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EXECUTIVE SUMMARY
Background and Problem Statement

Frame piers are a popular type of bridge pier composed of columns that support a cap beam.
Frame piers are often the most economical pier choice when a pier does not need to be placed in
water or designed for vehicular collisions. However, certain frame pier geometries, such as long
frame piers, are susceptible to forces caused by temperature and shrinkage effects. In design,
thermal strain, shrinkage strain, creep strain, and even the nonlinear behavior of concrete may
not be considered together. This can lead to questions about the adequacy of the current set of
design requirements for this category of piers.

Research Description

In this research project, a set of finite element (FE) models capable of simulating shrinkage
strain, creep strain, thermal strain, strength development of concrete, and nonlinear behavior of
concrete were developed and calibrated using experimental test results. Field data were then
collected from bridges instrumented with vibrating wire strain gauges embedded in the frame
piers at the time of construction. Further to obtaining firsthand information from the field, the FE
models were validated using collected field data. Various frame pier geometries were then
analyzed using the validated model to identify the most susceptible geometries. These results led
to the development of two-dimensional (2D) linear elastic models that simplified the assessment
process without losing accuracy.

Key Findings

e Based on the results of field monitoring activities and supporting FE simulations, it was
found that frame piers cast in lowa on warm summer days, particularly in June and July,
experience the most demand from temperature and shrinkage effects compared to other times
of the year.

e Frame piers with nonuniform columns, such as larger exterior columns or varying column
heights, were not found to be more susceptible to these effects than piers with uniform
columns. Bay length was also found to have a negligible effect on the susceptibility of frame
piers to these effects.

e The most critical factors affecting frame pier susceptibility were found to be column
stiffness, length of the cap beam, and flexural stiffness of the cap beam. Column stiffness
was observed to have the greatest impact on the susceptibility of frame piers to these effects.

e The development of 2D linear elastic models helped provide a simplified assessment process
without losing accuracy. Overall, the requirements set by the lowa DOT’s Bridge Design
Manual were found to be adequate in capturing the performance of frame piers subjected to
temperature and shrinkage forces.
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Implementation Readiness and Benefits

Considering the construction cost advantages of frame piers compared to hammerhead piers, the
development of appropriate design strategies is essential to ensure the satisfactory performance
of this category of piers, particularly taking into consideration the fact that they can be subjected
to relatively large shrinkage and temperature forces during their service lives.

It was advantageous to develop a set of models with varying levels of complexity capable of
simulating the effects of temperature and shrinkage. This helped identify the frame piers most
susceptible to these effects. Furthermore, various metrics, along with a simplified 2D analysis,
can now be utilized during design to help predict the susceptibility of frame piers to temperature
and shrinkage effects.
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CHAPTER 1. INTRODUCTION
Background

Frame piers, also known as multi-column piers, are a common type of bridge pier. This pier type
consists of multiple columns that support a cap beam. The cap beam directly supports the
superstructure of the bridge. The foundations of frame piers can vary significantly to best suit
site conditions. Common types of foundations used in frame piers include drilled shafts, pile caps
and piles, and spread footings.

Frame piers are common due to their economic benefit compared to other types of piers, such as
T piers. This is because the smaller member sizes and simplistic geometry of frame piers use less
material and allow for easier construction. These benefits make frame piers the primary choice
for piers in road overpasses, railroad overpasses, and stream or river crossings in lowa when
piers do not need to be designed for vehicular collisions or placed in waterways (lowa DOT
Office of Bridges and Structures 2018).

Research Motivation and Objectives

Due to their economic benefits, frame piers are often the top design choice for bridges. However,
in some analyses, frame piers may experience high forces due to shrinkage and temperature
effects. Designing for these high forces may diminish the economic benefits of using frame piers.

This study aimed to accurately calculate the forces imposed on frame piers by temperature and
shrinkage effects and provide design guidance for such forces. The first objective was to develop
a numerical model that could accurately model the behavior of frame piers subjected to
shrinkage, creep, and temperature effects. The next objective was to identify the most critical
factors that make a frame pier susceptible to shrinkage and temperature effects. The last
objective was to investigate the accuracy of various metrics used to predict the susceptibility of
frame piers to temperature and shrinkage effects.

These objectives were achieved through a set of investigations, ranging from long-term field
monitoring to rigorous three-dimensional (3D) and two-dimensional (2D) structural analyses.

Research Summary

A numerical model was developed to simulate the behavior of frame piers under temperature and
shrinkage effects. A shrinkage and creep model was selected for the model and calibrated using
experimental test results. The numerical model was validated using field data collected from two
instrumented frame piers.

The effect of the time of frame pier casting was investigated to determine its effect on the
magnitude of forces due to temperature and shrinkage. A worst-case casting time was then



chosen for use in a series of parametric studies to investigate the effects of column stiffness,
frame length, and bay length on the behavior of frame piers subjected to temperature and
shrinkage effects. This investigation was then paired with simplified 2D analyses using linear
elastic models.

Research Benefits

The results of this study have led to more informed design guidance for frame piers in lowa and
beyond. The outcome helps predict the susceptibility of frame piers to temperature and shrinkage
effects, thus preventing underdesign or overdesign of this important category of piers.



CHAPTER 2. MODELING OF SHRINKAGE AND CREEP
Background
Shrinkage

Shrinkage is the contraction of concrete with time. The overall shrinkage effect is composed of
multiple types of shrinkage. The causes, duration, and contribution of total shrinkage strain are
different for each shrinkage type. However, two types of shrinkage are most prominent from a
design standpoint: autogenous shrinkage and drying shrinkage (Sahinagi¢-Isovié et al. 2012).

Autogenous shrinkage, also known as hydration shrinkage, is caused by the loss of water in the
concrete’s pores due to the chemical processes involved in hydration. Since autogenous
shrinkage depends on hydration, the rate of this shrinkage matches closely to the rate of strength
development of the concrete and is most prominent in the first month after casting. For example,
60 to 90% of autogenous shrinkage of concrete occurs by 28 days (Sahinagi¢-Isovié et al. 2012).
Autogenous shrinkage strain affects ordinary concrete much less than drying shrinkage strain. A
typical range of ultimate autogenous shrinkage strain is 50 to 100 microstrain (Tinni 2008).

Drying shrinkage is caused by the loss of water in the pore spaces of the concrete to the
environment. Environmental factors, such as humidity, wind velocity, and temperature, majorly
influence drying shrinkage (Ali and Urgessa 2014). Additionally, concrete thickness affects
drying shrinkage, with drying shrinkage occurring more slowly in thicker members. Drying
shrinkage occurs over a much longer period than autogenous shrinkage. For ordinary concrete,
drying shrinkage is generally several times more prominent than autogenous shrinkage, with a
typical range of 200 to 400 microstrain (Sahinagié¢-Isovié et al. 2012).

Another type of shrinkage, known as plastic shrinkage, can be a significant component of total
shrinkage. However, plastic shrinkage only occurs in the first hours after casting and is caused
by rapid evaporation or absorption of water into formwork and the environment. Generally, the
strength of concrete is too low when plastic shrinkage occurs for notable stresses to form in the
concrete. Additionally, current curing practices mitigate rapid evaporation of water, thus further
reducing the effects of plastic shrinkage (Sahinagi¢-Isovié et al. 2012).

The progression of shrinkage greatly depends on the concrete mixture, geometry, and climate
conditions (Khatami et al. 2016, Kulkarni and Shafei 2018, Khatami and Shafei 2021).
Generally, a shrinkage curve is steepest early on and then flattens with age. For example, up to
34% of the ultimate shrinkage can occur in the first 2 weeks after casting, and up to 80% can
occur in the first 3 months (Gribniak et al. 2013). Since shrinkage can occur so rapidly early on,
it can be relaxed with time by creep. Around 40 to 70% of shrinkage stress can be relaxed by
creep (Gribniak et al. 2013, Altoubat and Lange 2001). Due to the stress relaxation from creep,
many design guides, like the Bridge Design Manual (BDM) from the lowa DOT, design for
shrinkage effects at 28 days after casting (lowa DOT Office of Bridges and Structures 2018).



Both tensile and compressive stresses are known to result from shrinkage in reinforced concrete.
In unrestrained members, the steel reinforcement generally experiences compressive stress, while
the concrete generally experiences tensile stress. Tensile stress in the concrete is critical, since
concrete is susceptible to cracking under tensile stresses which adversely affects the performance
of the concrete (Gilbert 1992). Stress induced by shrinkage can affect the structural behavior of
reinforced concrete. For example, shrinkage in reinforced concrete columns has been found to
reduce stiffness, cracking resistance, and ultimate strength. The magnitude of these effects
depends on the amount of steel reinforcement in the member and the shape of the member
(Lampropoulos and Dritsos 2011).

Shrinkage does not occur uniformly throughout a cross section of a concrete member. Rather, the
magnitude of shrinkage varies throughout the cross section due to the difference in moisture
content at the surface and at the center of a member (Karim et al. 2019, Shi et al. 2020a, Shi et al.
2020b, Kazemian and Shafei 2022). However, it is common to consider an average shrinkage
strain for analysis purposes. For example, many popular shrinkage models estimate shrinkage by
providing a single, average shrinkage strain for a concrete member (ACI 209 2008, ACI 209
1992, Baweja 1995). One method to apply shrinkage strain in analysis is to input the strain as a
static, initial condition (Lampropoulos and Dritsos 2011). This approach is limiting since
shrinkage varies with time, as does the strength of concrete. A more suitable approach for time-
sensitive analyses is to accurately model the shrinkage strain with time, which most shrinkage
models are capable of calculating.

Creep

Creep occurs when concrete continuously deforms over time under a sustained load. Creep strain
depends on stress history, with the amount of creep increasing as stress increases. Creep depends
on time and occurs most rapidly soon after a load is applied. Under certain loading and structural
configurations, creep can act as a stress relaxation mechanism. For example, creep can relax
stress due to restrained shrinkage. An important property of creep under variable loading is that
after a load is removed, only part of the creep strain is recoverable, and the recovery is time
dependent (ACI 209 2008).

Creep is often quantified in one of two ways: creep coefficient or specific creep (Tong 2016).
Creep coefficient is the ratio of creep strain to elastic strain. Specific creep, also known as creep
compliance, is the total stress dependent strain per unit stress. There are two components of
creep: basic creep and drying creep. Basic creep is generally considered a constitutive material
property and independent of geometry (ACI 209 2008). Basic creep occurs even when concrete
is fully submerged in water. Drying creep is defined as the total strain minus shrinkage strain,
basic creep strain, and elastic strain. Drying creep requires both the drying of concrete and an
applied stress and does not occur if either is absent.

Depending on the level of stress and desired accuracy, it may be adequate to assume that the
creep coefficient for tensile creep is equal to that of compressive creep (ACI 209 2008). This
assumption is useful as compressive creep in concrete has been studied significantly more than
tensile creep (Qstergaard et al. 2001, Khan et al. 2017, Bissonnette and Pigeon 1995, Wei and



Hansen 2012). However, studies have noted differences in the behavior of tensile creep and
compressive creep (Wei and Hansen 2012, Ranaivomanana et al. 2013, Gilbert and Ranzi 2018).
Therefore, it is suitable to uniquely account for tensile creep and compressive creep in analyses
where creep is an important factor.

The literature focuses more on compressive creep, partly because concrete’s lower strength
under tension compared to compression means that tensile creep experiments need to be
performed at much lower stress levels than compressive experiments. The lower stress levels
make reliably measuring creep strain more difficult. The studies that have investigated tensile
creep behavior discovered that more tensile creep occurs than compressive creep under the same
loading (Wei and Hansen 2012).

Modeling Shrinkage and Creep

Modeling shrinkage and creep is a demanding task due to the large number of variables that must
be considered and the complexity of the mechanisms that cause shrinkage and creep.

Fortunately, numerous models have been developed to predict shrinkage and creep. These
models are often empirical and may only require a few inputs to predict shrinkage or creep.
However, the simplicity of these models can lead to significant error, especially when predicting
shrinkage and creep of concrete composed of an unusual mixture or exposed to unusual
environmental conditions.

This chapter explores some of the most popular shrinkage and creep models that are used in
bridge research. The performance of various shrinkage and creep models were analyzed by
comparing the outputs of each model to data from shrinkage and creep experiments. The
concrete mix and environmental conditions of the experiments used to assess the models were
selected to match well with those for frame piers. A single shrinkage and creep model was
selected and further calibrated for tensile creep and variable loading. The final calibrated model
was used throughout this study in tandem with finite element (FE) analysis software to simulate
the effects of temperature and shrinkage for frame piers.

Available Shrinkage and Creep Models
ACI 209R Model

The American Concrete Institute (ACI) 209R shrinkage and creep model empirically predicts the
shrinkage strain and creep coefficient of concrete as a function of time (ACI 209 1992, 2008).
This model also provides an ultimate shrinkage strain and creep coefficient. Shrinkage strain is
predicted based on the age of the concrete, curing method, time of drying, relative humidity,
volume to surface ratio, slump, fine aggregate to total aggregate ratio, cement content, and air
content. The creep coefficient is predicted based on the age of the concrete, curing method, time
of loading, relative humidity, volume to surface ratio, slump, fine aggregate to total aggregate
ratio, and air content. The ACI model defines shrinkage strain according to equation (2.1).
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where g, (t, t.) is the shrinkage strain at a concrete age of t days, t. is the age of the concrete at
the time of drying in days, a is a constant between 0.90 and 1.10 to tune the model to
experimental data, f is a constant between 20 to 130 days to tune the model to experimental data,
and &gy, IS the ultimate shrinkage strain. The ultimate shrinkage strain is defined according to
equations (2.2) and (2.3).

Eshu = 780y5,(107°) (2.2)

Ysh = Vsh,tcysh,RHysh,vsVsh,sVsh,lpVsh,cysh,a (23)
where g, Is the product of all correction factors for the ultimate shrinkage strain.

Creep coefficient at any time according to ACI 209R model is defined according to equation
(2.4).
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where ¢ (t, t,) is the creep coefficient at a concrete age of t days, t, is the age of the concrete at
the time of loading in days, y is a constant between 0.40 and 0.80 to tune the model to
experimental data, d is a constant between 6 to 30 days to tune the model to experimental data,
and ¢,, is the ultimate creep coefficient. The ultimate creep coefficient is defined according to
equations (2.5) and (2.6).

¢y = 2.35Y, (2.5)
Ye = YetoVe,raYcvsYe,sYeypYea (2.6)
where y, is the product of all correction factors for the ultimate creep coefficient.

A significant benefit of the ACI 209R model is that the model is relatively simple yet allows
tuning the model to experimental data. For example, the «, f, {, and d constants from equations
(2.1) and (2.4) can tune the shape of the shrinkage strain and creep coefficient curves. Additional
factors can be applied to the ultimate shrinkage strain and ultimate creep coefficient to modify
the ultimate values. This allows the model to accurately match nearly any set of experimental
data. The model also provides recommended ranges for ultimate shrinkage strain, ultimate creep
coefficient, and all constants to ensure an accurate estimate is obtained.



AASHTO Model

The American Association of State Highway and Transportation Officials (AASHTO) shrinkage
and creep model empirically predicts the shrinkage strain and creep coefficient of concrete as a
function of time (AASHTO 2012).

Shrinkage strain in this model is predicted based on the age of the concrete, time of drying,
relative humidity, volume to surface ratio, and compressive strength of the concrete. The creep
coefficient in this model is predicted based on the age of concrete, time of loading, relative
humidity, volume to surface ratio, and compressive strength of the concrete. Shrinkage strain
according to the AASHTO model is defined according to equation (2.7).

esn = 0.48Kksknsk ki (1073) 2.7)
where &g, is the shrinkage strain at any time and ks, ks, k¢, and k.4 are correction factors.
Creep coefficient according to the AASHTO model is defined according to equation (2.8).
¢ = 1.9kskpkpkygt; 0118 (2.8)

where ¢ is the creep coefficient at any concrete age, and ks, kp, ks, and k.4 are correction
factors.

The AASHTO shrinkage and creep model is one of the simplest models available. This is
because the model is less general and intended for use on a specific set of structures with
regulated concrete mixtures, curing techniques, and geometries. Under conditions that the model
is intended for, the AASHTO model can quickly provide shrinkage and creep values.

However, if conditions differ from what the model is geared towards, the AASHTO model will
likely provide inaccurate predictions. Furthermore, the AASHTO model lacks clear constants
with recommended ranges to tune the model to experimental data. However, the model can
easily be tuned to match long-term shrinkage and creep behavior by introducing factors into
shrinkage strain and creep coefficient equations.

Bazant-Baweja B3 Model

The Bazant-Baweja Bz model is a hybrid empirical and theoretical shrinkage and creep model
that predicts the shrinkage strain and creep compliance of concrete as a function of time (ACI
209 2008). This model provides ultimate values of shrinkage strain and creep compliance as well
as distinguishes between the basic and drying components of creep.



This model predicts shrinkage strain based on the age of the concrete, curing method, time of
drying, relative humidity, concrete strength, cement type, water content, cross section shape, and
volume to surface ratio. Creep compliance in this model is predicted based on the age of the
concrete, curing method, time of drying, time of loading, strength of the concrete, relative
humidity, cement content, water to cement ratio, aggregate to cement ratio, cross section shape,
and volume to surface ratio. Shrinkage strain according to the Bz model is defined according to
equation (2.9).

Esn(t te) = EsnooknS(t — tc) (2.9)

where g, (t, t.) is the shrinkage strain at concrete age t in days, t.. is the age of the concrete at
the start of drying in days, €5 IS the ultimate shrinkage strain, k;, is a humidity dependence
factor, and S(t — t.) is the time curve. The time curve is calculated as defined in equations
(2.10) and (2.11).

S(t —t.) = tanh [£=5 (2.10)
sh
Ton = 190.86. 70000 ™02 2k, (V /5)]? (2.11)

where g, is the shrinkage half-time in days, f,,.2g IS the mean compressive strength of the
concrete at 28 days, k. accounts for member shape, and V' /S is the volume to surface ratio. The
ultimate shrinkage strain is defined according to equation (2.12).

_ Ecmeoz
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where &4, is a constant and E¢pe07 aNd Ecp e, +7,,,) are the elastic moduli at their corresponding
times.

Creep compliance according to the Bz model is defined according to equation (2.13).
](t! tO) = + CO(t! tO) + Cd(ti tOi tc) (213)

where J(t, t,) is the creep compliance at a concrete age of t in days, t, is the time of loading in
days, q; is a constant, C,(t, t,) accounts for basic creep, and C,(t, t,, t.) accounts for drying
creep. Cy(t, ty) and C, (¢, ty, t.) are defined according to equations (2.14) and (2.15),
respectively.

Co(tito) = q2Q(t, to) + qzln[1 + (t — to)"] + qaln(t/ty) (2.14)

Ca(t, to,t.) = qs[e~8H® — g=8H(t)]'/? (2.15)



where g, g3, q4, and gs are all constants, Q(t, t,) is a component of aging velocity, n is taken as
0.1, and H(t) and H(t,) are special averages of pore relative humidity. H(t) and H(t,) are
calculated as defined in equations (2.16) through (2.19).

Hit)=1—-(1-h)S(t—t.) (2.16)
H(ty)) =1—(1—-h)S(ty, —t.) (2.17)
S(t —t,) = tanh (%)1/2 (2.18)
S(ty —t,) = tanh (“’T—‘htC)l/2 (2.19)

where h is relative humidity as a decimal, S(t — t.) and S(t, — t.) time curves, and g, is
shrinkage half-time in days.

The Bz model has unique advantages due to its ties to theory. For example, basic and drying
creep, as well as specific components of shrinkage, are separated in this model. Additionally, this
model is well suited for general use over a wide range of parameters affecting shrinkage and
creep. However, this model has little advantage over simple empirical models when calibrating a
model to experimental data. This model is complex, especially in comparison to the ACI or
AASHTO shrinkage models.

CEB MC90-99 Model

The Euro-International Committee for Concrete (CEB) model is an empirical shrinkage and
creep model that predicts the shrinkage strain and creep compliance of concrete as a function of
time (ACI 209 2008). Similar to the Bz model, the CEB model differentiates between autogenous
and drying shrinkage. Additionally, the creep compliance function is calculated from a creep
coefficient.

Shrinkage strain in this model is predicted based on the age of concrete, time of drying, relative
humidity, volume to surface ratio, cement type, and compressive strength of the concrete. Creep
compliance in this model is predicted based on the age of concrete, time of loading, relative
humidity, volume to surface ratio, cement type, and compressive strength of the concrete.
Shrinkage strain according to the CEB model is defined according to equation (2.20).

Esh(t: tc) = Ecas(t) + Ecds(t: tc) (2-20)

where €, (t, t.) is the total shrinkage at a concrete age of t days, t. is the age of the concrete at
the start of drying in days, e.,4(t) is the autogenous component of shrinkage, and e.44(t, t.) is



the drying component of shrinkage. The autogenous component of shrinkage is defined
according to equations (2.21) and (2.22), respectively.

ecas(t) = Ecaso (fcmzs).gas(t) (2-21)

Bas®) = 1— el 02 ] (2.22)

where .50 (femz2s) 1S the notional autogenous shrinkage coefficient, B,¢(t) is the time
development factor for autogenous shrinkage, and t, is one day. The drying component of
shrinkage is defined according to equations (2.23) and (2.24).

gcds(t' tc) = Ecdso (fcmzs)ﬁRH(h),Bds(t - tc) (2-23)
_ (t=tc)/ts
pas(t—tc) = \/ 350[(V/S)/(V/S)ol2+((t~to)/t1) (224)

where .45, (fem2g) 1S the notional drying shrinkage coefficient, Sy (h) accounts for relative
humidity, gd,(t — t.)is the time development factor for drying shrinkage, V' /S is the volume to
surface ratio, and (V' /S), is 2 in.

Creep compliance according to the CEB model is defined according to equation (2.25).

J(t,to) = ——[n(to) + dag(t, t)] = —— + 220 (2.25)

Ecmzs Ecmto Ecmes

where J (¢, t,) is creep compliance at a concrete age of t days, t, is the time of loading in days,
E.m2s is the modulus of elasticity at an age of 28 days, E,,5 IS the modulus of elasticity at an
age of 28 days (psi), E.mto is the modulus of elasticity at the time of loading (psi), n(t,) is the
ratio of E,;25 10 Ecmio, aNd ¢,5(t, ty) is 28-day the creep coefficient. The 28-day creep
coefficient is defined according to equations (2.26) and (2.27).

P28(t, to) = PoPc(t — to) (2.26)
Be(t—to) = [%]03 2.27)

where ¢, is the notional creep coefficient, B.(t — t,) is a coefficient that accounts for the time
development of creep, and By accounts for relative humidity.

Similar to the Bz model, the CEB model differentiates between basic and drying creep.
Furthermore, the CEB model also differentiates between drying and autogenous components of
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shrinkage. The CEB model also allows for modifications to account for unusual temperatures
and stress levels.

Model Calibration and Selection

An abundance of shrinkage and creep experiments have been performed and published. With that
in mind, this study used available experimental data from the Northwestern University
Infrastructure Technology Institute (ITI-NU) database to calibrate and analyze the considered
models. This database, formerly known as the RILEM database, was created 40 years ago and
hosts experimental data from concrete shrinkage and creep tests. Over its life, this database has
expanded in collaboration with ACI, CEB, and RILEM and is now maintained by the ITI-NU.
The expanded database hosts data for 490 shrinkage tests and 621 creep tests as of 2008 (Bazant
and Li 2008).

The primary purpose of the database is to calibrate and validate prediction models, which made
this database suitable for calibrating and comparing models in this study. Additionally, the data
in this database are mostly for low-strength and normal-strength concrete, which are common for
frame piers. Comparing the performance of the shrinkage and creep models by using all the
available data in the ITI-NU database is a feat that has already been done and offered little
benefit to this study due to the large variation in parameters explored by the test results in the
database. This study focused on a single category of structures—frame piers—which are
constructed with consistent concrete mixes that adhere to governing codes and standards,
common geometry, and relatively common environmental exposure.

Therefore, it was necessary to only select tests from the database that aligned with the mix
design and environmental factors that frame piers are known to experience. This approach was
preferred due to the high demand needed for a model to accurately capture the effect of all
possible ranges of parameters relating to shrinkage and creep. Each of the shrinkage and creep
models was calibrated to selected data from the ITI-NU database. Only the ACI model provides
variables and guidance for this type of calibration. However, calibration factors are applied to all
models. The calibration factors target the time development and ultimate values of shrinkage and
creep.

Unrestrained Shrinkage

The shrinkage models were calibrated for unrestrained shrinkage using available experimental
data from the ITI-NU database. A selection of experiments from the ITI-NU database were
chosen based on how well their mix designs, curing types, curing durations, environmental
conditions, and ages of exposure to drying compared to that of frame piers.

The concrete mixtures of the selected experiments needed to match reasonably well with Class A
concrete as specified by AASHTO (AASHTO 2012). For curing, the selected samples needed to
use moist curing and be allowed to cure for at least two full days. For environmental factors, the
selected experiments needed to have a relative humidity between 50% and 80% and be exposed
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to a constant temperature around 68°F (20°C). Ten experiments from the ITI-NU database were
selected based on these criteria and used to calibrate the shrinkage models. The most notable
properties of each experiment selected are presented in Table 2.1.

Table 2.1. ITI-NU database experiments used to calibrate and compare shrinkage models

Data_lbase wie  alc Cement  fes 2VS to  Humidity
File (kg/m® (MPa) (mm) (day) (%)
e 100 01 0.48 5.429 350 33.2 42 7 65
e 100 02 0.48 5.429 350 33.2 80 7 65
e 100 03 0.48 5.429 350 33.2 150 7 65
e 011 03 0.45 5.392 345 35.3 100 7 65
e 069 03 0.45 5.405 353 23.9 75 7 65
e 071.02 05 - 350 40.7 75 3 65
e 071.03 05 - 350 375 75 3 65
e 084 01 0.48 5.428 350 33.2 415 7 65
e 084 02 0.48 5.428 350 33.2 80 7 65
e 084 03 0.48 5.428 350 33.2 150 7 65

The selected experiments for shrinkage calibration and analysis had an average 28-day
compressive strength of 4.88 ksi (33.7 MPa) and an average age of the concrete at the start of
drying of 6.2 days. Additionally, all selected shrinkage experiments had a relative humidity of
65%. Each model was calibrated for shrinkage through two means. First, a single factor was
applied to the ultimate shrinkage strain in each model. This factor could be adjusted for each
model to best match the model to the experiments. For example, if a model was found to
predominantly underestimate the shrinkage recorded in the experiments, this factor could be set
to a value higher than unity to improve the accuracy of the model.

A second factor was applied to the time development component of each model. This second
factor attempted to modify the shape of the shrinkage curve of each model. For instance, if the
long-term predicted shrinkage of a model closely matched that of the experiments, but the rate of
shrinkage development differed notably, this factor could be set different from unity to alter the
rate at which shrinkage development was predicted.

The ACI model already had two well defined coefficients built in that served as this second
factor. However, since the remaining models considered had no such factor already built in, a
factor was inserted into each model mimicking that of the ACI defined factors. The calibration
factors were calibrated such that each model had only one value for each factor that covered
every experiment (i.e., models with a single value for each calibration factor). For each model,
data from the selected experiments were plotted against the predicted values of the calibrated
models. A data point perfectly matched between the model and experiment if it landed on a line
with a slope of one originating from the origin. A graphical comparison of the calibrated models
to data from the ITI-NU database is presented in Figure 2.1 through Figure 2.4.
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Figure 2.1. Calibrated AASHTO shrinkage model performance

100 200 300 400 500
Observed Shrinkage Strain (pg)

600

700

800

Figure 2.2. Calibrated ACI shrinkage model performance
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Figure 2.3. Calibrated Bs shrinkage model performance
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Figure 2.4. Calibrated CEB shrinkage model performance
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The final calibration factors affecting the ultimate shrinkage strain for each model were 1.00,
1.20, 1.20, and 1.15 for the AASHTO, ACI, Bz, CEB models, respectively. These values were
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obtained through an iterative approach to achieve the best match between the models and
recorded data. The calibration factors affecting time development were found to barely differ
from unity among the models.

The coefficient of determination was used to measure the performance of the models by
quantifying the correlation between the predicted and recorded values for each model. A perfect
match between a model and recorded values would lead to a coefficient of determination (r?) of
1.0. As the predicted values of a model begin to differ from the recorded values, the r? value will
decrease. The B3 model was found to perform the best of all the shrinkage models considered.
Overall, the r? value between the predictions of the Bs model to the recorded data was 0.91. The
remaining models had r? values of 0.80, 0.79, and 0.75 for the ACI, AASHTO, and CEB models,
respectively.

Additionally, r? values were calculated over certain periods for each model. This allowed insight
into how the models behaved during just the early-age period or long-term period of shrinkage.
The early-age period was the first 30 days of a specimen being exposed to drying and the long-
term period was any time after the first 90 days of being exposed to drying. During the early
period, the models achieved r? values of 0.99, 0.96, 0.95, and 0.85 for the B3, AASHTO, ACI,
and CEB models, respectively. During the long-term period, the models achieved r? values of
0.87,0.76, 0.75, and 0.69 for the B3, CEB, ACI, and AASHTO models, respectively.

Compressive Creep

The creep models were calibrated for compressive creep with experimental data from the ITI-NU
database. Experiments from the ITI-NU database were chosen based on how well their mix
designs, curing types, curing durations, environmental conditions, and age of concrete at the start
of loading matched to that of frame piers.

For concrete mixtures, the selected experiments must have matched reasonably well with Class
A concrete specified by AASHTO (AASHTO 2012). For curing, the selected samples must have
used moist curing and been allowed to cure for at least two full days. For relative humidity, the
selected experiments must have had a relative humidity between 50% and 80% and been exposed
to a constant temperature around 68°F (20°C).

Twenty experiments from the ITI-NU database were selected based on these criteria and used to
calibrate the creep models. The most notable properties of each experiment selected are
presented in Table 2.2.
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Table 2.2. ITI-NU database experiments used to calibrate and compare creep models

Database wle  alc Cement  fes 2VS to  Humidity Stress
File (kg/m3®) (MPa) (mm) (day) (%) (MPa)
c 011 08 045 5392 345 353 100 28 65 14.22
c_017 01 049 4814 350 33.9 35 7 50 4.91
c_017 02 049 4814 350 33.9 35 21 50 4.91
c_017.05 049 4814 350 33.9 35 7 50 9.81
c_017 06 049 4814 350 33.9 35 21 50 9.81
c_017 07 049 4814 350 33.9 35 28 50 9.81
c_ 017 26 049 4814 350 33.9 35 28 35 9.81
c_017_27 049 4814 350 33.9 35 28 50 9.81
c_017_28 049 4814 350 33.9 35 28 75 9.81
c_ 043 02 041 5587 332 409 100 28 65 9.4
c_ 044 01 0.399 5595 343 27.9 75 28 50 8.83
c 058 01 05 6.3 300 29.2 75 28 60 14.71
c_ 058 03 044 5266 360 37.8 75 7 60 17.66
c_ 058 04 047 5232 375 39 75 17 60 17.66
c_058 07 0.5 6.3 300 29.2 75 28 60 14.71
c 058 08 05 5314 350 33.6 75 28 60 9.81
c_ 058 09 047 5232 375 39.4 75 7 60 17.66
c 058 12 04 4525 400 38.9 75 28 60 15.7
c_ 069 05 045 5405 353 23.9 75 28 65 6.77
c 069 06 045 5405 353 23.9 75 28 65 12.32

The selected experiments for creep calibration and comparison had an average 28-day
compressive strength of 4.86 ksi (33.5 MPa) and the average age of the concrete at the start of
loading of 22.6 days. Additionally, the selected creep experiments had an average relative
humidity of 57%.

Each model was calibrated for creep through the same means used for the shrinkage models:
applying a factor to the ultimate value of creep of each model and applying a factor to the time
development component of each model. These two calibration factors were applied to models to
adjust the long-term progression of creep and the rate of creep development of the models. The
ACI model already had two built-in coefficients that served as the factor applied to the time
component. However, the remaining models had no such factor already well-defined, so a factor
was inserted into each model mimicking that of the ACI defined factors. The calibration factors
were calibrated such that each model had only one value for each factor that covered every
experiment (i.e., models with a single value for each calibration factor).

For each model, data from the selected experiments were plotted against the predicted values of
the calibrated models. A data point perfectly matched between the model and experiment if it
landed on the line with a slope of one originating from the origin. A graphical comparison of the
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calibrated models to data from the ITI-NU database is presented in Figure 2.5 through Figure

2.8.
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Figure 2.6. Calibrated ACI creep model performance
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Figure 2.8. Calibrated CEB creep model performance
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Figure 2.7. Calibrated Bs shrinkage creep performance
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The final calibration factors affecting the ultimate creep for each model were 1.80, 1.40, 0.80,
and 0.85 for the AASHTO, ACI, Bs, and CEB models, respectively. The calibration factors
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affecting time development were found to barely differ from unity among the models. As with
the shrinkage model analysis, the r? value was used to measure the performance of the models by
quantifying the correlation between the predicted values and recorded values for each model. A
perfect match between a model and recorded values would lead to an r? value of 1.0. As the
predicted values of a model began to differ from the recorded values, the r? value would
decrease.

The ACI model performed the best of all the creep models considered. Overall, the r? value
between the predictions of the ACI model to the recorded data was 0.91. The remaining models
had r? values of 0.87, 0.86, and 0.85 for the AASHTO, Bs, and CEB models, respectively.
Additionally, r? values were calculated over certain periods for each model. This allowed insight
into how the models behaved during just the early-age period or long-term period of shrinkage.
The early-age period was the first 30 days after a specimen was loaded and the long-term period
was any time after the first 90 days since being loaded. During the early-age period, the models
achieved r? values of 0.95, 0.94, 0.94, and 0.89 for the ACI, CEB, Bs, and AASHTO models,
respectively. During the long-term period, the models achieved r? values of 0.90, 0.87, 0.83, and
0.82 for the ACI, AASHTO, Bz, and CEB models, respectively.

Model Selection

Models were selected primarily based on their ability to predict and match recorded test data. In
that regard, the Bz and ACI models were identified as the most performant models for the
application of this research. The Bz model clearly predicted shrinkage strain most accurately.
However, for the early-age period, which is crucial to shrinkage sensitive structures, the ACI and
AASHTO models performed comparable to the Bs model with r? values of 0.96 and 0.95,
respectively, compared to the 0.99 r? value of the Bs model.

For creep, the ACI model performed best, with an overall r? value of 0.91. The remaining three
models all had similar r? values, with no model clearly lacking in accuracy to the others.
However, the AASHTO model had a notably lesser r? value of 0.89 over the early-age period
compared to the other models, which had values of 0.95, 0.94, and 0.94 for the ACI, CEB, and
Bs models, respectively. It is important to note that the ACI shrinkage model relied on slump as
its only input regarding water content of the concrete mix. This led to the ACI model being the
only model considered that did not use the 28-day mean compressive of the concrete, which also
can be related to water content. Given that water content is known to affect the magnitude and
rate of shrinkage and creep, water content is a crucial factor to consider in a shrinkage and creep
model.

However, the ITI-NU database does not report concrete slumps. Therefore, a uniform slump of
3.5 in. was assumed for all experiments considered. This assumption put the ACI shrinkage
model at a disadvantage, as it caused the ACI model to consider all experiments to have the same
water content, while the other models consider unique water content for each experiment.
However, even with this disadvantage, the ACI shrinkage model compared favorably with the
other models.
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Simplicity is another factor considered when selecting a shrinkage and creep model. The model
selected for this research needed to be programmed to run with an FE analysis. The more
complicated a model is, the more complicated the program must be, which can cause
complications during debugging. Compared with the Bz model, the ACI model was clearly the
simpler of the two top-performing models. While maintaining the second highest number of
inputs, the ACI model had fewer steps and simpler calculations compared with the Bz model,
which also had the highest number of inputs. In this regard, the ACI model was the best model to
develop into code.

For this research, the ACI shrinkage and creep model was selected to predict shrinkage and
creep. Similar studies investigating shrinkage and creep have used the ACI shrinkage and creep
model and have achieved accurate results (Purani 2013, Kasera 2014).

Further Calibration

Despite the selected shrinkage and creep model already being calibrated for unrestrained
shrinkage and compressive creep through data from the ITI-NU database, other aspects of
shrinkage and creep needed to be calibrated. First, the model was compared and calibrated to
field-collected data for unrestrained shrinkage and compressive creep. This allowed the model to
be compared to actual concrete that is used in frame piers. This comparison was important to this
research as the only structures of concern in this research were frame piers.

Furthermore, the model needed to be calibrated for tensile creep and restrained shrinkage. These
two phenomena needed to be captured by the model for the model to be used in a comprehensive
FE analysis. Since restrained shrinkage results in a time-varying load, the effect of aging needed
to be considered for the model to predict creep accurately under such loading.

Field Data Comparison

The calibrated shrinkage model was validated by comparing the model to the recorded shrinkage
of concrete samples collected from the field. The samples were collected from the construction
site of a frame pier in Sioux City, lowa, during the pouring of the cap beam. The collected
samples were composed of three rectangular prism specimens that were transferred from the
field to a lab environment after allowing the samples to set in the field for one day. The samples
were exposed to drying in a controlled environment to monitor unrestrained shrinkage. A
comparison between the model and recorded shrinkage is presented in Figure 2.9.
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Figure 2.9. Calibrated shrinkage model compared to field samples

As seen in Figure 2.9, the model reasonably matched the recorded shrinkage behavior of the field
samples, thus affirming that the model was calibrated appropriately for use with frame piers.

The calibrated creep model was further validated by comparing the model to the recorded creep
behavior of concrete samples collected from the field. The field samples were collected from the
construction site of a frame pier in Sioux City, lowa, during the pouring of the cap beam. Six
cylindrical specimens were transferred from the field to a lab environment to monitor creep. The
samples were subjected to a sustained compressive load and their lengths were recorded
regularly. A comparison between the model and recorded creep is presented in Figure 2.10.
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Figure 2.10. Calibrated creep model compared to field samples
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As seen in Figure 2.10, the model appropriately matched the recorded creep behavior of the field
samples, thus affirming that the model was calibrated appropriately for use with frame piers.

Tensile Creep

In comparison to the amount of concrete compressive creep tests available (i.e., the 621 tests
available in the ITI-NU database alone), there are very few concrete tensile creep tests.
Experimental data from multiple studies that investigated tensile creep were selected to calibrate
the current model (Khan et al. 2017, Bissonnette and Pigeon 1995, @stergaard et al. 2001). As
the concrete properties varied between the studies, the concrete material and creep model were
adjusted accordingly using the data provided by the studies. If information necessary to the
model was missing from a study, a common value was used.

Bissonnette and Pigeon (1995) investigated uniaxial tensile creep with a focus on the effects of
water-cement ratio, cement type, and age of loading. Three different mix designs were
considered in the study. However, only one mix is selected to calibrate the model to avoid
considering mixes that use fiber reinforcement or high strength cement. Furthermore,
experiments with a loading age of 1 day are not considered as they differ to much from the
conditions of frame piers. The specimens used by Bissonnette and Pigeon (1995) are prismatic
with a length of 27.56 in. (700 mm) and exposed to a constant relative humidity of 50%.

@stergaard et al. (2001) investigated tensile creep of ordinary Portland cement concrete with a
focus on the effects of the age of loading, stress-strength ratio, and water-cement ratio. They
considered three different mix designs. However, only the results from the mix design with a
water-cement ratio of 0.5 were used to calibrate the model for tensile creep, as the other mixtures
used superplasticizers which are not commonly used in frame piers. This is due to this mix being
comparable to the AASHTO-specified mix used in frame piers and because this mix was tested
for an age of loading similar to what frame piers would experience due to self-weight and
shrinkage (i.e., more than two days). The specimens used by @stergaard et al. (2001) are bone-
shaped and exposed to a constant relative humidity of 50%.

Khan et al. (2017) investigated the long-term (i.e., weeks and months) progression of tensile
creep under sustained loading less than 50% of the tensile strength of the concrete. Khan et al.
used a single mix design with a water-cement ratio of 0.55. The results from the specimens
loaded at an age of two days were used to calibrate the model for tensile creep. The specimens
were bone-shaped and exposed to a constant relative humidity of 50%.

To calibrate the model for tensile creep, only the factor applied to the ultimate creep coefficient
was altered, while the remaining previously calibrated constants of the creep model were
unchanged. The ultimate creep coefficient factor was tuned specifically for each experiment and
then averaged for use in the model. Figure 2.11 through Figure 2.13 show the various calibrated
tensile creep models in comparison to each experiment.
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Figure 2.11. Experimental data from Bissonnette and Pigeon (1995) in comparison to the
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Figure 2.13. Experimental data from Khan et al. (2017) in comparison to the calibrated
model

As expected, the factor applied to the ultimate creep coefficient for tensile creep was greater than
that of compressive creep. Additionally, altering only the factor applied to the ultimate creep
coefficient was sufficient to match the model to experimental data. The calculated calibration
factor applied to the ultimate creep coefficient to account for tensile creep in the model was 1.8.

Aging Coefficient

Creep curves, such as those predicted by the ACI model, only represent the creep response due to
a constant, sustained load applied at a known time. However, creep models tend to overestimate
creep if the load is variable. This is due to the models not accounting for the aging of the
concrete due to creep that has already occurred. This aging effect is especially critical in loads
caused by restrained shrinkage, as these loads tend to gradually increase with time. Therefore, a
creep model such as the ACI 209R must be modified to account for the aging of the concrete due
to previously experienced creep.

Prior groundwork by Zdenék Bazant and Heinrich Trost led to the development of a method
known as the age-adjusted effective modulus method, which can account for the aging concrete
due to creep. In this method, the aging effect of the concrete is captured by reducing the creep
coefficient with time by introducing an aging coefficient. The aging coefficient depends on the
age of the concrete and the age of the concrete at the beginning of loading (Bazant and Kim
1979). An empirical method to calculate the aging coefficient can be obtained from equations
2.28-2.31 (Gilbert 1988).

A—x)(t-7o)

x(6,70) =1 == r (2.28)
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y =t (2.29)

- k2+TO
ki = 0.78 + 0.4e~1:33¢" (o) (2.30)
k, = 0.16 + 0.8e~1:33¢"(%0) (2.31)

where x(t, t,) is the aging coefficient at any age t in days due to a variable load beginning at
age 7, in days, y* is the final aging coefficient, k, and k, are factors depending on creep, and
¢*(t,) is the final creep coefficient for a load applied at age 7,. The use of an aging coefficient
iIs common in models containing restrained shrinkage and is thus used in this study (Khan et al.
2015, Khan et al. 2017, Gilbert 1990).

Restrained Shrinkage

Restrained shrinkage produces a tensile stress that varies with time. This contrasts with the
tensile creep experiments which maintained a constant stress. Therefore, calibrating for
restrained shrinkage went beyond the calibration already performed for unrestrained shrinkage
and tensile creep. For this calibration, the aging coefficient needed to be considered with the
model.

Khan et al. (2015) investigated the behavior of reinforced concrete subjected to a sustained
tensile load. The specimens consisted of prismatic concrete prisms with a length of 15.75 in.
(400 mm) and a single steel reinforcement bar with a diameter of 0.47 in. (12 mm) embedded at
the center of the prism. The mix design had a water-cement ratio of 0.55 and the specimens were
loaded and restrained at an age of two days. The specimens were exposed to a constant relative
humidity of 50%.

Altoubat and Lange (2001) also performed restrained shrinkage experiments. However, the
experiments by Altoubat and Lange were fully restrained at an age of 14 hours, which is not
enough curing for the ACI model predict accurately. Thus, the calibration for restrained
shrinkage was performed using the results from Khan et al. (2015).

To account for the gradual increase in stress that is related to restrained shrinkage, an aging
coefficient was considered with the creep model. An aging coefficient was used and calculated
according to Gilbert (1988). With minor modifications to the calibration factors determined from
unrestrained shrinkage, compressive creep, and tensile creep experiments to represent the
concrete mix and environmental conditions of the experiment, the model could accurately match
the experimental data provided by Khan et al. (2015) without any modifications to the aging
coefficient defined by Gilbert (1988). Therefore, no additional modification was performed on
the model or aging coefficient given the model was appropriately calibrated for restrained
shrinkage. The results of the model are compared to data from the restrained shrinkage
experiment by Khan et al. (2015) in Figure 2.14.
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Figure 2.14. Experimental data from Khan et al. (2015) in comparison to the calibrated
model

Summary

The AASHTO, ACI, Bs, and CEB shrinkage and creep models were examined to determine an
appropriate model for use in this study. All of these models shared the same fundamental
limitations in terms of their outputs, so the decision of which model to use relied heavily on the
performance of the models. The performance of each model was quantified by comparing the
model outputs to data from the ITI-NU shrinkage and creep database that resembles the
environmental and concrete mix properties of frame piers.

For shrinkage, the two best models were the Bs model and the ACI model with r? values of 0.91
and 0.80, respectively. For creep, the two best models were the ACI model and Bs model with r?
values of 0.91 and 0.87, respectively. The ACI model was ultimately selected for this study due
to its simplicity over the Bz model. The simplicity of a model is advantageous when developing a
computer program of the model. Furthermore, since the lowest r? value of any model analyzed
was 0.75, it was likely that each model would produce reasonable results for this study.

The selected ACI creep model was calibrated for tensile creep using available data in the
literature (Khan et al. 2017, Bissonnette and Pigeon 1995, @stergaard et al. 2001). Furthermore,
an aging coefficient was applied to the ACI creep model to account for variable loading.
Through comparing the model outputs to data from a restrained shrinkage experiment, the ACI
model was determined to properly predict strain due to variable loading with the aging
coefficient applied (Khan et al. 2015).

The ACI shrinkage and creep model was calibrated for free shrinkage, compressive creep, tensile
creep, and creep under variable loading (i.e., restrained shrinkage). The calibrated model was
proven to predict each of these phenomena well by comparing the outputs of the model to data of

26



experiments that resembled the concrete mixes, environmental factors, and loading associated
with frame piers. This calibrated model was used in this study in tandem with FE analysis
software to simulate the effects of shrinkage and creep on frame piers.
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CHAPTER 3. FIELD INSTRUMENTATION AND DATA
Inspections

Prior to instrumenting bridges for this study, several frame piers were selected in lowa for visual
inspection. The bridges were selected based on the expected susceptibility to the temperature and
shrinkage effects of their frame piers. The ratio of the length of a frame to the height of the frame
was used to predict susceptibility, with an understanding that the larger the ratio, the more
susceptible the frame is to temperature and shrinkage effects (Badrah and Jadid 2014).

The frame piers of the bridges were purposefully selected to vary in length, column height,
column shape, foundation type, and age. The details of the inspected frame piers are summarized
in Table 3.1.

Table 3.1. List of bridges inspected

Pier Ca Column .

s e MO egnt S e of Foundaon ey
(ft) ()

2016 111 3 11 35 5 Drilled Shaft Sioux City
2015 96 3 105 37 5 Drilled Shaft Sioux City
2005 90.2 5 15 11 2 Piles Des Moines
2004 89.6 5 154 0 2 Piles Des Moines
1966 42.3 3 14.9 5 2 Piles Ames
1966 42.3 3 14.9 5 2 Piles Ames
2016 147.5 7 23.5 55 4 Drilled Shaft Council Bluffs
2016 138 7 16.5 55 4 Drilled Shaft Council Bluffs
2002 119 6 23 45 2 Drilled Shaft Ankeny

The connections between columns and cap beams were given special attention during these
visual inspections. The column bases were also given special attention, when possible, given that
the bases of most columns are backfilled. Very few of the frame piers showed any signs of
damage. An example of a frame pier inspected in Sioux City, lowa, is provided in Figure 3.1.
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Figure 3.1. Inspected frame pier in Sioux City, lowa

Any recorded damage was minor and attributed to construction issues and not to temperature and
shrinkage effects. These inspections showed that current frame piers in lowa perform adequately
under temperature and shrinkage forces.

Additional frame piers were examined by reviewing lowa DOT inspection reports. The lowa
DOT performs these inspections biannually to ensure bridges remain in satisfactory condition.
Therefore, these reports cover the superstructure of the bridges as well as the substructure.
However, only the substructure information of these reports was reviewed for this study.

The inspection reports of several bridges were selected for review based on the high length-to-
height ratios of their frame piers. Most of the inspection reports reviewed had no clear indication
of damage due to temperature and shrinkage effects. However, two inspection reports noted
damage that was likely to be caused or worsened by temperature and shrinkage effects.

The report of one frame pier, located in Dubuque, lowa, noted cracking origination from the
column-cap beam interface, as shown in Figure 3.2.
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Figure 3.2. Inspection report sketch showing cracking in the cap beam of a frame pier in
Dubuque, lowa

This frame pier not only had a high length-to-height ratio (due in part to an integrated crash wall
below the columns), but also had columns shaped and oriented to be stiffer with respect to the in-
plane orientation of the frame pier. It is likely that some of the cracks reported were caused or
worsened by shrinkage and temperature effects. The cracks in this frame pier occurred within the
cap beam and originated from the column-to-cap connections of an exterior and interior column.

The cracks did not penetrate the full depth of the cap beam and were small enough to not need
repair.

The report of another frame pier, also located in Dubuque, noted cracking in the cap beam above
the columns, as shown in Figure 3.3.
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Figure 3.3. Inspection report sketch showing cracking in the cap beam of a frame pier in
Dubuque, lowa

In this case, the cracking was likely due to a combination of gravity loads and temperature and
shrinkage effects. Cracks initiating from the top of the cap beam above the columns may be
attributed to gravity loads, as negative moment is expected in the cap beams over the columns.
However, cracks initiating from the bottom of the cap beam at the columns were likely caused or
worsened by shrinkage and temperature effects.

In this frame pier, the inspection sketch noted multiple cracks initiating from the top of the
column. Furthermore, two cracks were shown to extend to the bottom face of the cap beam.
These two cracks were likely worsened by temperature and shrinkage effects since the bottom of
the cap beam is expected to experience compression under gravity loads alone. The cracks were
minor enough to not need repair.

Overall, the inspected frame piers appeared to perform adequately with regards to shrinkage and
temperature effects. The cracks noted in the inspection reports were minor and did not degrade
the structural integrity of the piers. It should be noted that, in addition to the base of the columns,
another aspect that a visual inspection could not accurately examine is the foundations of the
piers.

While the performed inspections and reviewed inspection reports suggest that frame piers in
lowa are adequately designed for shrinkage and temperature effects, these efforts offer little
insight into the actual magnitude and progression of these effects. Instrumenting and collecting
data from frame piers in the field would provide such insights. Additionally, field data are
essential to accurately calibrate and validate the FE model developed in this study. Field data
offers a holistic view of the structural behavior of a frame pier.
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Data Collection
Sensor Information

The frame piers of two bridges were instrumented during construction and monitored in this
study. The sensors used to monitor these frame piers were the GEOKON Model 4200 Series
vibrating wire embedment strain gauges with 6 in. (153 mm) gauge lengths. These sensors are
capable of recording both strain and temperature. The manufacturer recommends this sensor for
use with bridge structures. The Model 4200 Series can record strain with a resolution of 1
microstrain and a range of 3,000 microstrain.

The sensors were fastened to reinforcing steel bars in accordance with recommendations from
the manufacturer, as shown in Figure 3.4.
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Figure 3.4. Sensor installation as recommended by manufacturer (left) and as installed in
the field (right)

The location of each sensor was selected to capture temperature profiles of the members and the
performance of the structure with respect to frame behavior caused by shrinkage and temperature
effects. In particular, the ends of the exterior columns and the cap beam near the exterior
columns were of most interest. Two sensors were placed on the interior legs of stirrups in the cap
beam for each instrumented frame pier to measure the internal temperature of the structure. The
remaining sensors were grouped within a member to act like a section cut through the member.
All sensors began recording data just before the cap beam of the frame pier was poured and
recorded data at a frequency of one reading per hour.

Sensor Installation

The sensors were installed onto the reinforcing steel bars of the frame piers following the
manufacturer’s recommendations. This allowed the sensors to essentially record the strain of the
rebars.
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Given that the columns are erected first, the column sensors were installed first. When the
column rebar cages were in place, the column sensors were installed with their cables routed to
the tops of the columns and above the column concrete pour. When the cap beam rebar was in
place, the cap beam sensors were installed. The sensor wiring was routed down through a
conduit in a column. Each wire of each sensor was then connected to a data collection cabinet. A
solar panel was also fastened to a column of the frame pier to power the data collection. Data
collection began the day the cap beam sensors were installed, which was just prior to the cap
beam pour. Data collected prior the cap beam pour were discarded, as further explained in the
Data Processing section that follows.

The strain gauges were installed in planes, with each plane being the cross section of either a
column or a cap beam. In general, four gauges were used in each plane, with one gauge at each
corner. At a minimum, two gauges were used in each plane, with one at each face of the pier.
The only exception to this was the gauges located on the inner legs of the stirrups, which were
primarily intended to capture the internal temperature of the cap beam.

Data Processing

The values of primary interest of the collected field data were the time and date of each reading,
the recorded temperature values of each reading, and the recorded