match very well. It is concluded tietcalcualted
result by the B31odeldetermined witlanalytical expressions have good agreement with the FEM
result. Therefore, the code for creep function in the FEM provide predicti@misnatch the hand

calculated values
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Figure 6-8 Variable load steps applied to the model
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Figure 6-9 Creep response under variable loads
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CHAPTER 7 PART I: RESULTS AND DISCUSSIONS

7.1 SAMPLE RESULTS AND STRESS PREDICTIONS

The stress predicted with B8 Model, Modified B3 Model, B3 Model witiRr, B4 Model and the
measured stress development for 23D (30%Slag 239@) (W/C=0.38 23°C)0.42 Shale SLW

(Sum) and ICC 0.38esults are presentedhingure?-1to Figure7-4. The complete measured and
predicted stress results for all the 72 coteraixtures can be found in AppendixtdAppendix

C. Negative values represent compressive stress and positive values represent tensile stress. In
these figures, the measured stress development shownhout increment is compared to the

stress developnme predicted with the FEM that use each of the four creep models.

300
—e— Measured Stress Modified B3 Model

- 200 4 — .. B3Model =~ eeeeee B3 Model with Y 7
g_ 100 A - — =-B4 Model L A
2 0
=
“ 100
=
§ 200
8 -300 _ .

400 M . . . .

0 2 4 6 8 10 12 14 16
Equivalent Age (days)

Figure 7-1 Stress development resultéor 23D (30%Slag 23C)
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— -+ B3 Model
4l = = = B4 Model

Modified B3 Model

Model with Y

6

8 10
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Figure 7-2 Stress development resultfor ICC 0.38

16

—e— Measured Stress

B3 Model
Modified B3 Model
B4 Model

B3 Model with Y

8 10

Equivalent Age (days)

12 14

Figure 7-3 Stress development resultfor 30A (W/C=0.38 23C)
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Figure 7-4 Stress development resultor 0.42ShaleSLW

Immediately following final set, compressive stress develops due to the rise in concrete
temperature and the restraint of concrete expansion. When the concrete begins to cool, tensile
stress develops because of the restraint of cancogttraction. From these figures, it can be seen

that the B3 Model and B4 Model generally overestimate the-agdycompressive stress, while

the B3 Model with RT underestimates the compressive stress. The Modified B3 Model is between
the two extremes a@most closely predicts the measured stress. The B4 Model sometimes predicts
stress similar to the other models; however, sometimes it significantly overestimates the
compressive stress as showirigure7-2. This is because in the B4 Model, modifiers for concrete
constituents such as fly ash, AEA, water reducer, and so on are prthatldd not improve the

B4 Model 6s abil ity t-agestresoficonerdétee Foythe gan@eteimoturest h e

without modifiers, the B4 Model predictions are closer to that of the other models.
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7.2  ASSESSMENT OF THE STRESS PREDICTION ACCURACY

7.2.1 StressResidual Assessment

The stress residual is determined as the deviaiginween the measured stress and theiqies
stress as shown Bquation7-1. A positive residual means the predicted stregsaaterthan the
measured value and the stresses aesestimated Al-Manaseer and Lam (2005) also used the

stresgesidual method to assess the accuracy of various shrinkage and creep prediction models.
” w Q (Equation 7-1)
Where,
” = stresgesidual(psi),
w predictedstresqpsi), and
"Q measuredtresqpsi).

7.2.2 Statistical Assessment

To evaluate how well a model predicts the measured stress, the coefficient of determifjation (
and unbiased estimate sfandard deviation of the absolute err§) (vere used in this study.
Equation7-2 defines the coefficient of determination akduation 7-3 defines the unbiased
estimate of standard deviation of the absolute error (Montgomery et al. 2015).

. YUY (Equation 7-2)
LV,
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(Equation 7-3)

Where,

Y'Y  sum of squares of the erroB=d  "Q (psp),

“Y'Y total sum of square of the errolB=o @ (psP),

w predicted valugpsi),

"Q measured dat@si),

@ meanmeasured datgosi),

“Y unbiased estimate of the standard deviation of the absolutdpsipand

n = number of data poin{sinitless)

The coefficient of determination? is a measure of how well the predicted data represents the
measured dataséthe closer the values ofto 1, the better the modeharacterizes the measured
data The smaller the value @j, the less deviation of the predicted value to the measured data,

and therefore the better the model.

7.2.3 Stressto-Strength Range used to Evaluate Accuracy of Stress Prediction
The stresstrain relationship of concrete becomes nonlinear at higher-stregngth ratios,
which is caused by microcracking in the interfacial transition zones that begin to increase and the

proliferation and propagation of cracks in the bulk concrete matrix (Mehta and Monteiro 2006).
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Since the principle of superposition yields good approximation when concrete is within the elastic
stress range, some researchers (e.g. Byard and Schindler 20&5pbased on assessing the
accuracy of the stress predictions in a sttesgrength ratio of 70%. Therefore, the data points
used herein for the purpose of evaluating the accuracy of the stress predictions were limited to

those below a strede-strengthratio of 70%.

7.3 SENSITIVITY ANALYSIS OF MESH SIZE AND TIM E STEP

The element size and mesh density may influence the-&lgtaent modeling results (Liu and
Glass 2013). The time step deviation may also influence the precision of the FEM Bessesut
SystemesSimulia Corp.20123. Based on the reasons outlined below, a time step of 1 hour and

an element size of 1 in. were used in this FEM.

The Ehour time step is representative to charamtehe temperature change due to heat hydration

as shown irFigure6-2. Shorter and longer time steps were evaluated to determine the effect of

time step duration othe accuracy of the modeled stress. Two datasets from experiments using
the Modified B3 Model were selected to check time steps of 0.5, 1.0, 1.5, and 2.0 hours for the
FEM. The resulting values for the measured stress and predicted stress with diffexesteps

differed by less than 1 percent. So thledlr time step was used in the FEM analysis.

Similarly for the same two datasets, the meshed element sizes of 0.25 in., 0.5 in. 1.0 in., and 2.0
in. were used to check the analysis results. The resugtiegses for these mesh densities also
differed by less than 1 percent. However, the analysis time for 1 in. size model was about 5 minutes
while the 0.5 in. size mesh required 30 minutes. Therefofejn. element size provides good

accuracy with a reasable analysis time.
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7.4  RESIDUAL ANALYSIS RE SULTS
The concrete stress residuals versus equivalent age for all four creep models are shguve in
7-5 to Figure 7-8. Also shownin these figures arthe present of residuals in the following four

ranges:1) 0 td00 psj 2) 0 to-100 psj 3) greater that00 psi, and 4) less thah0O0 psi

250

1%

24%

65%

Residual (psi)
h
=] =]

-100 HEES """* """'-—-' e
-150 : | 10%
-200
-250

0 5 10 15 20
Equivalent Age (days)

Figure 7-5 Residual stress result$or B3 Model
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Residual (psi)

Residual (psi)

Equivalent Age (days)
Figure 7-6 Residual stress result$or Modified B3 Model

0 5 10 15 20
Equivalent Age (days)

Figure 7-7 Residual stress result$or B3 Model with Rt
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Figure 7-8 Residual stress result$or B4 Model

From these four figures, it can be seen that for the B3 Model, Modified B3 Model, B3 Model with
Rr, and B4 Model, the residuatata pointdhat fall in 100 psi range are 89%, 92%, 86%, and
57%, respectively. These results show that the Modified B3 Muakemost data points that fall

in the +100 psi residual range. It can also be observed Figore 7-5 that the B3 Model
underestimates 65% of the measured stresstteirange from 0 tel00 psi, and overestimates

24% in the range from 0 to 100 psi. The B3 Model Wlshown inFigure7-7 overestimates 53%

of the measured stresses in the range from D00 psi, and underestimates 33% of the stresses in
the range from 0 to 100 psi. The B4 Model showhigure7-8 underestimates the majority of the
measured stresses model with a total of 85% data points below zero. When compared with the
other three models, the Modified B3 Model providagually weltbalanced estimates in the
positive and negative stress residual ranges, which indicates that there is no bias to either
underestimate or overestimate the measured stresses.
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7.5  STATISTICAL ANALYSIS RESULTS

Ther? and§ values for the stresses dieted by the B3 Model, Modified B3 Model, B3 Model
with Ry, and B4 Model versus the measured stress for@autrete are presentedTiable7-1to
Table7-5. Ther? andS of all the data collected are shown in the last roWaifle7-5 and provide

an overall indicatiof how well the four creep models predict the measured stresses.

The results in these tables show that the Modified B3 Model performs the best compheed to t
other three models. By analyzing all the data points from the 72 concretes testédftties
Modified B3 Model is 0.88, which is thgreatesaind theS equalss6 psj which is the least among

the four modelsFor the Modified B3 Model, the finaf value of88% for all the data in the
database suggests that 88% of the errathendata is explained by the model. Since this is
sufficiently high, no modification to the Modified B3 Model is recommended and it can be

concluded that the FEM provides acate predictions of measured eaalge concrete stresses.
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Table 7-1 Statistical results forfour creep models from Project A (Part 1 of 2)

r? S (psi)
Mixture B3 Mogiged Mggel B4 B3 Mogi;ied Mggel B4
Model Model with Model | Model Model with Model
Rr Rr
12A ( Control73%) 0.97 0.99 0.89 0.97 30 20 58 32
12B ( Control50°F) -0.85 -0.27 -0.20 | -0.99 160 133 129 166
12C ( Control5°F) 0.97 0.98 0.74 0.97 33 28 100 32
12D (Control73F) | 091 | 0.95 | 0.88 | 0.96 | 67 49 76 46
12E (ControB0°F) | 0.72 | 0.80 | 0.96 | 0.71 | 109 94 41 | 111
21 (30%ClassC) | -0.15 | 0.22 | 0.30 | 0.30 | 128 105 100 | 100
22 (20%ClassC) | -0.01 | 041 | 055 | -6.57 | 119 920 79 | 324
23A (30%Slag’3F) | 0.68 | 0.81 | 090 | 053 | 69 52 39 83
23B (30%Slag0F) | 0.35 | 0.62 | 0.45 | -0.09 | 74 54 66 92
23C (30%Sla@5%) 0.94 0.99 0.86 0.96 37 19 58 31
23D (30%Slag/3°F) 0.95 0.99 0.90 0.95 38 21 57 39
23E (30%Sladp0F) 0.82 0.88 0.96 0.78 82 68 39 91
24A (50%Slag’3F) | 058 | 0.71 | 0.75 | 0.33 | 61 51 47 77
24B (50%Sladh0%F) 1.00 0.93 0.99 0.91 4 15 5 17
24C (50%Slag5F) | 0.79 | 0.89 | 0.96 | 0.86 | 58 42 26 | 48
24D (50%Slag3¥) | 059 | 0.72 | 0.75 | 0.35 | 61 60 47 77
24E (50%Slag0%) | 0.92 | 0.94 | 095 | 058 | 37 33 30 85
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Table 7-2 Statistical Results for Four Creep Models from Project A (Part 2 of 2)

r2 S (psi)
e o e | 2 ] e [ e |2,
Model with Rt Model with Rt

25 (25%ClassC 6%Slag) -1.24 -0.28 -0.19 | -10.99| 141 106 103 325
26 (25%ClassF 6%Slag) 0.62 0.74 0.77 -3.18 72 60 56 241
27 (20%ClassF 30%Slag 0.97 0.88 0.96 0.02 18 33 20 96
28 (W/C=0.32) 0.83 0.93 0.88 0.20 74 48 61 160
30A (W/C=0.38 73°F) 0.94 0.98 0.89 0.98 53 30 57 23
30B (W/C=0.3850%) -0.99 -0.42 -0.21 -0.64 179 151 140 162
30C (W/C=0.3895%) 0.88 0.85 0.29 0.59 75 85 181 137
30D (W/C=0.3873°F) 0.96 0.96 0.69 0.84 49 51 136 98
30E (W/C=0.380%) 0.70 0.80 0.96 0.97 134 108 46 40
31 (W/C=0.48) 0.88 0.93 0.94 0.94 48 37 34 34
32 (W/C=0.53) 0.49 0.62 0.82 0.86 81 70 49 42
33A (Type 11 73°F) 0.97 0.94 0.76 -0.89 31 50 97 270
33B (Type [1150°F) -0.17 0.14 0.28 -6.91 158 136 124 412
33C (Type I1195%) 0.84 0.93 0.87 -2.18 63 42 58 286
33D (Type I173°F) 0.99 0.99 0.75 -0.72 19 22 193 291
33E (Type 1150%) 0.82 0.90 0.94 -1.50 95 71 54 356
34 (AEA) 0.71 0.83 0.89 -0.16 66 51 37 119
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Table 7-3 Statistical Results for Four Creep Models from Project B(Part 1 of 2)

r? S (psi)
Mixture B3 Mogiged Msgel B4 B3 Mogi:‘;ied Mggel B4
Model Model with Model | Model Model with Model
Rr Rr

0.42 Slate IC (Fall) 0.93 0.96 0.95 0.83 29 23 25 45
0.42 Slate IC (Sum) 0.67 0.90 0.91 0.53 51 28 26 61
0.42Slate SLW (Fall) 0.96 0.90 0.87 0.96 20 31 35 21
0.42 Slate SLW (Sum)| 0.80 | 0.97 | 0.91 | 064 | 34 12 23 46
0.42 Slate ALW (Fall) | 0.86 | 0.83 | 0.83 | 0.84 | 30 33 32 31
0.42 Slate ALW (Sum)| 0.81 | 0.78 | 0.70 | 0.81 | 37 39 46 37
0.42 Clay IC (Fall) 098 | 094 | 093 | 091 | 16 27 27 31
0.42 Clay IC (Sum) 098 | 093 | 072 | 086 | 14 27 53 38
042 Clay SLW (Fal) | 094 | 0.97 | 098 | 074 | 14 10 9 30
0.42 Clay SLW (Sum) | 0.74 0.97 0.98 0.66 44 15 14 50
0.42 Clay ALW (Fall) | 0.85 | 0.81 | 0.87 | 0.56 | 19 21 18 32
0.42 Clay ALW (Sum) | 0.71 0.93 0.97 0.34 32 15 10 49
0.42ShaleIC(Falll | 0.99 | 097 | 094 | 095 | 12 19 25 23
0.42 Shale IC (Sum) 0.89 0.96 0.89 0.82 36 22 34 45
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Table 7-4 Statistical Results for Four Creep Models from Project B (Par® of 2

r? S (psi)

Mixture B3 Mogiged Mggel B4 B3 Mogi:‘;ied Mggel B4

Model Model with Model | Model Model with Model
Rr Rr

0.42 Shale SLW (Fall) | 0.94 0.99 0.98 0.76 19 7 11 38

0.42 Shale SLW (Sum)| 0.87 0.99 0.93 0.75 31 10 23 43

0.42 Shale ALWFall) | 0.88 | 0.82 | 0.87 | 0.76 | 18 21 18 25

0.42 Shale ALW (Sum)l 0.93 | 0.86 | 0.81 | 092 | 21 29 32 22

0.42 RG (Fall) 033 | 084 | 080 | -042| 58 28 32 84
0.42 RG (Sum) 354 | -143 | 039 | -5.03 | 112 82 62 | 129

0.42 LS (Fall) 090 | 094 | 094 | 081 | 35 27 27 48

0.42 LS (Sum) 082 | 098 | 097 | 0.88 | 30 15 21 37
0.36 RG (Fall) 063 | 079 | 082 | -099| 75 56 52 | 317
0.36 ICM (Fall) 048 | 077 | 0.84 | 088 | 76 50 42 | 144
0.36 ICH (Fall) 037 | 071 | 081 | -110| 85 58 47 | 155
0.30 RG (Fall) 063 | 075 | 0.85 | -1.15 | 137 114 87 | 331
0.30 ICM (Fall) 0.66 0.81 0.86 | -1.34 102 78 66 269
0.30 ICH (Fall) 017 | 0.67 | 0.84 | -391 | 115 73 51 | 280
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Table 7-5 Statistical Results for Four Creep Models from Project C and 8mmary Data for

All Data Points

r2 S (psi)
Ve | e | s | wode | 20|22 | ot |
Model | with Rr Model | with Rr

REF0.38 | 055 | 0.63 | 073 | -10.71| 121 | 110 94 464

lIcco3s | 098 | 099 | 081 | -3.02 | 24 17 68 312
ISLwc0.38| 059 | 079 | 086 | -10.13| 53 39 32 278
sLwco38| 090 | 089 | 062 | -1.60 | 43 46 86 224
ALWCO0.38 | 0.86 | 080 | 055 | -3.42 | 38 32 58 179
REF045 | 079 | 075 | 068 | 067 | 64 69 78 179

lIcco4s | 097 | 089 | 075 | -0.18 | 20 42 62 135
ISLWC 0.45| 0.38 | 078 | 095 | -6.66 | 54 32 16 190
SLWC045| 0.84 | 071 | 044 | 048 | 49 69 91 88
ALWC0.45 | 0.60 | 041 | 027 | 050 | 44 54 60 50

AiDaa | 0g3 | 088 | 082 | -015 | 66 56 69 172
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CHAPTER 8 PART |: CONCLUSION

A threedimensional, finiteelement model (FEM) of concrete subjected to restraint to volume
change tests was developed and its results compared to test results. This FEM was used to simulate
the earlyage concrete stress development considering temperasiories, changing mechanical
properties, and creep effects. Four creep models including the B3 Model, Modified B3 Model, B3
Model with Ry, and B4 Model were incorporated in the FEM to determine their level of accuracy

by comparing their stress resultsthe measured experimental data. Eadg stress development

from restraint to volume change tests from 72 concresssised to verify the accuracy of the four

creep models. These concretes used varying cementitious materials, aggregatev/types,
chemical admixtures, and temperature histories. The results presented in this paper support the

following conclusions:

1. The finiteelement model provides accurate predictions of measuredaggrlgoncrete stresses.

2. The residual analysis of the foueep models show that the B3 Model and B4 Model generally
overestimate the earlgge concretstress, while the B3 Model wifRr underestimatgthe stresses.
The B4 Model significantly overestimates the eatye compressive stress when its modsfier
concrete constituents ansed The Modified B3 Model provides the best prediction of eadg

concrete stresses.

3. The statistical analysis of stress results based on the B3 Model, Modified B3 Model, B3 Model
with Rr, and B4 Model resulted irf of 0.83, 0.88, 0.820.15 andS of 66 psi, 56 psi, 69 psiand

172 psi, respectivelyfor all the data in the database. These results shainthlte Modified B3
Model provides the most accurate predictions of the @méyconcrete stress among the models

considered.
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PART Il :
FINITE -ELEMENT MODELING AND ANALYSIS OF EAR LY-AGE CONCRETE
CRACKING RISK OF CAST -IN-PLACE CONCRETE CULVERTS
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CHAPTER 9 PART II: INTRODUCTION

9.1 BACKGROUND

Extensive crackingvas foundin various casin-place (CIP) reinforced concrete box culverts
locatedin the Anniston East Bypass (AEB) in Anniston, Alabaia(on 2013. An example of

a 0.08in. wide crack in a culvert wall is shown igure9-1. Many cracks in the AEB culverts
had widthswider than 0.04n. and far exceeded 0.012 (0.3 mm),which is the tolerable limit

for the exposure condition of these culverts in accordance with ACI2ZZ)( Because of the
numerous wide cracks encountered, condition surveys were conducted on other CIP reinforced
concrete box culverts throughout Alabama. Fourteen culwents surveyed@nd similar cracks
werefoundin most of these culverts, with modttbe excessively wide cracks being transverse
and located either in the base or in the walls of the cul(ditgon 2013. The lengths of these
culverts varied from 122 ft to 1005 fvi{nton 2013. For the 14 surveyed culverts, 11 used
constructionjoints and 3 used contraction joints to ceanadjacent culvert section§hese
construction joints (herein called tied joints) had deformed reinforcement continuing
longitudinally through the joint, which restrains longitudinal contraction and expasisholjacent
culvert sectionsHowever the contractio joints used in three projecédiow adjacent concrete
sections to contradhdependentlyand expandThe spacing of these tied or contraction joints

between culvert sections ranged from 30 ft to §®1fhton 2013.
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Figure 9-1 Cracking in culvert wall

The primary cause of cracking was attributed to restraint of thermal and drying shrinkage effects.
Early-age stress development in concrigeinfluencel by temperature changes, modulus of
elasticity, stresgelaxation shrinkage, thermal coefficient of expansion, and the degree of restraint.

Cracks occur when tensile stress in the concrete exceeds its tensile strength.

9.2 RESEARCH OBJECTIVES
The primary olgctive of thispart of the dissertatiols to determine means to mitigate eadge
cracking in CIP culvertdn order to acheve this objective, gaecondarybjective is to develop a

finite-element mode(FEM) that cansimulate the earhage stresslevelopment of concrete
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considering the changing mechanical properties, thermal effect, creep or relaxatiairying
shrinkage Experimental esults from restraint to volume change tests wglt cracking frames
were used to verify the accuracy of thEM, and this was done in Pdrof the dissertationin
order to determineneasures taitigate culvert cracking, a parametric stuakas performeavith
the FEM to evaluate the effect of changing joint spacing, joint type, constructiomerse,

concretecoefficientof thermal expansion, placemesgason, and concrete type.

9.3 RESEARCH APPROACH

Restraint to volume change tests witfid cracking frame$RCF) wereused to measure the early

age stress development in various consratdich has been discussed in ParEeventytwo
concretemixtureswere tested to assess the eadge stress development by using the Rétfel
threedimensional finiteelement analysis was used to model these 72 concretes. By comparing
FEM results with experimental results, it is concluded that the Modified B3 Model performs the
best to predict earlgge concrete stress developmantithuswasused to evaluate the causes of

cracking in CIRconcrete boxulverts in Partl.

The concrete taperature profile usefbr the stress calculation ihe FEM wasobtainedfrom
ConcreteWorks which is an earlyage concrete temperature development and thermal stress
analysis software Concrete creep and drying shrinkagere modeled with userdefined
subroutines in ABAQUSThe ABAQUSmaterial subroutine UMATvas used to define tloeeep
effectsof the concreteThe usersubroutine UEXPAN was used to calculate incremental thermal
strains as function afoncretetemperatureThe drying firinkage model was also coded into this

subroutine considering the concrete properties.

102



Culvert J one ofculverts that exhibited extensive crackingasused as baseline for the FEM.
Eight-node linear hexahedral (brick) elemewith three translational degrees of freedom at each
node (C3D8)were usedThe FEM wasused toperform parametric studieso determine the
influenceof changing the contraction joint spacingjo concreteCTE values, three placement
seasons, two joint tys, three construction sequencasd three concrete types early-age

cracking risk.

9.4 RESEARCH OUTLINE

This part of dissertation comprisebve chapters. A literature review containing culvert
information, concrete culvert cracking background, and carsgmfluencing factors of cracking

in culvert are summarized in Chapti€. The process of modeling concrete culvert using finite
element metho(FEM), which includes incorporating culvert geometry, material properties, creep
model, and drying shrinkageadel is presented in Chapter 1The results ofheparametric study
conductedvith the FEM to evaluate the effect of changing joint spacing, joint type, construction
sequence, concretmefficient of thermal expansion, placement season, and concrete type are

summarized in Chapter 12onclusions for this part are presented in Chapter 13.
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CHAPTER 10 PART II: LITERATURE REVIEW

10.1 OVERVIEW OF BOX CULVERT S

Culverts are structures that allomater to flow inside from one side to the other sudean
obstruction They are generally under a road, railroad, trail, or similar obstruction, and are
embedded and surrounded by sdihe culverts can be madeofn corrugated metal, [=ac,

reinforced oncrete or other material

Culverts are commonly used both as crissns for ditch relief and to pass water under a road at
natural drainage and stream crossings. Some culverts are-likelge that its design allows
vehicle or pedestrian traffic to cross over the waterway and also allow adequate water to pass
through The sizes and shapes of culverts are various, which include rountikdyoiliptical,
flat-bottomed, and peahaped construcins. The selection of the type and shape of a culvert is
based on many factors such as requirements for hydraulic performance, limitation on upstream
water surface elevation, and roadway embankment h€lghherFarbank Highway research

Center. 1998)

Box culverts are designed not only to be hydralic structures, but also to supportdatisdtom

earth pressure and vertical loads from earth and vehicle pres#isf3QT 2011). Reinforced

box culverts can be precast or essplace (CIP) and theselection of them depends on many
factors.Precastculvers can be produced at argland transported to the field site and the benefits

of this type include reduction of issussated toconstruction time, site constrairgnd traffic
management. The didvantages of precast culverts are limitations of certain sizes and skews
because of transportation and handling concerns, and the possible high cost of tranportaion to the

job site FDOT 2011) CIP concrete culvertare built with available readwixed concrete and
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their advantages include that the culverts can be specifically designed to meet the unique needs of

the site(ConnDOT 2000).

10.2 CULVERT CRACKING BACKGROUND

10.2.1 Culvert Cracking in Anniston East Bypass (AEB)

Extensive cracking was found in various G#nforced concrete box culverts on the Anniston
East Bypass (AEB) in Annistodgesigned and owndaly Alabama Department of Transportation
(ALDOT) (Minton 2012) Figure10-1 shows the entrance AEB Culvert at 175+70A crack wider

than 0.012 in. is the tolerable limit for the exposure condition of these culverts in accordance with
ACI 224 (2001). Many of the aerved cracks in the AEB culverts were wider than 0.04 in.
lllustration ofonecrack type found in AEB culvers shown inFigure10-2. The majority of the

transverseracks were located in the top slab and wahsl some were observed in the walls only.

Figure 10-1 AEB Culvert at 175+70 Entrance(Minton 2012)
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Figure 10-2 Transverse base crack in the AEB project (crack width>0.06 in.jMinton 2012)

10.2.2 Summary of SurveyedCulverts

Because of the numerous wide cracks encountésalw-up culvert crack condition surveys were
conducted of existing CIP reinforced concrete box culverts throughout Alabama. These surveys
include documenting the width and location of all the transverse cracks observed and other signs
of distress (Minbn 2012). A total of 14 culverts were visited and the geometry, length, fill height,
and joint information for all the culverts are shownTable 10-1. There are twaypes of joints

used in these culvertene isa construction joint (herein called tied jointhich has deformed
reinforcement continuing longitudinally through the joint, which restrains longitudinal contraction
and expansiowf adjacent culvert sectionanother isa contraction joint which allows adjacent

concrete sections independentlyontract and expand.

From theTable10-1, it is shown thathe lengths of tbse culverts varied from 122t 1005 ft,
11 used construction joints and 3 used contraction joints to connect adjacent culvert sections, and

the spacing of these tied or contraction joints between culvert sections ranged from 30 ft to 53 ft.
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Table 10-1 Surveyed Culverts Information (Minton 2012)

ggr?e(lgl?(. Maximum Ceiling Interior Exterior Joint
CulvertlD | \igthx | “®"9™M | Eil Height | Thickness | -, al Wall | Joint Type | o cing
. Thickness | Thickness
Height)
AEB < A ¥ " .
149+60 (C) 11861 1, 00 560 17 -- 14 Tied 48
AEB < A ¥ " .
162+90 (D) 116061 355 3606 13.5 -- 11.5 Tied 53
AEB < A « .
175470 (E) 11861 508 526 16.5 -- 10.5 Tied 52
AEB < A « .
240437 (J) 21 861 892 596 18.5 9 15 Tied 50
AEB < A « .
257+69 (I) 11 6061 625 780 18 - 13 Contraction 49
Centreville A .
1808498 31126 286 126 14 6 10.5 Tied 51
Corridor X < A A ~ ~ .
4877+13 31 861 901 1246 240606 12 24 1 6| Contraction 38
Corridor X < A A A A A N .
4959+43 31 861 945 1106 28 060 1266 24 0 6| Contraction 44
ComidorX |\ 37 661 >90d NA N/A N/A N/A Tied 46
Exit 85
Dadeville " " A A A .
45+31 55 31100 305 326 16.5 760 1260 Tied 44
Dutton - N A A .
548+23 11861 929(114@0 240606 N/A 19.5 Tied 46
-85 North 21 10606 122 N/A N/A N/A N/A Tied 35
I-85South| 21 126 287 N/A N/A N/A N/A Tied 41
Prattville .
US.82 N/A N/A N/A N/A N/A N/A Tied 30

10.2.3 Definitions and Terminology of Culvert

The terms that used in this study are defined as followkdnerican Concrete Institute (ACI

CT 2016):

1 Castin-place concrete- concrete that is deposited aaliowed to harden in the place
where it is required to be in the completed structure, as opposed to precast concrete.

1 Precastconcaetei concrete cast elsewhere than its final position.
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1 Construction joint T the surface where two successive placements free meet,
across which it may baesirable to achieve bond and through which reinforcement may be
continuous.

1 Contraction joint T a formed, sawed, or ded groove in a concrete structure to create a
weakened plane to regulate the location of craclasglting from dimensional change of
different parts othestructure.

1 Transversecrack i a crack that crosses the longer dimension of the member.

1 Longitudinal crack 1 a crack that develops parallel to the length of a member.

10.3 CAUSESOF EARLY -AGE CRACKING

The primary cause ofarly-agecrackingin the concreteculvertswas attributed to restraint of
thermal and drying shrinkage effe¢iinton 2012) Earlyage stress development in conciiste
influencedby temperature changes, modulus of elasticity, str@axation,shrinkage, thermal
coefficient of expansion, and the degree of restraint. Cracks occur when tensile stress in the
concrete exceeds its tensile strengthe development of thermal stress can be determined with

Equation10-1 (SchindlerandMcCullough2002.

0=KJI CTEI &T1 (Equation 10-1)

Where,

A is thethermalstress (psi),

E. is the creefadjusted modulus of elasticity of the concrets!)(

Kr is the internal/external restraint factor,
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CTE is the coefficient of thermal expansioocob ncr et e (i n./in./ eF),

NTis the difference in temperatur€lzerostress- Tmn( € F ) ,

Terosressi S t he temperature at zero stress in t

Tminis the minimum temperature recorded byt¢bacretene mber (e F) .

More details ofthe factorsinfluencing early-age cracking of concrete, which include thermal
dilation, creep effectand concrete mechanical propertiésive been discussedRartl (Chapter
3 of this dissertation)Other causes of earfge cacking involve drying shrinkagand external

restraintarediscussed in the following sections of this chapter.

10.4 LONG-TERM DURABILITY

Corrosion is harmful damage that occurs in reinforced concretgigtes Corrosion of steel is an
electrochemical process that needs an oxidizing agent, moisture, and electron flow with the steel
(Mehta and Monteiro 20)4Ordinary einforcing steel is usually coated with a protective thin-iron
oxide film, which is impermeable and adherent in a highly alkaline environnvetta( and
Monteiro 2014. A critical requirement for corrosion is the breakdown of the pacifyingorode

film on steel and this can be achieved by two ways. One is the removal of alkalies and calcium
hydroxide through leaching or carbonation, and this reduces the pH and corrosion initiates when
pH < 11.5 at steel level. Another way is that a critical amount ofidels is deposited at the steel

level and corrosion initiates when a threshold of chloride content is reached, even if pH > 11.5

(Mehta and Monteiro 20)4

The common sources of chlorides are admixtures, deicing salts, seawater,-andtaaiinated

aggregates. The first way takes very long and the second way is the main cause and can occur over
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a short period. After the breakdown of the pacifying {oxde film on steel, the process of
corrosion initiates and an electrochemical reaction can octie ateel surface in the presence of
moisture and oxygen. The positively charged iror*{)Fim the steel at the node move to the
cathode to react with the negatively charged hydroxide ions) (@#tich comes from water and
oxygen, whichformsiron oxide @ rust and this is accompanied by an increase in vol(ivehta

and Monteiro 201 This process can be illustratedRigure 10-3. This volume increase causes

high radial bursting stresses around reinforcing bars and would resutiaret® expansion and
cracking.These cracks can propagate along the bar, leading to the formation of longitudinal cracks
(cracks running parallel to ¢hbars), spalling of the concrete or delamination of the concrete

surface (ACI 224 2007).

Cathode process Anode process
05+ 2H,0 + 46— 40H" Fe — Fe**+ 2¢
0, O,
I |
. Fe** PPN - | Moist concrete

as an electrolyte

| Iron oxide/hydro-
| xide surface film

Cathode —Anode — ' on steel

i I
e e‘*’f/T T\\* /)

Current flow

Figure 10-3 lllustration of corrosion process(Mehta and Monteiro 2014

The cracksanprovide easy access for cosive agents (moisture, oxygen, and chlorides) which

provide a condition to accelerate the corrosion and cracks. Common protection against corrosion
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include use of concrete with low permeability and adequate cover. For severe exposure conditions,
additioral protective measures like coated reinforcement, sealers, or overlays on the concrete,
corrosion inhibiting admixtures, and cathodic protection (TransportatisedReh Board 1979)

can be used.

10.5 CRACK CONTROL

10.5.1 Reinforcement

The reinforcement ratio and stéxr size in reinforced concrete have an effect on the crack width
and spacing. Research by McCullough and Dossey (1999) based on observations from 12 years of
monitoring experimental test sections in Houston, Texas showed that as the steel percdrgage in t
continuously reinforced concrete (CRC) pavement increases, the crack spacing, crack width, and
steel stress decrease. This is because as the steel percentage is increased, cracks begin to form
closer together and the steel restrains cracks from opetieg the volume change ocsum the

concrete (McCullough and Dogsd999). The effect of bar siagas also studied and results
showed that the pavement with a larger bar size would have a larger crack spacing, and this is
because the larger bar has aédargond slip area which leads to crack wadthat are larger and a

mean crack spacing that is also larger (McCullough and Dossey 1999).

ACI224R01 AContr ol of Cracking of Concrete Stru
spacing of reinforcement to hesed in structural floors, roof slabs, and walls for control of
temperature and shrinkage cracking is given in ACI 8@&14) or ACI 350 (2001)%. The
minimumreinforcement percentage, which is between 0.18 and 0.20%, does not normally control
cracks towithin generally acceptable design limits. To control cracks to a more acceptable level,

the percentage requirement needs to exceed aboWh0.6@r concrete members that are in
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environmental exposure conditions or required to be litjgitt, the requird ratios of shrinkage

and temperature reinforcement are summarizdable 10-2.

Table 10-2 Minimum shrinkage and temperature reinforcement (ACI 350 2001)

Length between movemen Minimum shrinkage and temperature reinforcement rati
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 andgreater 0.0060* 0.0050

*Maximum shrinkage and temperature reinforcement where movement joimistare
provided.

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

Section 5.10.8 of thekASHTO LRFD Bridge Design Specificati¢@816) provides tvo governng

equations for the shrinkage and temperature reinforcement in CIP reinforced concrete box culverts.

P® WQ (Equation 10-2)

Where,

0 = area of temperature and shrinkage reinforcement per length of culvert component

(in.2/ft),
b = smallest height/width of the culvert component section (in.),

h = smallest thickness of the culvert comporsadtion (in.), and
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"Q = yield strength of the reinforcement75 ksi (ksi).

™ E3TEO 6 1 nE8TEOD (Equation 10-3)

The reinforcement based on these equations should be distributed undosmig the perimeter

of the culvert component. For example, a culvert wall with a height of 8 ft, a thickness of 9 in.,
and an assumed reinforcement yield strength of 60 ksi, the temperature and shrinkage
reinforcement area would be 0.08%#ft. If the same wall was 15 in. thick, the shrinkage and

temperature reinforcement area woudtDbil41in 2/ft.

10.5.2 Joints

Joints areanimportant aspect of crack control and construction (Kosmatka et al. 2002). Joints can
serve as intentional cracks aadveakened plan® ensure the cracks occur in places that are of
minor importance (ACI 224 1995). Joints also allow for concrete to be cast in sections instead of
continuouslyConstruction joints or contraction joints are used in culvert base slabanalioof
sectimms A discussion of the purpose of each joint type and its use is provided in the following

part.

10.5.2.1 Construction joins

For many structures, placing concrete in a continuwusery largeoperation is impractical
thereforeconstruction joints are neededaccommodate the construction sequencedsting the
concrete (ACI 224 1995). Construction joints separateséotionsof concrete that have been
placed at different times (Kosmatka et al. 2002). The type and layout of constructisshountl

be deermined before concrete placemest,thattheseconstruction joirg will coincide with the
location ofisolation and contraction joints. When construction and contraction joints do not

coincide butt and bonded joints are used as construction joints.d8ocoinstruction joints are
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used when there isufficient time to permit the concrete to harden and tie bars or continuous
reinforcement may be used in bonded joints (ACI 224 1995). Butt joints can be usegligtttiyn
loaded slabshowever, for thickeslabs or slabs with heavy loads, key or dowels joints should be

used (ACI 224 1995).

Figure 10-4 shows a transverse construction joint used in culverts AEB Culv2daCat37that
were defined as BJ66 Vee Joints with reinforc:é

Figurel0-5illustrates two types of butt construction joints.

~— Constructlon or

%" Vee Joint \

l |
rF

¥

v e LI P "
i 8 & | & CN Y

e’.
IR AR

Ao LA

SECTION OF BOX CULVERT SECTION OF WALL

NOT E

A 347 Vee Joint Is equivalent to and can be used instead of a Construction Joint For
box culvert construction, The term Joint shall refer to efther and shall be determined
by the Project Engineer.

No Joint Is required Tor box culverts up fo 60 71 long. Box culverts 60 71. 1o 80 7T
long require one (1) joint, 90 f1. fo /35 ft. two (2) joints, and 135 ff. fo /70 fL
three (3) joints. For box culverts over |70 1. long place jolnts af approximare equal
intervals of not less than 40 ft. nor more than 55 ft. The foints shall be normal tfo the
centerline of the box culvert with fongitudinagl reinforcing exfending through the joint.
Use no key or expansion marerial In foints.

Figure 10-4 Vee joint detail (ALDOT 2010)
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Edge each side with
( 3-mm (1/8-in.) radius |

Butt-type construction joint
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Edge each side with
v 3mm (1/8-in.) radius |

PR S ﬁ"ﬁ?ﬁ’ .-‘-:-.-|I = A
= Smocth dowel  gl=s -'
barcoatedto gk
prevent bond ity D
A s a s i@%
Wi ;
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|

Butt -type construction jaint with dowels
ib)

Figure 10-5 lllustration of (a) Butt construction joint and (b) Butt construction joint with

dowel bars (Kosmatkaet al. 2002)

10.5.2.2 Contraction joint

Contraction joing allowthe concrete to move and allow for controlled cracking due to shrinkage
and thermal stresses to occur (Kosmatka et al. 2002) purpose of contraction jogis also to
relieve the tensile stresseaused by shrinkage and thermal effects (ACI 224 199 function

of a contraction joint to relieve stress in a long concrete wall is shofigume10-6. The wal is
restrained at the bottom by the footing, and this restraint prostoessesn the concrete that

exceeds the tensile capacity and cause cracking.
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Figure 10-6 Contraction Joint Concept (ACI 224 1995)

The formation of contraction joint includesingsaw cuttingor hand tooling, preformed inserts.

Saw cutting is to cut a groove into hardened concrete with a saw and this should be done soon after
the concrete d&s hardened (ACI 224 1995). A hatmbled contraction joint is to create a gve

using a hand tool to the required depth. Preformed jairgto create groove by putting wood,
rubber, metal or plastic strips into concrete before finishing. Fbick floor slab, a premolded

insert ca be placed on the bottom of the slab, and the combined depth of the top and bottom inserts
should exceed Y4 the slab depth (ACI 224 1995). The contraction joints subdivide the entire slab
into smaller partsandshould be cagble of transferring vertical loads from one part to the other.
This load transfer can be accomplished through aggregate interlock, through a preformed key, or
by the use of dowelled joifACI 224 1995) Figure10-7 illustrate a sawcut contraction joint, a
contraction joint formed by a premolded strip, a contraction joint for a thick slab, and a doweled

contraction joint. A keyed contraction joint from the AEB project is showk¥ignre10-8.
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Figure 10-7 lllustration of (a) Saw cut contraction joint, (b) contration joint with a
premolded insert, (c) contration joint in a thick slab, and (d) doweled contraction joint
(ACI 224 1995)
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Figure 10-8 Contraction joint from the AEB project (ALDOT 20 01)
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Different contraction joint spacings are recommended in literature. Several recommendations
compiled by ACI 224 (1995) for contraction joint spacing are showiabte10-3, and AASHTO

(2010b) recommends that contraction joint spagingunnek be provide evergo ft.

Table 10-3 Recommended Contraction Joint Spacings (81 224 1995)

Author Spacings

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

15 to 20 ft (4.5 m to 6 m) for walls and slabs on grade. Recommends joi
Fintel (1974) | placement at abrupt changes in plan anthahges in building height to
account for potential stress concentrations.

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

PCA (1982) | 20 to 25 ft (6 tor.5m) for walls depending on number of openings.

15 to 20 ft (4.5 to 6 m) recommended uBHk.1R89, then changed to 24 tq

ACI302.IR | 36 times slab thickness.

ACI 350R83 | 30 ft (9 m) in sanitary structures.

Joint spacing varies with amount and grade of shrinkageemperature

ACI 350R g
reinforcement.

ACI 224R92 | One to three times the height of thall in solid walls.

10.6 BOX CULVERT CONSTRUCTION PRACTICES OF THE ALABAMA
DEPARTMENT OF TRANSPORTATION

10.6.1 General Construction

The contractor shall have the choice to use either precast engdate concrete culverts if the

plans do not show the requiredlvert type.For culverts constructed with castplace concrete,

the sequence of concrete placement for slabs and walls should follow the rule that the bottom slab

shall be placed first and allowed to be set before the continuing construction of iardatiop
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slabs (ALDOT 2012)Standardspecifications fothighway constructionin ALDOT (2012)stated
t h Lualverfiwalls and top slab that havearerall height of 8 for less may be constructed with
a continuous placement of concrete, while for théswand top slab have overalight greater

than 8 ftshall be constructed by separate concrete placetments

10.6.2 Required Construction Joints

All culverts longer than 60 ft should have construction joints and the spacing of the joints should
be set to provideapproximately equal length sections along the culvert. For culvert lengths
between 60 ft and 90 ft, one construction joint will be required; fateculengths greater than 90

ft and less than 135 ft, two construction joints will be required; for culvestn 136 ft to 170t

in length, three construction joints will be required; for culverts over linddngth, construction

joints shall be spaced at approximately equal intervals of not less than 40 ft nor more than 55 ft

(ALDOT 2012).

10.7 EXAMPLES OF BOX CULVERT CRACK CONDIT ION SURVEY

10.7.1 Culvert C

The condition survey of AEB Culvert at 149+60 (Culvert C) performed on July 12,8010
reviewed in this section (Minton 2012). This culweds built withtransverse construction jost

with continuous longitudinal reinforcement and the average joint spacing was 48 ft. The joint plan

of this culvert was shown iRigure10-4. The entrance dhe cuhert are shown ifrigure10-9.

The survey resulthewthat the widest crack observed was 1/8 in. in the north wall at stations 308
ft 0 in. (shown inFigure10-10) and 314 ft 0 in., and the widest joint opening was ¥4 in. at station

293 ft 3in. in the base of the culvert (Minton 2012).
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Figure 10-9 Entrance of culvert C (Minton 2012)

Figure 10-10 Transverse crack in AEB culvert at 149+60 in the north wal(Minton 2012)

10.7.2 Culvert J
The survey for AEB Culvert at 240+37 (Culvert J) that performed on November 9,i2010

reviewed inthis section. This culvert was also built witbhnstruction joints with continuous
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reinforcement, aththe joint spacing was 50 fthe survey resultmdicaie that many of the cracks

in this culvert had been repaired when the team viditedever some of these cracks had begun

to reopen. The widest crack was 3/16 in. wide at station 595 ft O in., and the widest construction
joint opening was 3/16 in. at sta 69 ft O in. in the ceiling, both walls, and the base (Minton
2012). One example of craok in the basef Culvert Jis shown inFigure10-11. The Anniston

East Bypass (AEB) Culvert at 240+37 is known as Culvert J in this study was used as baseline.

The crosssection drawing of this culvert is shownkigure10-12.

Figure 10-11 Base Crack from AEB Culvert at 240+37(Minton 2012)

Figure 10-12 Cross sectiom geometry of Culvert J
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10.8 SHRINKAGE EFFECTS

The loss of moisturfomt he concreteds cement paste phase d
causes drying shrinkag®éhta andvionteiro2014). Best practice is to cure concrete for at least

7 days after placement, whietlows the microstructure to densify adelays the onset of drying
shrinkageSo when curing is seized, the effects of drying shrinkage will be additive to the stresses

caused byhermaleffects.

Autogenous shrinkageisdeid as t he @ ¢ h a ncheenical processoof hydraion d u et
of cement exclusive of effects of applied load and change in either thermal condition or moisture

c o n t(ACGI €T02016. When the wateto-cementitious materials ratia/(cn) is above 0.42he

concrete has enough water for hydration, and the stresses related to autogenous streénkage
neglegible(Mindnesset al. 2002. Since all the CIP culverts surveyed in this study haad/enf

of 0.44, the effect of augenous shrinkage was neglectedhe remained of this work

10.8.1 Drying Shrinkage Model
Since the B3 Model is used for creep prediction purpokes,t shr i nkage model fr

Baweja 2000 shown inEquation10-4 to Equation10-15is used in this study.

Mean shrinkage strain in the cross section:

~ ~ L ALz A

G o i QYo EFES p (Equation 10-4)

. (Equation 10-5)
Yo OAIl ET—

Where,
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i oD =isthemean shrinkage in the cross section at timeated to curing timé ,

T = is theultimate drying shrinkage

‘Q =is a humiditydependentactor,and
"YO = is the time functiomefining the shape of thehrinkagecurve

Humidity dependence:
P Q QEIQ Ty (Equation 10-6)
Q T QEIQ pi 0Qa LWV QI
a Q¢ VD Qi N € QEOTREYPE Q p
Size dependence:
Tt M0 Qdhwi (Equation 10-7)
O c¢quii Q8 (Equation 10-8)
L patm Q€ 1 ®eQe Qe X @ (Equation 10-9)
v PP U Qe @ E£QE Qo XD Qe Q
ko) ., P& v Q¢ d &0 "QGiE D @i NI

v P& T QE 1T i Q
v pd L "QE OO WQ

T’Q o Eﬂ \ 8 "0 x 0 d) w@s (Equation 10‘10)
Where,

"Q relative humidity,

T size dependence factor,
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Q = the crosssection shag factor,

Ui = volume to surface ratio of the concratemberand

"Q cylinder compression strength.

Timei dependence of ultimate shrinkage:

(Equation 10-11)

06 © 0 7
C Y @b
i i —— E#EB p 1t (Equation 10-12)
T 1 cw®Q® ¢xm EFEBp (Equation 10-13)
P8 "Q¢ TYONQ'Qa M o (Equation 10-14)

= T L"QE i’Ymr‘])'@'Qa DE o
PP Q¢ YO ) QI a BE O

ULV QT 0QO@O1 ME Q

p& "QE T QOE@ BE 1 ddodi ESA THQE QO QO &
Ni €0 QORI dQe "Q

P8t "Q¢ o1 DGO IO M NIPQa OB AVATBRO

(Equation 10-15)
Where,
‘00 factor fortime-dependence of ultimate shrinkage,
T a constant depend on watsment ratio and compression strength,

] waterto-cement ratio,
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cement type dependence factor, and

curing condition dependence factor.

10.9 CREEP EFFECTS

Creep is the timelependent increase in strain wioemcrete is sybcted to sustainestress. Often

the timedependent response of concrete is expressed in terms of compliance, that includes both
elastic and tim@&lependent deformations (i.e. creep effe(¢fg1 209 1992. The Modified B3

Model (Byard and Schindler 2018ljscussed irfsectiond.6.2is usedn this studyto describe the

creep effect on eargge concrete stress developmérte work inPartl concluded thathe
Modified B3 Model is the most accurate mdde predict earlyage concrete stress development

compare to other three modelgaluatedn Partl.

10.10 EFFECT OF REINFORCEM ENT

The effect of reinforcement on hardening concrete structure is generally understood as Ipllows:

in uncrackedtoncrete at early ages subjected to thermal effects, the concrete and reinforcing bars
experience similar deformations due to their similar coefficient of thermal expa@3ianthis

stage the concrete is not restrained by the reinforcing bars (Bjort@@d4).

Sule and Breugel (2004) performed experiments to study the effect of reinforcement @aygearly
cracking due to autogenous shrinkage and thermal effects. Their results show thagearly
concrete and reinforcement bars experienced similar deformatiosedday the heat of hydration

due to their similar coefficient of thermal expansion; and the effect of reinforcement clagarly
concrete cracking is to avoid a big wide crack smbdelp redistribute the one big through crack

into several smaller crackSifle and Breugel 2004). An example test result is presenkedure

10-13, and it shows that the stress development of reinforced and the plain concrete is about the
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same therefore the reinforcement does not influence the stress in congngileafter cracking

occurs

ACI 224 (1995) al so stated that ARei nf orceme.l
develop in the wall. Cracking cannot be preventecebyforcing the wall, but the widths of cracks

th at do form can be controll edbo.

stress [MPa]
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4.0 1
fct.TSTM(55h)\

504 e 4x8(1.34%) = 2T |

e’ A
e

|

0.0 -
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-4.0 T T T T >
0 24 48 72 96
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Figure 10-13 Stress development in NS&pecimens ranforced with four rebars compared

to a plain specimen under semadiabatic curing condition (Sule and Breugel2004)

This study is focused on determining when the first crack occurs, the location of the first crack,
and the portions of concrete with the regttensile stress and thus high cracking possibility, not

to find the &ect of reinforcement on limiting the crack width. Before crackthg reinforcement
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neither influences the tensile stress development in concrete nor affects the time of first cracking;
however, postracking it does play a role to distribute cracks @trol crack widthsTherefore,

based on tis behavior neglecting the effect of reinforcement in this study is a reasonable
assumption consi der i ng primaryobjective is to getermine menst h e
to mitigate earlyage crackig in CIP culverts. FEM with reinforcement is future work that could

be done to determine the effect of reiciEment to control crack widths.

10.11 EXTERNAL RESTRAINT

Common examples of continuous external restraint are concrete slabs cast on rock/soilsand wall
caston hardened slab/foundatiorkigure 10-14 showsthe degree of restraint atiddle of the
concrete member depending on the height allbedaseand the slenderness ratio L/H. The
degree of restraint varies with thea¢gh-height ratio (L/H) and theistance to the bottom of the
member By locating the L/H andhe approximate location of the wall, the restraint ratio can be
found. The lower panf the walls are highly restrained while the degree of restraint is decreasing
going upward and outward. The figure also shows that the restraint is g§eheghlfor a long

wall (high L/H ratio), while for the shorter wall (low L/H ratio) the high resirés only around

the lower mid part of the wall.

For a concrete member with continuous external restraint, cracking will initiate at the base or
restrained edge where the restraint ratio is the highest, and progress upward or outward until a
location wlere the stress is insufficientfiar the crack tawontinue (ACI 207.2R 2007). This type

of crack isathrough crack that cathrough the thickness of the wall, insteachaurface crack.

Some of these cracks camtendthrough the entire height of thveall and may be wid€ACI

207.2R 2007)
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Based on several 3Bnalyses statkin Kanstad et al(2001), the rats for the degree of restraint
were provided for typical restraint conditions: 1) Slab to slab: R =@.5%; 2) Wall on slab: R =

0.37-0.70; 3)Top slab on wall: R = 0.10.52.
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Figure 10-14 Degree of tensile restraint at center section (ACI 207.2 R 2007)

The influencing factors for the degree of external restraint in a hardening concreteeres|

follows (Bjgntegaard 201

1. Stiffness (Modulus of elasticity arosssection area) of the restraining structure;
2. The geometry of the structure (length to height ratio L/H) effects the stress; distribution

over the length and height of the member;
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3. Jointend slip failure decreases the degree of restraint, which is relatively difficult to
simulate;and

4. The flexibility and stiffness of the ground (soil, rock, etc.) which restrains the wall.

10.12 ASSESSMENT OFCRACKING RISK

The cracking failure criterion for themodel was based on the tensileessto-strength ratio
(Equation10-16) as presented by Riding et al. (2014). The cracking risk classification is based on
a probability density function, whiclwvas obtained from the distribution of the tensile sttess
strengthat cracking from experimental dat&igure 10-15 shows one example of classification
system of cracking probability, which classify a low, medium, high and very d¢ngtking
probability based orthe cracking probabilityranges of 025%, 25%-50%, 50%~75% and

75%~100% When the tensile stress-strength ratio is above 0.67, the cracking probability was

75 percent, and at this ratio the cracking risk was defined ag bemt a 0 Ridingbtal. | ev el
20149.
. O (Equation 10-16)
- "3 o
Where,

—  =the maximum cracking potential in the concrete member during the whole analysis

time,
0 =the tensile stress (psi) in the concrete member attfiamel

"Q 0 =the tensile strength of the member at time
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Kanstad et al(2002)also used FEM and found that when the tensile steesgength ratio was
in the range of 0.75 to &8, all walls of the 1115 ft long Maridal culvert in Norway sieal 1 to 4

cracks in each 50 ft long section.
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Figure 10-15 Cracking probability categories for stress to estimated splitting tensile

strength ratios (Riding et al. 2014)
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CHAPTER 11 PART II': FINITE -ELEMENT MODELING OF CULVERT S

To simulate the eartgige stress development of concrete of aicagtace culvert structure, the
finite-element method is adopted here to account fortehgerature development, changing
mechanical properties of concrete, creep edfeitying shrinkage, and restraint of the culvert
structure. The temperature history of the concrete from placement is simulated in a program called
ConcreteWorks, and the téts are used as inputs for the subsequent stress calculation in another
finite-element prograntABAQUS). Creep and shrinkage effects are incorporated in the finite
element program badeon the mathematical models coveredCinapter10. The construction

sequence and restraint condit®of the culvert structuraresimulated based asbuilt conditions

11.1 CONCRETE TEMPERATURE PROFILE

The concrete temperature profile used for the stress calculation in the FEM was obtained from
ConcreteWorks, which is an eaidge concrete temperature development and thermal stress
analysis software (Riding 2007). The software is capable of analyzing environmental, construction,

and concrete mixture proportiesparameters in various types of concrete elements (Riding 2007).

11.1.1 ConcreteWorks Software

The concrete temperature profile used for the stress calculation in the FEM was obtained from
ConcreteWorks, which was developed at UT Austin and is utilized by TXDOT and some other
states (Poole et al. 2006). It is an eatje conate temperature development and thermal stress
analysis software which is capable of modeling the temperature history of concrete elements
considering the geometry of the elements, concrete mixture proportioning, type of aggregates used,
chemical compositin of cementitious materials, environmental tempersgtueather conditions

(including humidity, solar radiations, and wind speeds), and type of formwork used (Riding 2007).
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It is a useifriendly software package for the design, analysis, and perforprackction of
structural concrete, such as mass concrete, bridge decks, concrete pavements, and precast concrete
members. ConcreteWorks can be downloaded freely from TxDOT website and the latest

ConcreteWorks operator 0s .R@lA)u al iI's provided i

TheConcreteWork#putsare divided in ninenaincategoriesslisted inTable11-1. When ®me

inputs are not available, default values in the program can be used (Concrete Durability Center
2005). After entering allinputs andperformingthe analysis, the program will outppredicted
shortterm temperature development pled for many locations throught the entire concrete

element

Table 11-1 ConcreteWorks Input Categories (Concrete Durability Center2005

Input Category Speific Inputs

General Time, date, and location of placement
Duration of analysis (14 days)

Shape Type andshape of element

Dimensions Member dimensions specific to element shape

Mixture Proportions | Batch weights and properties of all materials

Chemical composition, hydration properties of element

Material Properties Type of aggregates used and corresponding CTEs

Mechanical Propertie§ Maturity function, equivalent age, and eaalge creep inputs

Construction Placement temperature, formwdglpe, method and duration of curif
Environment Ambient weather data like temperature, wind and humidity
Corrosion Details about reinforcing steel used

11.1.2 Temperature Results from ConcreteWorks
The concrete temperature profiles for summer, fall, amter placement conditions were
determined for Montgomery, Alabama, on construction dates of Jifly G6tober 18, and
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December 18, respectively.Figure 11-1 to Figure 11-3 show the temperature profiles for
normalweight concrete placed in summer, fall and wiseasonsFigure 11-4 and Figure 11-5
show the temperature profiles for SLW and ALW concrete placed in summer condition
respectively The maxmum temperature in concrete for the summer, winter fall placement
could reachl47 °F, 118 °F, and 86 ;Fespectively. The ambient temperature approximately

ranges from 686 °F, 5077 °F, and 4564 °F for the summer, winteand fall placement.

To comparethe temperatures in different concrstall placedin the summer, tB maximum
temperature in normakight concrete, SLW concrete, ALW concrete is 147 °F,°F463°F.

From these temperature results, it is shown that under the same ambpemaitane, the maximum
in-place concrete temperatures increased from normalweight concrete to lightweight concrete.
Tankasala and Schindler (2017) also had the same conclusion that the maxiphace iconcrete
temperature increased as more lightweight egages were used in the concrete. Although ISWA

in concrete increaseélmaximum concrete temperatuteh ey coul d st i | | i mpr o
resistance to eadgge cracking. This isecause LWA concrete has a lowaodulus of elasticity,
coefficient of thermal expansionand these propertiesontribute to improve the&oncreté s
resistance to eadgge cracking (Tankasala and Schindler 2017). These reslhitsewerified in

the following sectiors whenthe effects of different conete types on concretzacking will be

studied.
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Figure 11-2 Fall placementtemperatures (Normalweight concrete used in Culvert J)
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Figure 11-5 ALW concrete temperatures when placed under summer conditions

11.2 INCORPORATING CREEP EFFECTS IN THE FEM
The Modified B3 Model was verified to accurately predict the earlyage concrete stress
development in Patitof this dissertationDetails of incorporating the creep model into the finite

element program has been discusseSection6. 1

11.3 INCORPORATING THERMA L AND DRYING SHRINKA GE EFFECTS IN THE

FEM

The usetsubroutine UEXPANNn ABAQUS was used to calculate incremental thermal strains as
function of concrete temperatuii@asault Systemesimulia Corp. 201R This subroutine can be

used to define incremental thermal strains as functions of temperature, predefined field variables,

and state variables.
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The concreteoefficient of thermal expansion was used to calculate the thermal strain for each
time step based ohe concrete temperature chatlggt occurred during the time step. The drying
shrinkage modetliscussed in Sectioh0.8.1was also coded into this subroutibg usingthe
concrete properties. The total strain chadige to thermal and shrinkage effects was then obtained

and used tdetermine the stress incremanieach time step.

11.3.1 Shrinkage M odel Verification in FEM

A given concrete examplgas used taheckthe drying shrinkage code in ABAJS. A prismatic
concrete membawith dimension oo T p gn. was simulated in the FEM.he properties of
this given concretare: 1) Type 1 cement concrete; 2) age when drying heagin28 days; 3)
relative humidityh = 90%; 4) cylinder comprswestrength™Q 1 11 TPH; 5) volume to surface
ratio, v/s= 0.75in.; 6) water content of concrete =8.23 Ib/f€; 7) watercement ratipw/c =0.6;
8)"Q = 1, (for infinite slab); 9) = 1.0 (for Typd cement); 10) = 1.2 (for normal curing in air
with initial protection against dryinggnd11) calculating the drying shrinkage of concrete at age

0=112 days.

The analytical calculaticof drying shrinkage based ¢imeshrinkage model in Section 10.8.1 are

as follows:

qy (Equation 11-1)

0O T CTRX L PR

I

0 p wdD Q puflicy 8 Tt pewyyx (Equationll-2)

Tt QQO0 p®&xp P& T@U (Equation 11-3)
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f ] cp R’ cxm (Equation 11-4)
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ioo T QYo Vwdp T® X pTEY WYX (Equation 11-9)

PT T p T QFQS

Therfore, the drying shrinkage for this concrete at the age of 112 dgygis p 1 in./in..
Thesecalculatiors were alsadone inExcel, with the concreteagefrom 28 days to 112 days, and
the calculateddrying shrinkage with time is plot iRigure11-6. A concrete modelas simulated

in FEM with the parameters of thboveexample concrete, and the drying shrinkage development
with time is also plot irin Figure11-6. The drying shrinkage strain at 112 days from FEM is
p T T p 1 in./in.. By comparing these twesults it is confirmedthat the code in ABAQUS for

drying shrinkage iseadyto be used.
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Figure 11-6 Drying Shrinkage Result

The concrete properties for the culverts were used to calculate the parameters for the drying
shrinkage model in the FEM subroutine UEXPAN. Culvert base and wall have different
dimensions, thus different volunte-surface ratios (V/S). The smaller ratio svealculated to

result in greater drying shrinkage. The volutoesurface ratios of the base and wal Culvert J

based on its dimension shownRigure10-12, werecalculated to be 8.33 and 6.37, respectively.
The drying shrinkage resulted from these two ratios for the same age diffierMd. Therefore,

aconstant volumao-surface ratimf 6.37was appliedo all the culvert components for simplicity.

11.4 CULVERT MODEL MATERIAL PROPERTIES

The mixture proportions and other parameters of the concrete used for Culvert J are presented in
Tablel11-2. The effect of using different types of concrei# be studied in the following
section
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Table11-3 andTable 11-4 provide the properties d@ll-lightweight concrete (ALW) and sand
lightweight concrete (SLW3electedrom Byard (2011). An average environmental tditg of

70% and start of exposure to drying at an age of 7 days was used for the drying shrinkage model.

Table 11-2 Concrete Properties of Culvert J(Minton 2012)

Parameter Value Parameter Value
Water(Ib/yd®) 275 w/cm 0.44
28-day
Type I/l .
Portland Cemerfib/yd?) 465 Compre?;\i/)e Strengt 4,000
28-day
Class C Fly AsH{lb/yd®) 155 Modulus ofElasticity 3,600
(ksi)
. 3 Activation Energy
No0.67 Limeston€lb/yd®) 1,857 (3/mo) 40 k
Coefficient of
Fine Aggregatélb/yd®) 1,283 Thermal Expansion 5.5x10°
(°F)
Total Air Content 4t0 6% Initial Set (hours) 5.0
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Table 11-3 Properties of concrete for SLW(Shale0.42 SLW Fall) [Byard 2011

Parameter Value Parameter Value
Water(Ib/yd®) 276 w/cm 0.42
28-day
Type | portlag d cement 658 Compressive strengt 5,040
(Ib/yd®) .
(psi)
. . 28-day
SD Shale L|ghtwe|gh§ 933 Modulus of elasticity 3,190
Coarse Aggregatélb/yd®) (ksi)
SSD Normalweight Activation Energy
Fine Aggregate(lb/yd®) 1354 (J/mol) 41,520
Coefficient of
Total air content 5.50% Thermal Expansion 5.2x10°
(°F)
Initial set (hours) 5.28

Table 11-4 Properties of concrete for ALW (Shale0.42ALW Fall) [Byard 2017

Parameter Value Parameters Value
Water (Ib/yd) 276 w/cm 0.42
Type |
Portland cement 658 Com resszi%ggren h 4780
(Iblyd?) b 9
. . 28-day
SD Shale Lightweight 948 Modulus of elasticity 2370
Coarse Aggregate (Ib/yd (ksi)
SD ShaleLightweight Fine o
Aggregate (Ib/yd) 908 Activation Energy (J/mol) 41,520
. Coefficient of
0, 6
Total air content 5.50% Thermal Expansion (°F) 4.0x10
Initial set (hours) 552
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11.5 STAGED CONSTRUCTION OF CULVERT COMPONENTS

Since theculvertbase is cast firsind the wall and roof are cast later, and more culvert sections
are also later constructed, the parts of the culvert concrete have different ages and thus different
mechanical properties, creep, skage, and temperature effedABAQUS haghe ability b carry

out multiple analysisstepsover time and the items such as loads, boundary condjtamtsactive
elements can be changaiteach step. The whole model was divided into several analysis steps to
account for each construction stagéhe sequendil stages used wmulate the construction af
culvert were modeledby initially creatingall elements of the FEM in the model definition,
deactivatingthe partsnot needed in the initial step, and then progressively reactivating them in
desired steps.Herefore, their ageare corrected as needed to simulate when they are cast. The
ABAQUS keyword that enables this featureMsdel Change, Remove/Afidassault Systemes

Simulia Corp2012).

11.6 MODELING OF GROUND RESTRAINT

A tie constraintonnectswo separte surfaces together so that there is no relative motion between
them, and this restraint can fuse two regions even though the meshes created on the surfaces of the
regions may be dissimilaD@ssault Systemes Simulia Cog0123). With this constraintthe

master surface and slave surface are defined, the translational degrees of freedom of the slave
surface are eliminated (the elimination of the rotational degrees of freedom is optional), and each
node on the slave surface will experience the same masids closst node on the master surface.
Therefore, it was used to connect previously cast concrete surfaces to newly cast concrete surfaces,
such as the top surface of culvert base and the bottom surface of waitgr andthe first base

section ad the second base secti@xcept where a contraction joint was used to sep#nate

movements between sections.

142



Threedimensionaimodeling of culvert involvesharacterizingf the bond between the structure

and the ground, and realistic modeling of tleugd requires many parameters that should be
obtained by laboratory tests or situ tests. Therefore, a simplified naddgke the ground is
regarded as elastic material was used here. The elastic deformation of the ground can be modeled

by elastic springsr interface elements.

Culverts in Alabama are typically constructed on a crushed stomaseibandgpring elements

were used to model the behavior at this interface. Several studies on the frictional behavior of
concrete pavement andrioussubbasgshaw the relationship is nonlinear with an elastic stiffness
followed by a plastic respons&esevich et al. (1987gport an elastic stiffness value of 220 psi/in.

for concrete on % in. (19 mm) crushed staleang et al. (2014) performed puih field testof

a concrete slab with dimension of 30x39x&#mst on various subbatygesand reported an elastic
stiffness of frictional resistance of approximately 507 psi/in. for crushmtesubbaseand ths

value was used in this FEM.

11.6.1 Spring Element

Springelements can couple a force with a relative displacementhapdan be lineaor nonlinear.

The springs can be specified to connect two nodes, acting in a fixed direction, or connect a node
and the assumed ground. The linear spring behavior can béesp&dih a constant stiffness
(force per relative displacement), and the nonlinear spring can only be defined in ABAQUS
INPUT file (not supported in ABAQUS/CAE) with several points to define the nonlinear spring

forcerelative relationship curve.

In the pesent work, the interface between the concrete base and the ground was modeled by spring

elements. The vertical spring is capable of supporting only compression in the contact normal
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direction, andzero spring stiffness was assigned (no tension resisteel) the culvert base It
up from the subbase. The horizontal or tangential stiffness was realized by linear springs with a
constant stiffnesef 507 psi/in. The effective stiffness value of each element was calculated and

input based on the total nunlze springs assigned and the total area of bottom of the culvert base.

11.6.2 Friction Stiffness Effect o Stressin Culvert Baseand Wall

The culvert may be cast on differesubbaseonditions, such as soil, crushed stone,,@dag so
on. The friction resistance of concrete on various subbases would be différetéstsesults of
the friction resistance of various subbasesshown inFigure11-7 andFigure 11-8. The curve
wi t h 3/ 4nhdigu@rla7vaed he curve with Aggregatan Figure 11-8 both represent a

concrete slab oacrushed stonsubbaseThereforethe effect of the friction stiffness on the stress

in cuvertsis studied in this section.

Friction Tests of Concrete on Various Subbases
Specimens: 2' x 6, 6" Thick, Weight = 870 Ib
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Figure 11-7 Curves showing movement versus force of test slabs on different subbases

(Goldbeck 124)
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Figure 11-8 Displacement versus force of test concrete slabs on different subbases (Jeong et

al. 2014)

For concrete structures resting on the ground, horizontal friction resistance @tthiescontact

area and are usuallypesented by nonlinear behavidihe noninear relationship of friction
resistance with displacement is usually approximated by a bilinear curve shéiguia11-9.

Jeong et al.A014) used this bilineariction resistance foredisplacement relationship in the finite
element model of a concrete slab on different subbases, and compared the FEM results with the
pushoff field tests.Bosnjak (2000) also used this bilinear function for three diffefiection
stiffnes®sin afinite element model cd culvert wall on ground, and studied the influence of the
friction on the restraied stress in culvert walls. Kim et al. (2000) also used the bilinear function

for the bond behavior of reinforced concrptgazement and the ground in thEM to study early

age cracig due to changes in temperature and drying&age.
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Force

> Displacement

Figure 11-9 Bilinear friction stiffness

Figure11-10 shows the test result of concrete slah various ground materials, the curve with
3*SW (which means the pushirfgrce is three times slab seikight) shows that therare
unloading and reloading pariWhen the load isnloadng, the path is approximately parallel to

the initial elastic stage. Since the temperature change leads the concrete to expamwhevkéen
temperaturgincreaseand shrink whethetemperaturedecrease, there is a stage similar to having
stress in a reverse direction or like unloading. Therefore, the bilinear curve to describe the friction
behavior for concrete experience expansion and shrinkage is awttac and a hysteretic
behavior should bdeveloped to accurately simulate the nonlinear frictubile accommodating

unloading
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Figure 11-10 Frietian curve for test specimens on crushed aggregate covered with plastic

sheeting (Kader 1999)

If abilinear function is defined for the spring element in ABAQ&I®lunloading happens, it will
follow the curve backward directly without the hysteretic behavior. Because of the complexity of
nonlinear hysteresis behavior between the base and subgraderaspriag was used for the
horizontalconnection to simulate the frictional resistagnehich leads to conservatiestimates

of concrete stresseBor thevertical connection between concrete base and subgrade, a constant
spring stiffnesof 1520 psi/inwas used when the spring elements experience compression, and
zero spring stiffness was assigned (no tension resisted) when the cabetife up from the

subbase.
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CHAPTER 12 PART Il : FEM RESULTS

Culvert Jis one of the culverts that exhibited extensive cracking on the AEB Project and was used
as baselinenodelfor the FEM. It has a total length of 892 ft with tiednstruction joints (with
continuous longitudinal reinforcement) every 50Mir{fton 2019. Eght-node linear hexahedral

(brick) elements with three translational degrees of freedom at each node (C3®8pecr The
threedimensionaFEM of one 50 ft section of Culvert J is showrrigure12-1. The finite element

size used for this odel is approximately 8 inAt the start of this project, a 1 in. mesh size model

was analyzed and these stress results were within 1% when compared to those of the 8.in. model
The effects of gnaty of all culvert components weiliacluded in the model, as this affects the
interaction with its supporting subbase. this chapter,ite FEM was used to perform parametric
studies to determine the influence of changing the comraint spacing, two concrete CTE
values, three placement seasons, two joint types, three construction sequences, and three concrete

types on earhage cracking risk.

=73
T
y 17
-~
{77
Y 7 J
-

i i
i
L7
7]

e
i

i
==

I -
e mm s

P

Figure 12-1 Finite-element model of one 50 ft section of Culved
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12.1 CULVERT J STRESS RESULT

Figure 12-2 shows the temperature history of the culvert concrete and the ambigmratumne
used for the FEMor Culvert J under summer placemennditions After concretevas castthe
temperature starts to rise because of theaourrence of heat of hydration and solar radiation peak
effects. After reaching the peak temperaturectrerete gradually cools down until it is primarily

influenced by solar and ambient temperature cycles.
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Figure 12-2 Temperature history of Culvert J under summer placementcondition

The longitudinal stress development in the culvert base, wall, and roof compared with the tensile
strength development with time is showrFigure12-3. Negative valies represent compressive
stresses and positive represent tensile stresses. The wall and roof adagasater than the base.

All FEM stress resultsra from midlength of the 50 fsection, which is where the restraint is the

highest. For the culvemwall, results revealed that the maximum stress occursitsdaterface
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with the base, which is where wall stresses are plottEgyjure12-3. Immediately followirg final

set, compressive stresstart todevelop due to the rise in concrete temperature. When the concrete
begins to cool, tensile stresses develop because of the restraint of concrete contraction. Tensile
stresses in the roof are mulgssthan in thebase or wall, because the restraint to movement

provided by the base is much lower at the level of the roof.
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Figure 12-3 Stress and strength development for one section of Culvert J under summer

placementcondition

Based on the stress and strength development shawigure12-3, thetensile stresso-strength

ratio over time was determined and is graphed for the base, wall, and Fogfii@12-4. From

this figure, the cracking risk can be assed, and a dashed line at 0.67 above which the cracking
ri sk i s ¢ onRdingetal alyisishawgabréfereficelt is clear fromFigure 12-4

that the cracking risk in the wall quickly develops above the high threshold and remains high for

many days, whereas the cracking risk in the base is elevated but remains below the higip crack
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risk threshold, and the cracking risk in the roof is very low. This finding explains why many of the

surveyed culverts had wide cracksparily in the walls and bases.
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Figure 12-4 Tensile stressto-strength ratio result for one section of Culvert J under

summer placement

12.2 EFFECT OF DRYING SHRINKAGE

The drying shrinkage starts 7 dafterconcrete placemerftigurel2-5 shows thesarly-agestress
developmentesults for Culvert J with and without drying shrinkage effect. For culvert bases, the
maximum stress is not influenced by the drying shrinkage betla@seaximum stress occurs at
approximately between 7 to 8 days. The maximum streise base with shrinkage is 259 psi
while the maximum stress in the wall without shrinkage is 250 psi. For culvert base after 9 days,
the compressive stress is l@sghe base with shrinkage than the compressive stress of the base
without shrinkage. The effect of drying shrinkage on dbkvert walls is more obviougigure

12-5 showsthat the tensile stress in the wall with shrinkage is more than that of the wall without
shrinkage in a wide time range. The maximum stress of the wall with shrinkage is 502 psi while
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the maximum stress in the wall without shrinkage is 481 psi, whicls ea@l psi difference.

Therefore, drying shrinkage would lead to addisilosiresgesin the culvert wall, and thuan

increased tensile stressstrength ratio.
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Figure 12-5 Stress development of CulvdrJ with and without drying shrinkage

12.3 EFFECT OF CONTRACTION JOINT SPACING

The effect of contraction joint spacing, assuming each length of culvert section is free to expand

or contract from each other, on the cracking risk of culvert is evaluated herein. The following six

contraction joint spacings were evaluated: 18 ft, 280ftit, 36 ft, 42 ft, and 50 ft. In this analysis,

the base was cast first and wall and roof were added 7 days later. The maximum tensite stress

strength ratio envelope for the six contraction joint spacing is preserfgglne 12-6. From 0 to

8 days, the cracking risk of the base significantly decreases with decrease in contraction joint

spacing. However, from 8 days and later it can been seen that the crastkingtre culvert wall
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changes little (less than 10 percent) with decrease in contraction joint spacing. As will be shown
in the rest of this section, this is because the wall is highly restrained against movement by the
base on which it is cast, so a nga in contraction joint spacing does not significantly impact the
wall stresses. This finding is similar to that of Bosn®00 that concluded short and long culvert

wall sections have similar maximum stresses.
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0.0

0 2 4 6 8 10 12 14 16 18
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Figure 12-6 Effect of culvert contraction joint spacing onculvert cracking risk

Longitudinal stress contour plots of the culvert wall for short and long contraction joint spacings
of 18 ft and 42 ft are shown Figure12-7. The maximum tensile stress of approximately 500 ps
occurs near the bottom of the wall for both small and large contractirsfmacingsThe stress
decreases from bottom to toptb& wall, and from midength to the end of the wall because this
matches the change in restraint to movement provided. Based on the stress contour plot and
location of maximum stresses, possible cracks in the short and long culvert wall are shown in

Figure12-8.
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12.4 EFFECT OF JOINT TYPE

An elevation view of Construction Sequence A is showRigure 12-9, which is similar to the

actual construction sequence used to construct Culvdttidcludes three 50 ft culvert sections,
consisting of three walls and roofs cast on three bases. The &iggral2-9 represent the days

when the culvert component is constructed relative to the start of construction of the first base.
With this construction sequence, the delay between casting adjacent base sections is 2 days, the
delay between adjacent wall section2 idays, and the delay between starting the first base and

wall sections is 7 days.

7 days 9 days 11days «—— Wall

/
0 days 2 days 4 days 4| k Base )

Figure 12-9 Elevation view Construction Sequence A

The effect of joint type when using Construction Sequence A on tles-&irstrength ratio in the

culvert base and wall is shownkigure12-10. Fromthis figure,it can be concluded that the joint

type significantly influences theatking risk of the base; however, the joint type does not have a
significant impact on the cracking risk of the wall. The maximum cracking risk in the base with a
tied-construction joint decreases from 1.23 to 0.72 when a contraction joint is usedh8ivve!

is highly restrained against movement by the base on which it is cast, a change in joint type has a

small impact on the wall stresses.
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Figure 12-10 Effect of joint type on culvert cracking risk based on @nstruction

Sequence A

12.5 EFFECT OF CONSTRUCTION SEQUENCE

Two additional construction sequences (B and C) were evaluated to determine if a change in
construction sequence will reduce the occurrence of cracKmegelevation views o€onstruction
Sequence B and C are showrFigure12-11 andFigure12-12. In Construction Sequend®, the

time delay between base sections is 2 days, the delay between wall sections iaridtiagyslelay

between starting the first base and wall sections isyd.da Construction Sequence tGe time

delay between base sections 4 days, the delay between wall sections is 4 days, and the delay
between starting the first base and wall sections is 2 days. For Construction Sequences A, B and

C, the delay between ¢agy the wall and base is 7 days, 4 days, and 2 days, respectively.
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Figure 12-11 Elevation view construction sequence B

2 days 6 days 10 days <« | wall

| —
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Figure 12-12 Elevation view construction Sequence C

Results for culverts with Construction Sequence C are discussed Irégeire 12-13 to Figure

12-16 show the stress and strength development results of bases and walls of culvert under
Construction Sequence C with contraction jpiamtd tied joins, respectivelyCompamg Figure

12-13 and Figure 12-14, the culvers$ both follow ConstructionSequence Candthe three base
sectionsusing contraction joins in Figure 12-13 have smaller maximum stresses thiaathree

base sectionasingtied joints in Figure 12-14. Comparimg Figure 12-15 and Figure 12-16, the
maximum stresses are closer to the gftercurve for the three wall sectionsing contraction
jointsin Figurel2-16, than the stressa&sthe three wall sectionssingcontraction joingin Figure

12-15. Therefore, iis concluded that the contraction joint retipdecrease the maximum stresses

both in culvert bases and walls sections.
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Figure 12-13 Stress and strength development of base sections in construction seque@c

with contraction joint
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Figure 12-14 Stress and strength development of base sections in construction seque@ce

with tied joint
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Figure 12-15 Stress and strength development of wall sections in construction sequerite

with contraction joint
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Figure 12-16 Stress and strength development of wall sections in construction sequerite

with tied joint
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The maximum tensile stress-strength ratio in the base and wall for the three construction
sequences modelede summarizeth Figure12-17. In this figure, the firssix cdumns for the
culvert base shoa decreasing trend of maximum cracking risk for both tied joinéy @lumns)

and contraction joints (white columns). Similarly, the cracking risk in the culvert wall also
decreases systematically when changing ff@omstruction Sequence A to B to C. From these
results, it can be concluded that the younger the base when the wall is cast, the lowessde stre
that develop in the wall his is because the younger the base when the wall is cast on it, the lower

the siffness of the base, which reduces the restraint that the base provides for the wall.
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Figure 12-17 Effect of construction sequencgon culvert cracking risk

12.6 EFFECT OF PLACEMENT SEASON
The effect ottonstructing culverts during different seasons on the cracking risk is evaluated in this
section The temperature history of summer, fall and wipl@cement conditionsere generated

with Concreteworks for Culvert Summer placement stress resalteshownfor Culvert Jin
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Figure12-3. The stress results for Culvert J under fall and winter placement are shéwgaria

12-18 and Figure 12-19, respectively.The maximum stres®-strength envelope for culverts
constructed mder summer, fall, and wintpfacementonditionsare summarized iRigure 12-20.
Summer placement leads to a much higher cracking risk, while winter placement leads to a much
lower cracking risk, with fall placement in between these two extremes. This means that extensiv

culvert cracking is much more likely when construction occurs during hot weather conditions.
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Figure 12-18 Culvert J stress result under fall plaement
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Figure 12-19 Culvert J stress result under winter plaement
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Figure 12-20 Effect of placement seasoln cracking risk
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12.7 EFFECT OF COEFFICIENT OF THERMAL EXPANSION

The coarse aggregate type significantly afféecs e concr et eds coef fici
(CTE) (Schindler et al. 2000The stresses in culverts made with river gravekcete with CTE

of 6.95x106/°F and limestone concrete with CTE of 5.52*%1F were evaluatedConcrete with

limestone coarsaggregate stress ressire shown foCulvert Jin

Figure12-3. The stress resulfsr concrete with river gravedreshown inFigure 12-21. Figure

12-22 summarizeshe maximum stresw®-strength envelapfor culvertausing concrete with river
gravel and limestond he results irFigure 12-22 indicate that the use of a lower CTE concrete
will decrease the crackingsk in the base and wall; however, due to the high restraint, the stresses

in the wall remain above the high cracking risk threshold.
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Figure 12-21 Stress result for culvert concrete with river gravel
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Figure 12-22 Effect of concrete CTEon cracking risk

12.8 USE OFLIGHTWEIGHT AGGREGATE CONCRETE

During the construction sequence analysis it was shown that the lower the stiffness of the base, the
lower the stresss that develop in the wall. Based on this finding, the effect of adding lightweight
aggregate to the concrete to reduce its modulus of elasticity was analyzedigBavelght

(SLW) concrete and alightweight (ALW) concrete were used to evaluate thacking risk
compared to using normalweight (NW) concrete. The properties of SLW and ALW concrete were
obtained from Byard2011), who tested the stress development of various concretes made with
lightweight aggregates. The SLW and ALW concretes havé af 0.42 and their temperature

profiles were obtained from ConcreteWorks using their mixture properties.

Culvert J resultsusing normalweight concrete is shown in

Figure 12-3. The stress results for culverts with sdigtitweight concrete and diightweight

concrete arshownin Figure12-23 andFigure12-24, respectivelyThe 28day tensile strength of
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normalweight concrete, saightweight concrete, and dightweight concret are 43(si, 507
psi, and 492 psirespectively.lt is not reliable to compare the maximum stress for different
concrete types, becauskthe fact thathe tensile strength developmehtangs with the concrete
type Therefore, the tensile stressstrengtiratios were estimated and shownkigure 12-25to

compare the cracking risk of each concrete type.
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Figure 12-23 Stress result for culvert SLW concrete
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Figure 12-24 Stress result for culvert with ALW concrete
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Figure 12-25 Effect of concrete typeson cracking risk

Figure 12-25 reveals that use of ALW@r SLW concrete significantly decreatbe cracking risk

in the culvert compared to using NW concrete. The ALW has the lowasting risk among the

three concrete types, and this in attributed to the 34 percent reduction in modulus of elasticity when
using ALWconcreteas compared to NW concrete. This finding is similar to work of By20d 1)

that concluded that ALW and SL\Wbnaete can decrease earfge cracking of bridge deck

concrete.
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CHAPTER 13 PART Il : CONCLUSIONS

A threedimensiongl finite-element model (FEM) of cast-place concrete culverts was

developed. The FEM of earbge stress development of concrete considering temperature effects,

creep, and drying shrinkage was verified by experimental raauRartl. The calibrated FEM

was used to determine the influence of changing the contraction joint spacing, two concrete

coefficient of thermal expansion values, three placement seasons, two joint types, three

construction sequences, and three concrete typéeearly-age cracking risk. Results from this

study support the following conclusions:

1.

4.

The cracking risk of the culvert wall, base, and roof was found to be high, moderate, and
low, respectively, which explains why many surveyed culverts had wide craokaribyi

in thewalls and bases.

The practical ontraction joint spacingvaluated in this studynly significantly influences

the cracking risk in the culvert base, but has little effect on the cracking risk of the wall.
This is because the base provide®igy high degree of restraint to the wall.

Use of contraction joints can help significantly decrease the cracking rible aulvert

base compared to use of tiednstruction joints, but they do not have a significant effect
on the maximum cracking risk the culvert wall.

Wall cracking risk increases with the age (maturity) of the base concrete at the time when
the wall isconstructed. Use of a construction sequence that attains the youngest (lowest

stiffness) base when the wall is cast, reduces th&ingadsk in the wall.
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5. Hot weather construction leads to the highest cracking risk, while cold weather placement
results in a much smaller cracking risk, with fall placement conditions in between these
two extremes.

6. Use of a lower coefficient of thermal@ansion concrete decreases the cracking risk in the
base and wall.

7. Use of sandightweight concreteor all-lightweight concrete significantly decreagbe
cracking risk in the culvert compared to using normalweight concrete. FhghaNeight

concrete rost decreases the cracking risk among the three concrete types evaluated.
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PART Il :
FINITE -ELEMENT MODELING OF EARLY -AGE CONCRETE STRESS BEHAVIOR
UNDER HIGH -LEVEL OF TENSILE STRESS
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CHAPTER 14 PART Il : INTRODUCTION
14.1 BACKGROUND

Cracks in bridge decks, foundations, culvert walls, tunnel linings and other structural concrete
elements causely restraint of volume change during hydration have beemalitknown
problem. When tensile stress in concrete exceeds its tensile stagking occurs. Therefore,
stress assessment and cracking risk of eagé/concrete have attracted considerable interest (ACI
231 2010), because eadge cracking can influence aesthetics, cause leakage, and decrease long
term durability. Reliable matied models and structural analysis methods are needed to estimate

the risk of cracking and to evaluate potential options to mitigate-agdycracking in concrete.

Early-age stress development in concrete is influenced by temperature change, modulus of
elasticity, creep or relaxation, shrinkage, thermal coefficient of expansion, and the restraint
conditions. In the absence of cracking or strain softening, the models to describe the constitutive
stressstran relationships are for linearsco-elastic agig creep, augmented by the shrinkage and
thermal expansio (Emborg 1998). However, as tensile stresses incretress levels become
higher and higher, and knowledge of nonlinear creep behavior at high stresses is essential to
determine the risk of crackgnin concrete structures, and baonicro cracking and at later age

cracks, have a dominating effect on nonlinear tensile creep (Emborg 1998).

In the absence of creep, thigessstrainconstitutive relation is an algebraic strsg®in relation

mostly with an ascending part until the peak stress and a descending part that describes the tensile
strain softening (Bagant and Chern 18t&&E). The
nonlinearity would be more accurate to describe emgly concrete behanri as it approaches

failure (Gutsch and Rostasy 1995). Bernander (1982) found that the only way to simulate test

results (thermal stresses at restrained deformations) was to modify a creep function used for
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nonlinear behavior at high tensile stress lewdisdeling of the nodinear stresstrain behavior

at high tensile stress levels seems to give an accurate description of the stress development when
micro cracks start to develop and the concrete finahches failure (Emborg 1998Jtress
predictions wth linear models give a rather good description of the compressive stress
development but implies far too high tensile stresses, thus overestimating the cracking risk

(Emborg 1998).

The Modified B3 Model (Byard and Schindler 2015) tvas shown in Pattto accuratelypredict

the earlyage concrete stress development is addpaetill . However, the authors of the Modified

B3 Model limited the calibration of this model to a stress to strength ratio of 70%, because the
principle of superposition that they used was deemed invalid abloghstress levelB a g anad t
Wittmann 1982 Therdore, adjustments were made to the Modified B3 Model to consider high
stress nonlinearity (microcracking and straoftening) effects on the development of eadye

tensile stresses. The experimental results of 22 concrete mixtures subjected to teestvhime
change tests were used to verify the accuracy of the proposeekfentent model from initial

setting to the age of cracking.

14.2 RESEARCH APPROACH

As astarting point, thdinite-element methodeveloped in Paitis used; howesr, it is modified
hereinto predict earlyage stress development is developed to consider temperature effects,
modulus of elasticity, creep or stress relaxation, shrinkage, and coefficient of thermal expansion.
Nonlinear behavior at high tensile stressggesent in concrete and should be considered to obtain
an accurate thermal stress analysis. Therefore, thestrigds nonlinearity was considered in this
study byadjustingthe model with a reduced effective modulus when the tensile stress is above

70%o0f its tensile strength. The experimental result2®fconcrete mixtures subjected to restraint
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to volume change tests were used to verify the accuracy of the proposedl@mtnt model from

initial setting to the age of cracking.

14.3 RESEARCH OBEJECTIVES
Part 11l focuses on finitelement modeling of eaHgge concrete behavior under high level of

tensilestress The research described in this part has the following objectives:

A Use the most accurate creep model obtained from Part | to modebgadgncrete
stress development from initial setting to cracking.

A Correct the model with a reduced effective modulus and a damage factor to account for
high-stress nonlinearity when the tensile stress is above 70% of its tensile strength.

A Compare the stresgesults from the FEM to the measured stress results from
experiments to verify the accuracy of the proposed model that accounts for creep and

high-stress nonlinearity.

14.4 RESEARCH OUTLINE

This part ofthe dissertation comprises of five chapters. A literatte@ew coering concrete
nonlinear tensile stresgrain behavior with and without creep effects, 4tgifee creep law, and
experimental work to verify thproposednodek are summarized in Chaptes.IThe process of
modeling early-age concretebehaviorusing the finite-element method (FEM), which includes
incorporating material properties, creefiects andnonlinear behavior at higsiress levebre
presented in Chapte61The modeling results afarly-age concrete stress development from
setting to theage of cracking and comparisons with experimental \mogkoveredn Chapter 7.

Conclusions for this part are presented in Chaer 1

172



CHAPTER 15 PART Il LITERATURE REIVIEW

15.1 CONCRETE NONLINEAR TENSILE STRESSSTRAIN BEHAVIOR IN THE
ABSENCE OFCREEP

Nonlinear behavior inensionof concrete caroe consideredbefore and after the tensile stress
exceeds the tensile strength, which is calledpg@k and pogpeak behavior. Jonasson (1994)
modeled the prpeak behavior in tension by using a nordinestressstrain relationship.
Huaggaard (1997) performed tensile stress tastthe results showed that the limit of linearity
is approximately in the range of 60% to 80% of the tensile strefmtlasson (1994) arteldlund
(2000) proposed analyticaixpressions fothe nonlinearstressstrain behavior at high tensile
stresses (prpeak behavior) for loading in tension, and the unloadiag modeledby use of the
initial elastic modulus ahe origin(seeFigure15-1). In many instances, researchers neglest p
peak nonlinear behaviavhen predictinghe earlyage tensile streq8osnjak200Q B aapdh n t
0Oh 1983, and concretess modeédaselasticprior tocracking, which is @onservative assumption

that overestimates earbpge concrete tensile stresgEmborg 1998)

Modeling postpeak behavigwhere themajorprinciple tensile stress exceeds its tensile strength,
can be accomplished by usirigacture mechanics can be used to characterize the behavior
including the effect of cracking.he parameterhatdescribepostpeakbehavior of concrete after
cracking, fracture energy, and ultimate sti@i@age dependefdr young concretéEmborg 1998)
Sincerestrained to volume change tests with rigid cracking frames (RCF) were used in this study
the concrete is subjected to fixed restraint provided by Invar lhesfore, when the maximum
tensile stress is reachadthe RCF failure occurs, and the pgséak behavior of the concrete is

not captured. Therefore, the pg&ak behavior is not considereerein
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Figure 15-1 Nonlinear stressi strain behavior at tension according to Jonasson (1994)
[» 1 < stress level above which nonlinear behavior is preserty 72 material strain to

strain at tensile strength]

15.2 RATE-TYPE CREEP LAW

Creep is the timelependent increase in strain when concrete is subjectedtiined stress. Often

the timedependent response of concrete is expressed in terms of compliance, that includes both
elastic and tim@lependent deformations (i.e. creep effects) (ACI 209 1992). The Modified B3
Model (Byard and SchindleiO25) discusseth Section 4.6.2s used in this study to describe the
creep effect on eardgge concrete stress development. The work in Part | concluded that the
Modified B3 Model is the most accurate model to predict eagly concrete stress development
compare to dter three modelsvaluatedn Part I.In this study, threedimensionalfinite-element
modeling(FEM) by commercial program ABAQU®ill be usedvith theratetype creep lawio

predict the development of eafdygge concrete stresskesm initial setting to the age of cracking
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The ratetype creeplaw in the FEM uses a stdyy-step analysis, and in each time step, the
integration points of each finite element is considered within the UMAT subroutine. The inelastic
creep problem forhte structure is reduced to a sequence of elasticity problems by converting the
incremental stresstrain relation for each time stagp,tto a quaselastic stresstrain relation as

shown inEquation15-1 (Yu et al. 2012).
aal=E' &Jp) ' ) (Equation 15-1)

Where, in the thredimensional FEMYQ is a 6<1 columnmatrix of stress increments during each

time step gsi), F is a 6<6 matrix of incremental effective modulupgj) for an isotropic material

using a constant concrete Poisson raffo is a 61 columnmatrix of inelastic strain increments

due to creepirf./in.), andYt is a &1 columnmatrix of strain increments due &hrinkage and

thermal dilation ifr./in.). This quasklastic stresstrain relation makes it possible to calculate the
strain response for any stress history (creep), as well as the stress response for any given strain
hi story (r el ax aanhao h989a bMoee gletaistof treatetypercregpdavean

be found in Section 4.8ased on the code programed inARRAQUS subroutine for the Modified

B3 Model, modifications were made to account for effect ofstglss nonlinearitin the FEM.

15.3 NONLINEAR CONCRETE BEHAVIOR AT HIGH-STRESS LEVEL COUPLED

WITH CREEP

A smeared crack relationship that describes the tesisdén softening with or without
simultaneous creep (and shrinkage) bagn proposedhy Ba g an't and CHrern (1
softening is considered aslditive to the strain due to creep, shrinkage, thermal, and elastic
deformationsTo consider the effect of cracking (high stress level) on concrete stress araalysis

realistic model would be the cohesive crack model with-defgendent softening, which is

175



reportedbyBa gant and Li ysdssbh®@idary integteiorraulation af thd cohesive
crack modein terms ofcompliance functions for loads applied anywhere on the crack surfaces.
However, it is virtually imposkie to implementthe thesecomplicated models with FEM

programs (Bagant et al. 2012).

Bagant an {1989a) prapese theary that is simpleafiply with finite-element analysis
and accounts for the nonlineardfcreepwith respect tstress. Theanlinear dependence of creep

onstressvas approximted by the approach shamBquationl52(Ba gant an @989y asann

. p i (Equation 15-2)
O, o —
p m
. 0 (Equation 15-3)
oo
m i (Equation 15-4)

Where,

mrepresents the damage of concrete at high saeds,

i is the ratio of stress to the strength of concattémet.

If 1&xhme 1. This means that if the stress is lower than 70%hestrength, the factamis
close to 0, and can be neglectédr the compliance function t¢fie B3 Model consideringthe
nonlinear dependence on stress that has a constant stress applied, dhagxpression is shown

in Equationl55(Ba gant an d98%). i this egnation, the functions multiplyifg,
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A Fandr represent the nondimensionalized forms of the aging viscoelstic compliance, the

nonaging viscoelastic comahce, and the flow compliance, respectively.

~ ~

vadh A A0, 00 RO, 1T o 0O (Equation 15-5)
-0 0
N> 0

~. o~

0 oo h, - 07, (Equation 15-6)

For the stresstrain relation irEquation15-6, in addition to the creep part with nonlinear stress
effect,”O,, , the influence of higistress onlinearity on the constant modulus of elasticity can be
added to the parametgr. Thus, the effect of nonlinearity on the elastic behavior and creep are all
corrected by the introduction @, in the stresstrain relation. A damage factor is definesO

as shown irEquation15-7. When the stress is less than 70% of streri@th, p. When the
stressto-strength ratips, equat 0.7, 0.8, and 0.9, the corresponding valu®equat 0.65, 0.54,

and 0.36, respectively.

o P 0 (Equation 15-7)

Bagant et al . (2012) -depereent structural anelysis bydBM td or t h e
calculate the deflections of prestressed box girders. These authors tiepkitective modulus

by a further reduced modulus when the tensile stress exceé&@st6.@ccount for the effect of
crackingBagant 9.Baghnt 2@ 1 Auaek the effeztdelircremental modulQs &

for the current time speto’O 7t when the concrete tensile stress exceeds 70% of its strength
(0.7®9 (as shown irFigure15-2), and this effective modulus includes the effect of creep. With

this approach, this means that the damage fdgt@quals 1/4 when the tensile stress in concrete
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exceeds 0.Re The tende stress resultant from the model widhFt happens to be about the
same as that obtained with a more realistic model consisting of a bilinear softeningtstiass
relatiorshipwith an unreduced tensile strength limit and the softening modulus of alkib o
(Bagant et al . 2 0 IFigyre 15-2hla the algaerithm forstie fite-Glement i n
program ABAQUS, moding of tensile softening behavior (i:@egative ‘O o) was intractable

because it interfered with the programming of the exponential algorithm for creep, and this is why

a positive modulu® 7t had to be adopted instead of anegati@fc( Bagant et al . 2
ok 1
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Figure 152Strain-st r ess r el ation i f tensile strength

15.4 EXPERIMENTAL WORK TO VERIFY THE MODEL

15.4.1 Restrained StressM easurement

Restrained to volume change tests with rigid cracking frames (RCF) were used to measure the
early-age stress development in various concretes. The rigid cracking frame consistbofheog
shaped formwork with dimensions 6&k6x49 in, two mild steel cragheads, and two Invar
sidebars. The formwork is lined with plastic and then sealed after concrete placement; therefore,

no drying shrinkage is allowed to develop. The concrete curing temperature in the setup is
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controlled to simulate typical concrete elentgesuch as bridge decks, mass concrete, etc. More

details of the RCF testing used for this study can be found in Byard (2011).

After the concrete starts to hydrate and volume change starts to occur due to temperature and
autogenous shrinkage effectse thoncrete deformations are restrained which causes stress to
develop. The concrete stress developed in the RCF is influenced by the temperature change,
coefficient of thermal expansion, modulus of elasticity, creep (relaxation), and autogenous
shrinkageFor theRCF, the deformation of concrete is restrained by the Invar bars; however, the
stiffness of the Invar bars is such that semalldeformation is allowed to occur. Therefore, the
degree of restraint that the Invar bars provide for the maturingetenceeds to be considered

when predicting the concrete stress development in this test.

15.4.2 Early-Age Concrete Stress DevelopmentDatabase

Experimental results from Byard (2011) were used here to calibrate the model proposed herein.
Twenty-two concrete mixires with different aggregate type and curing conditions were tested.
Concretes tested contained coarse normalweight aggregate that included river gravel (RG) and
limestone (LS). In addition, lightweight aggregates (LWA) that consisted of expandeshelkzy,

and slate were used to produce internal curing (IC), and-lgdmndeight (SLW), and all
lightweight (ALW) concretes. The SLW concrete contains coarse LWA and fine normalweight
aggregat e. The ALW concreteods colaal€ eonceted f i n
contained coarse normalweight aggregate and a small portion of fine normalweight aggregate was
replaced with prewetted fine LWA. TI&2 concretes with a watdéo-cement ratio/c) of 0.42

were tested under both fall (Fall) and summer (Ssimylated temperature conditions. Simulation

of summettime placement started with a concrete temperatus 6F and fall season started

with a concrete temperature?d °F. All concretes used Type | cement without any supplementary
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cementing materials. The mixture proportions of four example concretes with four different coarse
aggregate types are presentedaile15-1. The measured and predicted stress development for

these four concretes will be shown as examplesrhere

Table 15-1 Sample mixture proportions

Item 0.42 Clay SLW (Sum)| 0.42 Shale SLW (Sum) 0.42 LS (Sum)
Water Content (Ib/y?) 276 276 260
Type 1 Cement
Content (Ib/yd) 658 658 620
WaterReducing . .
Admixture (0z/yd) 52.6 (HighRange) 39.5 (HighRange) 31
Coarse Aggregate 1029 J33 1760
(b 339)’ 9 (SD Lightweight (SD Lightweight (SSD
y Clay) Shale) Limestone )
Fine Aggregate 1316 1354 (SslélRliver
(Ib/yd®) (SSD River Sand ) (SSD River Sand)
Sand)
Total Air Content (%) 5.5 5.5 5.5
Waterto-cement
Ratio (/c) 0.42 0.42 0.42

Note: SD = prewetted surfacdry; SSD = saturated surface dry

These concretes are designed for use in bridge deck applications, with a changing temperature
caused by differences in the concrete mixture proportions, thermal conductivity of the aggregate,
placement temperature, ambieeimperatures, solar radiation, weed speed, and so on. The
simulated bridge deck temperatures in the RCF for summer and fall placements were determined

for Montgomery, Alabama on construction dates of August 15 and October 15, respectively by
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usingheata n s f er
15-3 shows the temperature history of two example concrete mixtures with sandall season
placement conditions, respectively. After concrete placement, the temperature starts to rise
because of the heat of hydration of the cement. After reaching the peak temperature, the concrete
gradually cools down to the ambient temperatBg using simulated concrete temperature
profiles for bridge deck applications, there are small up and down fluctuations in temperature

caused by changes in solar radiation and ambient temperature effects, which lead to the thermal

sof twar e

t hat

induced loading and uphding effects in the concrete specimens.
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Figure 15-3 Concrete temperature histories of two example concrete mixtures
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CHAPTER 16 PART Il : FINITE -ELEMENT MODEL

Eightnode linear hexahedral (brick) elements with three translational degrees of freedom at each
node (C3D8)were usedor the FEM. For the rigid cracking frame (RCF), the deformation of
concretds restrainedy the Invar bars, and at the satinee there is alwaysome deformation in

the Invar bars. These strains were captured by modeling the tewodans in the FEM of the RCF.

The FEM mesh for the RCF with concreseshownin Figure 16-1. The Invar side bargere
assignech modulus of elasticity oR1,500 ksito match that of InvaiThe crossheads at the two
ends were assigned a very high modulus of elasticity to function as a rigid body to restrain both

the concrete anbhvar bars.

Figure 16-1 Mesh of finite-element model ofrigid cracking frame

The concretetemperature profiles and CTE values of each concrete mixture were input into the
FEM. Next, the thermal strain was calculated based on the CTEharsimall deformaticsof the

Invar bars werecalculatedby the FEM itselfand considered with the thernsitainto get the final

strain to calculate the concrete stresses. Next, based on thenstrament in each time step and

the compliance subroutine, tiseresswith time was calculatecind output from the FEM. The

effect of varyingconcretetemperatures on atloncretepropertieswas consideredby using the
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equivalentage maturity method (Caa 2004). Therefore, all ages mentioned in this study, unless
stated differently, are presentedequivalentage.Since the concrete in the R@Fs sealedno

moisture los®ccurred; thereforedrying creep and drying shrinkagere neglected

16.1 MODELING CREEP IN THE FEM

The Modified B3 Modelwas showrto accurately predict earlgge concrete stress development
in Part | of this dissertatiof.he details of the Modified B3 Model is presented in SectiGn2
Details of incorporating the creep model into the figkement program has been discussed in

Section6.1

16.2 MODEL FOR COMBINING HIGH-STRESSNONLINEARITY AND CREEP

The stress development predicted by using FEM and the Modified B3 Model without considering
high-stress nonlinearity and the measured stress development for the 0.42 LS (Sum) mixture are
shown inFigure 16-2. Since the concrete tensile strength development is different in the RCF
specimen than the splitting tensile specimen, the tensile strength development in th@afRkCF
obtainedfrom testing sfitting tensile strength specimens (Byard and Schindler 2015). This was
done by determining a scaling factor, which equals the ratio of measured stress at cracking in the
RCF to the cylinder splitting tensile strength at the same equivalent age (Bya&tlandler

2015). InFigurel6-2, a curve is shown to define the 70% of the scaled strength development to
distinguish the stress part below 7@dfor linearelasic analysis and the part above 70
includes the effect of higktress nonlinearity. From this figure ciin beseen that the Modified

B3 Model with linearelastic featur@verestimatethe tensile stress at higtress levels.
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Figure 16-2 Measured and Modified B3 Modeled stress development with scaled strength

development for mixture 0.42 LS (Sum)

The predicted versus measured concrete stress residuals versus concrete age relative to cracking
age in guivalent age expressed as a percent is shovgire 16-3. These residuals are only

shown for the data above 7028 Also presented ifrigure 16-3, are the various percentages of

the data points that fall within the following four residual strgss () ranges;, <
-50psi-50 psi & O psi,, O<p&D Psi,, and FredFigges i O
16-3, it can be seen that the Modified B3 Model withoutsidering higkstress nonlinearityends

to overestimate the measured stress, as 83% of data points are above the zero stress residual and
32% of the data points are overestimated by 50 psi or more. Therefore, the Modified B3 Model as

proposed byyard am Schindler (2015heeds to be corrected to account for the effects of high

stress nonlinearity.
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Figure 16-3 Residual result for stress above 70lby Modified B3 Model without

considering high-stress nmlinearity

Theapproactwith the nonlinear stress effedD, ,as proposedbga g ant

an(o8Pa) asann:

is usedherein.The effective incremental modulus is replaced by a reduced modulus when the

concrete tensile stress exceeds T8t account for the effect of higtress nonlinearityB a g a n t

et al. (2012) reduced the effective incremental modi@esder the current time speto O Tt

when the concrete tensile stress exceeds 70% of its strength. Sirthikayfective incremntal

modulus,Gxe er the current time speis modified toO 'O when the tensile stress in concrete

exceeds/0% @2 and hereirD values of 1.0, 1/4, 1/2, and 2/3 will be evaluated to assess the

accuracy of this approach.

value of 1.0 is used, and fortBea g a n t

et

al

In order to assess tpemss of the original Modified B3 Model[a

D yali®df D4vasaspdp r o a ¢ h a

Due to temperature fluctuations, thermal unloading and reloading occurs in the specimen as can

be seen ifrigure16-2. Jonasson (1994) atkldlund (2000) proposed a model with the unloading

path follows an elastic modulus, and experimental results @bem et al. (2016) alshowed an
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elastic unloading curveTherefore, ér unloading, the stress always corresponds to a path
independent elastic moduluReloading proceeds along the same path as unloading until again
reaching 70%&¢ after which it will again start to follownelastic behavior due toigh-stress
nonlinearity.When unloading occurs, the concrete will respond with an unreduced incremental
modulusOs aegardless the stress is below or abpwe 1. Therefore, vimen the stress is in
reloading stage the followingases could occur: 1) if the stress is less than @)%will behave

with an unreduced moduli@e and 2) if the stress exceedst 1, it will behave with a reduced
modulusO 'Cee#@n exampleof unloading and reloading stress states is shawigure 16-4.
When, 0 x m M the following stages apply: 1) stage | (all ages before the stress first exceeds
X Tt 1) where the incremental modulusOe @) stagelV (a part of stress unloading) where the
incrementalmodulus 'Oxand 3) stage V (a part of stress reloading) wheranitremental
modulus Ce®hen 0 X 1 M the following stages apply: 1) stage |l where the incremental
modulus 'O ‘Cxed® shge lll (a part of stress unloading) whereitftementamodulus Ceeee

and 3) stage VI (a part of stress reloading) wherentrementamodulus O Ceeee

fe(t)

=

S 70%f"(0)

Stress or Strength

L J

\/ Equivalent Age

Figure 16-4 Stress with equivalent age diagram to illustraterarious loading and unloading

stages

186



CHAPTER 17 PART Il : RESULTS AND DISCUSSIONS OF RESULTS

17.1 ASSESSMENT OFACCURACY OF STRESSPREDICTIONS

17.1.1 StressResidual Assessment

The stresgesidualanalysis provide herein consists of calculating the difference between the
measured stress and the predicted sthds8lanaseeand Lam (2005) also used the residual stress
assessment method to assist with the visual evaluat@ecafacyof various shrinkage and creep
models.The stressesidualvalue is calculated bgquationl7-1. A positive stress residual means
the predicted stress is greater than the meastnext and means the stresses are overestimated,

and vice versa.
. w Q (Equation 17-1)
Where,
» = stress residual (psi),
w predictedstresqpsi) from FEM, and
"Q measuredtresqpsi).

17.1.2 Statistical Assessment

To evaluate how well a model predicts the measured stress, the coefficient of determifjation (
and unbiased estimate of standard deviat®jhwere determinecto provide more information
guantitativeother than the residual stress analysis presented aBquation17-2 defines the
calculation of the coétient of determination anBquationl17-3 expresses the unbiased estimate

of standard deviation of the absolute error (Montgomery et al. 2015).
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YUY (Equation 17-2)

(Equation 17-3)

Where,

“Y'Y  sum of squares of the error §siB @ "Q ,

"Y'Y total sum of square of¢herra (psf) =B @ Bw tw,

@ mean measured data (psi),

“Y unbiased estimate of the standard deviation of the absolute erroafasi),

n = number of data points (unitless).

The coefficient of determinatiom?j providesa measure of how well the predicted dataesents
measured datset. The closer thé valuesto 1, the better thprediction modelThe smaller the
value ofSj, the less deviation of the predicted value to the measured data, the beiteditteon

model.

17.2 EXAMPLE OF RESULTS

The measured stress development and the stress development predicted with the FEM with reduced
effective modulusare plotted versus equivalent age kigure 17-1. Negdive values represent
compressive stresndpositive values represent tensile stress. Immediately following final set,
compressive stress develops due to the rise in concrete temperature and the restraint of concrete

expansion. When the concrete begioscool, tensile stresses develop because the concrete is
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restrained against contraction. After ttencretegoes to tension, the stregsnerallyincreasegut
fluctuates up and down because of thietthating temperature changesom the results ifigure
17-1, it can be seen that tlseresgredicted from the FEM in the elastic range matches well with
the experimental result; however, in the range above THelineated as Region B irigure
17-1) where tensile stress level is high, the Modified B3 Model without consideringstriggs

nonlinearity significantly overestimates the measured tensile stresses.

Also shown inFigure 17-1 are the predicted stress results for the three models with different
reduced effectivéencrementalmodulus withO=1/4, 1/2, and 2/3, respectivelyhe smder the

value of O, the morestresds reduced in the high tensile stress levetan be seen that the model

with 'O=1/4 reduces the predicted stress too much at a high stress level, which leads to
underestimation of the measured stress. Whereza) ibe seen that the two models athl/2
and’0O=2/3 more accuraty predictthe measted stress and effectly captutee effect ofhigh-

stress nonlinearity. There also does not appear to be too much difference in the stress predicted
with thetwo modelswith O =1/2 andO = 2/3. The goodness of fit attained by these two models

will be future evaluated by the residual and regression analysis results that will be covered in the

following sections.
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17.3 RESIDUAL ANALYSIS RESULTS

The predicted versus measured concrete stress aesikrsus concrete age relative to cracking
age in equivalent age expressed as a percent for the three models with reduced effective modulus
are shownn Figurel7-2 to Figurel7-4. The concrete age relative to cracking age is used here for
two reasonsl) when theconcreteapproaches cracking, the stress level is high and dfthet of
high-stress nonlinearity is not consideyéuke stress residuals are higher valuasg 2) different
concrete mixtures hawdifferentfinal crackingages Additionally, the use of the concrete age
relative to cracking age expressedoascentis used to equally evaluate the general trincall

the testednixtures The differences of the four proposed models lie in the inelastic range that is
above 709€, therefore only data points above 702are used irFigure17-2 to Figure 17-4 to

verify the effect of higkstress nonlinearity. Also presentedrigurel7-2 to Figurel7-4, are the
various percentages of the data points that fall within the following four residual stress ranges:

i <-50psi-50 psi & O psi,, O<p&D Psi,,and 50 psi

The stressesidualanalysis result for the original Modified B3 Model without considering -high
stress nonlinearity tends was previously showRigure16-3. It can be seen iRigure16-3 and
Figure17-2 to Figure17-4 that for the Modified B3 Model, the models wiik1/4,'0=1/2, and
0=2/3, the residuals that fall in the rangetdD psi are64%, 726, 91% and 95%espectively.
This quantifies that the Modified B3 Model without considering ksgtess nonlinearity tends has
the least data points that fall in th&0 psi residual range. It can als® observeétom Figure16-3
that the data points in the Modified B3 Modgnerallyhave anascending trendvhich clearly
indicatesanincreasingrend tooverestimatthe stress as cracking is approached. The mudiils
0=1/2 andO= 2/3 bothhave more than 94 of the data pointthatfall within the range of50

psi, which is aignificant improvemenn prediction accuracy when compared to the Modified B3
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Model which only ha$4% in that range. When considering stress residuals exceeding 50 psi and
less than50 psi for the Modified B3 Model ifigure16-3, the data points are more spreati ou
whereas the stress residuals for the models@ithy2 andO= 2/3in Figure17-3 andFigurel7-4

fall in a much narrowerdnd as cracking is approached.
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Figure 17-2 Residual results for stress above 70ff by model with ;=1/4

150

100

7]
(=)

Stress Residual (psi)
tn
=] [

-100

-150
40% 50% 60% T0% 80% 0% 10% 110%

Concrete Age Relative to Cracking Age (Percent)

Figure 17-3 Residual results for stress above 70§ by model with y=1/2
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Figure 17-4 Residual results for stress above 70§ by model with ;=2/3

The model witHO=1/4 shown irFigure17-2 underestimatethe majority of the measured stresses
with a total of 8% data points below the zero stress residual. The modelO#iti2 shown in

Figure 17-3 overestimates 30% of the measured stresses imatigefrom O to 50 psiand
underestimatesl18so of thestressesn therangefrom 0 to-50 psi. The modelith O=2/3 shown

in Figure 17-4 overestimates 53% of the measured stress in the range from 0 to 50 psi, and
underestimate 2% in therangefrom 0 to-50 psi. Therefoe, the model witfO=2/3 provides
equally well balanced estimategtire positive and negative stress residaabessompared to the

other three models, which indicates that there is little to no bias to either underestimate or
overestimate the measurexdiresses Therefore, the proposed model wid=2/3 has two
improvements oneis to balance the overestimation and underestimatioor, and another

advantage is to reduce the error between the predicted and measured stress from setting to cracking.
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17.4 STATISTICAL ANALYSIS RESULTS

Ther? andSjvalues for the predicted versus measured stress by the proposed four models for the
stress part beyond 70% of tensile strength with original Modified B3 Model (MB3), reduced
incremental modulus & FthO ¥ch and¢'O Yo for each concrete are presented able17-1.

The overallr? and Sj values computed for all the data collected for all 22 concretes are also
presented at theottom ofTable17-1, and provide a measure of how well the four models predict

the measured stress at the high tensile stress level.

FromTable17-1 can be seen that the ovendlof the original Modified B3 Model is 0.39 which

is the lowestandits Sjequals49 psiwhich is the highest among the four models. The model with
'0=2/3 has the highest overafl value of 0.81 and the smalleSjtvalue of27 psj therefore, this
model performs the best compared to the other models considered. For the mo@el2/8itthe
overallr? value of 81% for all the data sets suggests8mét of the error in data is explained by

the model

Also analyzed, is the overall accuracy of the models considering the stress development from
initial setting tocrackingstress. The overall models describe both the lie&sstic part and the

high stess level part when stresses are abpvel. Ther? values for the predicted versus
measured stress with data points from initial setting to cracking for the original Modified B3 Model,
and models witfD=1/4,'0=1/2, and'0=2/3 are 0.931, 0.937, 0.86and 0.965, respectively. The
Sjvalues for original Modified B3 Model, models wi@=1/4,0=1/2, andO=2/3 are 38 psi, 36

psi, 28 psi, and 27 psiespectively. Therefore, it can be concluded from thesdtsethat the
Modified B3 Model with'O=2/3 provides the most accurate estimate of the measured stress from

setting to cracking.
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Table 17-1 Statistical results for data above 709 for the four models with different

reducedeffective modulusand summary data for all data collected

r? Sj (psi)

Mixture
"-:1 "-:1/4 |'|'=1/2 |'|'=2/3 |'|'=1 "-:1/4 |'|'=1/2 |'|':2/3

0.42 Slate IC (Fall) 044 | -0.73 | -0.14 | 0.16 | 25 44 36 31

0.42 Slate IC (Sum) -0.19 | -0.28 | -0.19 | -0.15 | 46 a7 46 45

0.42 Slate SLW (Fall) [ 0.68 | -5.83 | -1.31 | 0.38 | 18 85 49 26

0.42 Slate SLW (Sum)[ 0.90 [ 0.59 | 0.88 | 0.98 | 19 38 20 8

0.42 Slate ALW (Fall) [ -6.30 | -4.09 [ 0.42 | 0.46 | 54 45 15 15

0.42 Slate ALW (Sum)[ -10.04( -2.40 | -1.52 | -1.33 | 81 45 39 37

0.42 Clay IC (Fall) 0.72 | 0.37 | 0.66 [ 0.83 | 19 28 21 15

0.42 ClaylC (Sum) 098 | 073 | 084 | 088 | 7 | 20 | 22 | 19

0.42 Clay SLW (Fall) | 0.47 | -4.23 | -1.21 | 052 | 21 67 44 20

0.42 Clay SLW (Sum)| -0.08 [ 0.13 | 0.86 | 0.90 | 45 40 16 14

0.42 Clay ALW (Fall) [-10.43( 0.18 | 0.34 | -1.46 | 86 23 20 40

0.42 Clay ALW (Sum) | -1.18 | -2.34 | 0.53 | 0.94 | 53 66 25 9

0.42 Shale IC (Fall) 0.66 | -0.31 | 0.62 [ 0.88 | 23 44 24 13

0.42 Shale IC (Sum) 087 | 052 | 0.81 | 0.91 | 22 43 27 18

0.42 Shale SLW (Fall)[ 0.51 [ 0.04 | 0.74 | 0.94 | 22 31 16 8

0.42 Shale SLW (Sum| -0.29 [ 0.33 | 0.83 | 0.79 | 63 45 23 25

0.42 Shale ALW (Fall)| -16.32| -3.32 | 0.76 | -1.75 | 66 33 8 26

0.42 Shale ALW (Sum| -4.65 [ -0.15 | 0.27 | -0.83 | 57 26 21 33

0.42 RG (Fall) 062 | -113| -078 | 070 | 58 | 66 | 60 | 59
0.42 RG (Sum) 140 | -164 | -137| -126 | 61 | 63 | 60 | 59
0.42 LS (Fall) 074 | 050 | 073 | 075 | 21 | 29 | 21 | 20
0.42 LS (Sum) 024 | 059 | 093|093 | 33| 24 | 10 | 10
All Data Points 039 | 046 | 078 | 081 | 49 | 46 | 30 | 27
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CHAPTER 18 PART Il : CONCLUSIONS

A threedimensional, finiteelement model of concrete subjected to restraint to volume change
tests was developed and its results were compared to experimental results. This FEM was used to
simulate the earhage concrete stress developmdrdm setting © cracking considering
temperature histories, changing mechanical properties, and creep effects. Tistresigh
nonlinearity coupled with creep effects were considered by reducing the incremental effective
modulusCeetedO 'O when the concrete tensile stress is above 70% of its tensile strength. Four
models with different damage factdd (values of 1/4, 1/2, 2/3, and 1 were evaluated to assess
their accuracy to predict earbge concrete stresses at stress levels above 708 tensile
strength. The experimental results of 22 concretes subjected to restraint to volume change tests
were used to verify the accuracy of the proposed FEM from initial setting to the age of cracking.
The concretes tested had varying aggregatestgpd chemical admixtures, and they were tested
under different temperature historid$ie results presented in thpart of this dissertatiosupport

the following conclusions:

1 Thefinite-element model witl0=2/3 provides accurate predictions of measwrady-age
concrete stresses from initial setting to the age of cracking.

1 The residual analysis of the Modified B3 Model, and models ®@itth/4, 0=1/2, and
0=2/3 show that the Modified B3 Model without considering ksgtess nonlinearity
overestimate the earlyage concrete stressthat abovex 1 12, while the model with
O=1/4significantlyunderestimadsthe measured stress The model witHO=2/3 provides

equally well balanced estimates in the positive and negative stress residual ranges.
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1 The staistical analysis of concrete stress based on the Modified B3 Model, and models
with O=1/4,'0=1/2, andO=2/3,resulted irr? of 0.39, 0.46, 0.78, and 0.81, afaf 49 psi,
46 psi, 30 psiand 27 psi, respectivelyhenall the stress dataonsideringabove a concrete
tensile strength of 70%. These results show thatMbdified B3 Model with'0O=2/3
provides the most accurate predictions of the esgly concrete stress development from

initial setting to the age of cracking.
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CHAPTER 19 OVERALL SUMMARY, CONCLUSIONS, AND

RECOMMENDATIONS

19.1 SUMMARY

Early-age cracking of concrete may influence the togrgn durability of a structur@arwin and
Browning 2008) Cracking occurs when the tensile stress in concrete exceeds its tensile strength.
Early-age stres development in concrete is influenced by temperature changes, modulus of
elasticity, creep or stress relaxation, shrinkagefficient of thermal expansion, and the degree of
restraint. Thregimensional, finiteelemenimodel (FEM)was used tsimulatethe earlyagestress
development of concret€&his study include thremainparts: 1¥inite-element modeling of eaHy

age concrete stress development with four creep mo#glénite-element modeling of and
analysis of earhage cracking risk otastin-place concrete culvertand 3) finite-element

modeling of earlyage concrete stress behavior under gyl of tensile stress.

For Part I, theFEM was used to simulate the eadge concrete stress development considering
tempeature histories, changing mechanical properties, and creep effectscrEep compliance
models including the B3 Model, Modified B3 Model, B3 Model with RT, and B4 Model were
incorporated in the finitelement model. Experimental results from restramtdlume change
tests with rigid cracking fransavere used to assess the accuracy of the fad@ment analysis
with the four creep model§he experimental tests include 72 concrete mixiwegh contain
varying cementitious materials, mixture propamns, temperature histories, aggregate types, water

to-cementitious materials ratios, and chemical admixtures.

For Part 1l, meauresto mitigate earlyage cracking in culverts by evaluating the cracking risk

were analyzed, becausetensive cracking was found in several gasplace concrete culverts in
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Alabama that can decrease the kbagn durability. Finiteelement analysis was used to model the
early-age stress by accounting for the following factors: construction sequenppoytsrestraint,
concrete constituents, temperature effects, the-dependent development of mechanical
properties, creep/relaxation, and drying shrinkage. A parametric study was performed to quantify
the effect of changing joint spacing, joint typenstiuction sequence, concrete coefficient of
thermal expansion, placement season, and concrete type on thageachacking risk. ThEEM

results revealed the measutegseduce the risk of eadgge cracking in cash-place concrete

culverts

ForPartlll, nonlinear behavior at high tensile stressasonsidered in thEEM. Most models are

for the elastic and timdependent behavior at normal stress levels in which the effect of cracking

or the level of tensile stress is not considetddwever, higkstress nonlinearity coupled with

creep is of paramount importance when determining the cracking risk of concrete. Nonlinear
behavior at high tensile stresses is present in concrete and should be considered to obtain an
accuratecracking ri& analysis.The Modified B3 Model was proved to be the most accurate
models for earlyage concrete stress modeling compared to etVeuatednodels used iRart|.
Therefore, the higistress nonlinearity was considered in this studydsgecting theModified B3

Model with a reduced effective modulus when the tensile stress is above 70% of its tensile strength.
The experimental results of 22 concrete mixtures subjected to restraint to volume change tests were
used to verify the accuracy the proposedrEM from initial setting to the age of crackinghe
statistical assessment method and stress residual method were used to determine the accuracy of

the proposed modetompared to the original lineatastic model.
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19.2 CONCLUSIONS

The focus ofPart| was to investigate tHevel ofaccuracy of four creep modeieluding the B3
Model, Modified B3 Model, B3 Model witRr, and B4 Modethatwere incorporated ithethree
dimensional FEM. Early-age stress development from restraint to volume change tests from 72
concretes were used to verify the accuracy of the four creep madedsstress residual method

of comparing predicted stress to measured stress, and the statistical assesshwzhttane
determine the coefficient of determinationand unbiased estimate of standard devidtfoRere

used to analyze the stress ddtae research presentedRart| support the following conclusions:

1 TheFEM provides accurate piections of measured earhge concrete stresses.

1 The residual analysis of the four creep models show that the B3 Model and B4 Model
generally overestimate the eadge concrete stress, while the B3 Model wWRh
underestimate the stresses. The B4 Model significantly overestimates the-agely
compressive stress when its modifiers for concrete constituents are induced. The Modified
B3 Model provides the best prediction of eaalye concrete stresses.

1 The statistical analysisf gtress results based on the B3 Model, Modified B3 Model, B3
Model with RT, and B4 Model resulted in of 0.83, 0.88, 0.82:0.15 and Sj of 66 psi,

56 psi, 69 psi and 172 psespectively for all the data in the database. These results show
that the Mdified B3 Model provides the most accurate predictions of the-agdy

concrete stress among the models considered.

The focus ofart1l was to investigate measures to mitigheearly-age cracking risk of cas-
place concrete culves: A threedimensiongl FEM of castin-place concrete culverts was

developed. The calibrated FEM was used to determine the influence of changing the contraction
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joint spacing, two concrete coefficient of thermal expansion values, three placement s@asons,
joint types, three construction sequences, and three concrete types @geansgcking risk. The

research presentedRBart 1l support the following conclusions:

1 The cracking risk of the culvert wall, base, and roof was foune teigh, moderate, and
low, respectively, which explains why many surveyed culverts had wide cracks primarily
in walls and bases.

1 The practical contraction joint spacing evaluated in this study only significantly influences
the cracking risk in the culvebiase, but has little effect on the cracking risk of the wall.
This is because the base provides a very high degree of restraint to the wall.

1 Use of contraction joints can help significantly decrease the cracking risk in culvert base
compared to use of tiecbnstruction joints, but they do not have a significant effect on the
maximum cracking risk in the culvert wall.

1 Wall cracking risk increases with the age (maturity) of the base concrete at the time when
the wall isconstructedUse of a constructiosequence that attains the youngest (lowest
stiffness) base when the wall is cast, reduces the cracking risk in the wall.

1 Hot weather construction leads to the highest cracking risk, while cold weather placement
results in a much smaller cracking risk, wighl placement conditions in between these
two extremes.

1 Use of a lower coefficient of thermal expansion concrete decreases the cracking risk in the
base and wall.

1 Use of sandightweight concreteor all-lightweight concrete significantly decrease the
cracking risk in the culvert compared to using normalweight concrete. Thighaiveight

concrete most decreases the cracking risk among the three concrete types evaluated.
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Partlll is focused on theanlinear behavior at high tensile stresisy using thd=EM to predict

stresses from setting to crackirtgigh-stress nonlinearity coupled with creep effects were
considered by reducing the incremental effective mod0luo’O 'O when the concrete

tensile stress is above 70% of its tenstiength. Four models with different damage factor

(O) values of 1/4, 1/2, 2/3, and 1 were evaluated to assess their accuracy to predagesarly
concrete stresses at stress levels above 70% of its tensile strength. The experimental results of
22 concrées subjected to restraint to volume change tests were used to verify the accuracy of
the proposed FEM from initial setting to the age of cracking. The concretes tested had varying
aggregate types and chemical admixtures, and they were tested undentdiffiengerature

histories. The results presented in this part support the following conclusions:

A TheFEM with '0=2/3 provides accurate predictions of measured -@ay¥yconcrete
stresses from initial setting to the age of cracking.

A The residual analysis tfie Modified B3 Model, and models with=1/4,'0=1/2,
and'0=2/3 show that the Modified B3 Model without considering hsifess
nonlinearity overestimas¢he earlyage concrete stressthat abovey 1t 19, while
the model withO=1/4 significantly underestimatethe measured stress The
model withO=2/3 provides equally well balanced estimates in the positive and
negative stress residual ranges.

A The statistical analysis of concrete stress based on the Modified B3 Model, and
models withO=1/4,0=1/2, andO=2/3, resulted irr? of 0.39, 0.46, 0.78, and 0.81,
and"Y®f 49 psi, 46 psi, 30 psi, and 27 psi, respectiveten consideringll the

stress data above a concrete tensile strength of 70%. These results show that the
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Modified B3 Model with'O =2/3 provides the most accurate predictions of the

early-age concrete stress development from initial setting to the age of cracking.

19.3 RECOMMENDATIONS FOR FUTURE RESEARCH
In this section, some suggestigasmprovefuture efforts to modetarly-ageconcete stressesre

given

1 Thermocouples and strain gaugé®uld beembedded in fulscale concrete elemernits
order to obtain temperature history and strain dataplace concreteHowever, the strain
data cannot be directly and easily used to calculate the thermal stress due to the
complexitiesrelated tan-placerestraint conditions. Thereforéne use oan instrument to
measuren-placethermal stress concrete at eartpge which is called stress metahall
be considered.

1 Stress datéor full-scale concrete elements should be collectedadinde-element model
of this structure should levelopedComparisons of FEM stress results atrdss meter
resultsare needed tdéurther validate the models proposed in this study and verify its

applicabilityin structural elements
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