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ABSTRACT

The final goal of this research was to develop recommendations for the future seismic
design or assessment of reinforced concrete (RC) bridge bent structures in cold seismic
regions. Ten large scale circular columns were constructed and tested under cyclic
reversal of loads inside an environmental chamber in the North Carolina State University
Constructed Facilities Laboratory (CFL). The columns were tested at freezing (-40°C, -
40°F) and ambient (23°C, 74°F) temperatures. In order to characterize every aspect of the
seismic response at low temperatures, the columns' design was governed by a desire
behavior: shear dominated, flexural dominated and reinforced concrete filled steel tube
columns (RCFST).

Results obtained show that RC member exposed to the combined effect of sub-freezing
temperatures and cyclic loads undergo a gradual increase in strength and stiffness
coupled with a reduction in displacement capacity. The experimental results were used to
calibrate a fiber-based model and a series of static and inelastic analyses were performed
to typical Alaska DOT bent configurations. Based on the results obtained from the
experimental tests, the non-linear simulations and a moment-curvature parametric
analyses, a simple methodology was developed to account for the low temperature
flexural overstrength and reduction in ductility capacity.
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CHAPTER

INTRODUCTION

1.1 Problem description and scope of the research

Seismic design of reinforced concrete bridges is generally based on the principles
of capacity design, where a strength hierarchy is established in the bridge to ensure that
damage is controllable, and occurs only where the designer intends (Priestley et al.,
1996). Special importance is then placed on the ductility of the structural members
selected to develop plastic hinges, which should be specially detailed in order to sustain
large inelastic deformations. All other members should be design to remain elastic while

resisting the overstrength moments coming from adjacent members.

In freezing temperatures, the properties of construction materials and soil
foundation are expected to vary and consequently, the response of the structure to a
seismic excitation is also expected to change. The research described here aims to asses
the influence of low temperatures on the strength and ductility of reinforced concrete
structures in seismically active regions such as those found in Alaska. The final goal of
this research is to develop recommendations for the future seismic design or assessment
of bridge structures in cold seismic regions. In order to accomplish this objective, 10
large scale circular columns were constructed and tested under cyclic reversal of loads
inside an environmental chamber in the North Carolina State University Construction
Facilities Laboratory (CFL). The columns were tested at freezing (-40°C, -40°F) and
ambient (23°C, 74°F) temperatures. With the information collected from those tests as
well as the results obtained from a previous research performed at NCSU (Sloan, 2005), a
series of non-linear time history analysis of typical Alaska Department of Transportation

(DOT) bridge bent structures were performed in order to evaluate current designs.



Recommendations are provided around two alternative design strategies: the traditional

forced-based design and the more recent displacement-based design.

1.2 Influence of low temperature in seismic behavior of

reinforced concrete structures

The effects of low temperatures in construction materials have been very evident
during world history. Take for example one of the worst maritime disasters in history: the
1912 sinking of the British luxury liner Titanic. After struck an iceberg, the cold water
temperatures caused the steel to crack in a brittle manner killing 1513 people. Similar
cases where reported in the 1940s when hundreds of ships experienced large cracks
because the composition of the steel was such that the transition from ductile to brittle
behavior occurred at temperatures that the ships experienced while in service, particularly
in the cold waters of the North Atlantic (Sanford, 2003). Despite the historic evidence, a
literature review seems to have identified a potential lack of information in the case of
reinforced concrete structures exposed to freezing conditions and seismic actions. Most
of the literature available comes from the 80’s and is related to cryogenic applications of
reinforced and prestressed concrete for storage of liquefied natural gas or liquefied
petroleum gas and for barge hulls. Limited reversed cyclic tests on reinforced concrete
members conducted at low temperatures are found in the literature. Since the majority of
the research done have focused on the material level, past research is divided into four
components: (1) low temperature effects on hardened concrete, (2) low temperature
effects on reinforcing steel, (3) low temperatures effects on reinforced concrete members

and (4) low temperature effects on soil-structure interaction.

1.2.1 Low temperature effects on hardened concrete

1.2.1.1 Compressive strength

Past research has indicated that cold temperatures cause a remarkable increase in
compressive strength, see for example Kasami et al. (1981), Browne and Bamforth
(1981), Berner et al. (1985), Rostasy and Push (1987), Lee et al. (1988a, 1988b). This



increase will depend mainly in the moisture content and in a minor amount on the
characteristics of the mix (i.e. w/c ratio, air content, etc). Saturated concretes will
increase their compressive strength at low temperatures in a more dramatic way than
partially dry concretes, but even oven dry concretes will see a small increase in strength
when temperature drops below the freezing point. It is believed that this increase is due to
water expansion when transformed into ice, filling the large capillary pores and closing
the micro-cracks by some kind of microprestressing, thus delaying the process of
cracking (Elices, 1987). In the same way concretes with a larger water cement ration will
increase its strength in a larger proportion that concrete with a low water cement ratio
(high strength concretes). In general, from the literature available the pattern for the range
0°C (-32°C) to -50°C (-58°C) (which is the range of interest for this research and for
most common civil structures) seems to be an almost linear increase in compressive
strength as show in Figure 1.1. The data used to generate this figure was extracted from
the information presented by different authors and also from cylinders tested at low
temperatures in this project. Data related to water-saturated concrete was extracted from
Rostasy and Wiedemann (1980) and Rostasy and Sprenger (1984), data related to
partially dry concrete was extracted from Nasser and Evans (1973), Sehnal et al. (1983),
Filiatrault and Holleran (2001) and Sloan (2005).

Some researches have proposed equations to determine the compressive strength

of concrete at low temperatures o,(T) as a function of the compressive strength at room
temperature o (Tz). Okada and Iguro (1978) proposed a predictive equation that is

independent of the free water content (Equation 1.1). Goto and Miura (1979) proposed
equations that are dependent on both, the temperature and the moisture contentw
(Equation 1.2). Browne and Bamforth (1981) have also proposed design curves that are
function of the moisture content (Equation 1.3). Figure 1.2 evaluate these three equations
with the data collected for partially dry concrete, the moisture content used to generate
the graph was 3% (common of air exposed concrete) and the room temperature
compressive strength was 28 MPa (4ksi). It can be noticed from this graph that for the
temperature range under investigation the equation proposed by Browne and Bamforth is

not only the simplest one but also the closest to the experimental data, followed closely



by the one proposed by Goto and Miura. The equation proposed by Okada and Iguro
seriously over predicts the strength in the range of temperatures being evaluated.

o,(T)=0,(T,)+5.3-0.84T —0.0027T> -10°C>T >-100"C (1.1)
o, (T)=0.(T;)-(2/15+T /2700)wT 0°C>T>-120"C (1.2)
o, (T)=0,(Ty)-Tw/12 0°C>T >-120°C (1.3)
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Figure 1.1. Effect of low temperatures in compressive strength of concrete
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1.2.1.2 Modulus of elasticity and Poisson’s ratio

Modulus of elasticity and Poisson ratio also increase with low temperatures.
Nonetheless, the rate of increase in the modulus of elasticity has been found to be smaller
than that for the compressive strength (Figure 1.3). At normal temperatures, the modulus
of elasticity of concrete is related to its compressive strength and is approximately
proportional to its square root, the effect of low temperatures can be addressed by

introducing a new variablek, , as presented in Equation 1.4.

E(T) =k, (Tk,y/o,(T) (1.4)

where k; is the ratio between the square root of the compressive strength and modulus of
elasticity at room temperature, and o (T) is the compressive strength at cold temperature
T. Figure 1.4 show the experimental results obtained fork, , the data used to generate this

figure was extracted from Marshall (1982), Kasami et al. (1981), Lee et al. (1988a) and

Filiatrault and Holleran (2001). From this figure can be seen that a value of k, =1can be
used to predict the modulus of elasticity of concrete at low temperature, which means that
the conventional equation of the type E =k4/f, is still valid in low temperature

conditions if the corresponding low temperature compressive strength is used.

Information regarding the influence of low temperature in Poisson’s ratio of
concrete is limited. Lee et al. (1988a) reported a linear increase in Poisson’s ratio as the
temperature decreases below freezing, at -40°C (-40°F) an increase of 40% was found.

Approximately same increase is described in Marshall (1982).
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Figure 1.4. Experimental determination of K, for concrete modulus of elasticity
1.2.1.3 Stress-strain behavior

Just as the compressive strength, the stress-strain behavior of concrete is also
highly influenced by the temperature and moisture of the specimen being tested. Rostasy
and Wiedemann (1980) showed how saturated concrete cooled at -170°C (-274°F)
behaves purely elastic and brittle. Although the brittle behavior exhibit by the cold

specimens, the strain at maximum stresse, was essentially the same as for the room



temperature specimen. From Rostasy tests can also be noticed that the ultimate concrete
strain increases linearly when the temperature decrease below freezing and until ~50°C (-
58°F) where a maximum is attained (~160%) and then start decreasing. It should be
remembered that Rostasy’s test were performed on saturated concrete. However, results
obtained by Sloan (2005) on partially dry concrete exhibit the same behavior. Figure 1.5
display the results obtained by Sloan, it should be noticed that concrete cylinders at -40°C
(-40°F) failed abruptly without a softening portion of the stress-strain curve. Finally,
Figure 1.6 is adapted from Rostasy and Wiedemann (1980) and complemented for
partially dry concrete with data provided by Sloan (2005). From this figure can be
observed that, even taught it follows the same pattern, the effect of low temperatures in

the strain at maximum stress ¢, of partially dry concrete is not as marked as for wet

concrete.
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Figure 1.5. Concrete stress-strain response at different temperatures (from Sloan, 2005)
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Figure 1.6. Low temperature effect on concrete strain at maximum stress

1.2.1.4 Tensile strength

Past research have shown that tensile strength of concrete, as determined from the
splitting test, increase with low temperatures at a larger rate than the compressive
strength. The results obtained from Nasser and Evans (1973), Kasami et al. (1981) and
Lee et al. (1988a) are presented in Figure 1.7. Just as the modulus of elasticity, the tensile
strength of concrete at normal temperatures is proportional to its compressive strength
and is usually related to its square root. Therefore, we proceed here as for the modulus of

elasticity and try to find a variable k,; (T) to account for the low temperature effect.
Figure 1.8 displays the results obtained, in this case k,; (T) increase uniformly once the

temperature drops below freezing. Based on the results displayed in Figure 1.8, the
tensile strength of concrete at temperature below freezing can be estimated using

Equation 1.5.
o (T) =Ky (Tkir /o (T) = (1_0'0105T)k1T o, (T) 0°C>T>-50C (1.5)

where k,; is the ratio between the square root of the compressive strength and tensile

strength at room temperature.



Other researchers have found similar results when obtaining the tensile strength
following different approaches. Cantin and Pigeon (1998) use the simple beam third-
point load test and noticed an increase of ~35% in the peak load of specimens tested at -
30°C (-22°F) when compared to specimens tested at room temperature. Elices and Planas
(1982) used the double punch technique along with the traditional splitting test and found
similar results at cryogenic temperatures. Nasser and Evans (1973) explain this increase
as the result of additional adhesive forces developed in the ice formed in the capillary

cavities of the concrete.
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1.2.1.5 Fracture properties

Past research has shown that the fracture energy of concrete specimens tested at
low temperatures considerably increase when compared with specimens tested at room
temperatures and this increase is larger in wet concrete. Ohlsson et al. (1990) reported an
increase of 40 % in the peak load and an average 50% increase in the fracture energy
when third point load notched beams where tested at -30°C (-22°F) with respect to the
room temperature properties. Maturana et al. (1990) tested water-saturated specimens and
report an increase of 200% in the fracture energy in specimens tested at -70°C (-94°F).
Dubey and Banthia (1998) performed a series of tests in double cantilever beams instead
of notched beams and come out with the same conclusion that earlier researchers. The
explanation for this increase seems to be again in the formation of ice from the free water
in the concrete. As postulated by Dubey and Banthia (1998) the high adhesive forces in
the surface of the ice hold the crack faces together reducing the stress intensity at the

crack tip.
1.2.1.6 Cyclic behavior

Information on cyclic behavior of concrete on freezing temperatures is very
limited. Only two references were found that deal with this topic. Berner et al. (1985)
tested lightweight concrete cylinders under compressive cycling load at temperatures
ranging from 21°C (70°F) to -190°C (-310°F). The load protocol was intended to
approximate the 20-year storm wave loading on a prestressed concrete floating cryogenic
containment vessel. Each specimen was subjected to more of 10000 cycles with a
nominal precompression of 37.5% the 28 days compressive strength to simulate the effect
of the prestress. Results obtained indicate that effect of low temperatures on concrete
subjected to cyclic loads is the same that for monotonic loads: concrete increase it
compressive strength and modulus of elasticity, tough in a minor proportion. Ohlsson et
al. (1990) performed cyclic tests on third point load notched beams and found that the

fatigue strength also increase when the temperature is lowered.
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1.2.1.7 Concrete-steel bond behavior

Concrete bond strength at low temperatures have been investigated by Lee et al.
(1988a, 1988b) and Shih et al. (1988) based on pull out tests of reinforcing bars
imbedded in normal and high strength concrete under monotonic, repeated cyclic and
reverse cyclic loadings. Results obtained show that local bond strength increases at low
temperatures for any type of load and concrete, however this increase is larger in normal
strength concrete than in high strength concrete. Similar results were obtained by
Vandewalle (1995), who used a beam-type test with monotonic loading and found the
bond strength to increase uniformly when temperature was lowered in the range from
20°C (68°F) to -120°C (-184°F); for lower temperatures a slight decrease was noticed.

1.2.2 Low temperature effects on reinforcing steel

Past research has indicated that, as temperature reduces, the yield and tensile
strength of reinforcing steel bars increase. Figure 1.9 was generated with information
extracted from the works of Filiatrault and Holleran (2001) and Sloan (2005), points
presented correspond to bars tested at a strain rate of 0.001s™. It can be seen from this
figure that, even the increase on yield strength seems to be slightly larger than the
increase in tensile strength, both increases can be approximated to be of 10% in the range
[-40°C (-40°F) -25°C (-13°F)] and then linearly decrease to zero at 0°C (32°F). It should
be noticed that this approximation is valid only in the specified range, results obtained by
Elices et al. (1986) show an increase of 80% and 36% in the yielding and tensile
strength, respectively, of reinforcing bars tested at -180°C (-292°F). All abovementioned
investigations agree that modulus of elasticity and ductility (measured as elongation
under maximum load) are not affected by low temperatures, Figure 1.10 shows the stress-
strain behavior of steel rebars at room and low temperatures. According with Elices et al.
(1986) cold temperatures significantly reduce the ultimate strain only when the bar has
surface defects (as cuts or notches). However, it should be noticed that all the results
aforementioned were obtained from monotonic tests; therefore no conclusion regarding

the strain capacity under cyclic loading typical of seismic excitation is possible.
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Figure 1.9. Effect of low temperatures in the yield and tensile strength of steel reinforcing bars
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Figure 1.10. Stress-strain behavior of steel reinforcing bars at low temperatures (Sloan 2005)
1.2.3 Low temperature effect on reinforced concrete members

Information related to the effect of low temperatures in reinforced concrete
structure is quite limited. The only large scale reversed cyclic tests on reinforced concrete
members conducted at low temperature have been those by Sritharan et al (2007) and
Sloan (2005). Sritharan’s tests will be discussed in the next section since their main
objective was to identify the effect of low temperatures in the soil-structure interaction.
Sloan (2005) tested 4 identical reinforced concrete column-type members, 3 of them were
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subjected to low temperatures {-20°C (-4°F), -30°C (-22°F), -40°C (-40°F)} and the other
one was tested at ambient laboratory temperature 23°C (73°F). The columns were lightly
reinforced, and were loaded in a reversed cyclic manner while inside of an environmental
chamber. The results obtained indicate moderate increases in column strength as the
temperature decreases, as well as moderate decreases in ultimate displacement capacity

as the temperature decreases (Figure 1.11).
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Figure 1.11. Reinforced concrete force-displacement response at different temperatures (Sloan, 2005)
1.2.4 Low temperature effects on soil-structure interaction

The effect of low temperatures in soil-structure interaction has been recently
addressed by a research performed at lowa State University. The results of this research
are presented in Suleiman et al. (2006) and Sritharan et al. (2007). In this research the
effect of seasonal freezing in bridge column foundation systems with a Cast-In-Drilled-
Hole (CIDH) shaft was investigated using three outdoor large scale test units. Two of the
units were identical having the columns and foundation shaft the same diameter, the third
unit had an oversized foundation. One of the units was tested in summer conditions 23°C
(73°F) and the other two in winter conditions -10°C (14°F). The results obtained showed
that as temperature decreases, the depth of freezing soil increases. This provokes a

migration of the plastic hinge towards the surface, accompanied by a significant increase
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in the effective elastic stiffness and shear demand and a reduction in the displacement

capacity.
1.3 General organization

Chapter | contains a general introduction to the research. The motivation and
problem description are briefly discussed. The chapter continues with a review of the
most relevant previous works on the subject of seismic behavior of reinforced concrete
structures under freezing conditions. The scope and organization of the report are also

included in the first chapter.

Chapter 1l presents the details of the design and construction of the specimens.
The analytical models used to calculate the response of the specimens are concisely
described and the initial member response predictions are presented. The chapter ends

with a description of the construction process and the results of the material tests.

Chapter 111 contains a description of the test setup and the instrumentation used.
Information related to the footing support and the application of the axial and lateral
loads are presented in this chapter, as well as the load protocol and the instrumentation

distribution.

Chapters IV, V and VI presents the results obtained from the tests of the flexural
dominated columns, reinforced concrete filled steel tube columns and shear dominated
columns, respectively. The results are analyzed in order to identify the effects of
temperature in the strength and ductility of the members. The analytical models and
material constitutive relations used to calculate the initial predictions are revised in order

to account for the effect of temperature.

In Chapter VII the results obtained in Chapters IV to VI are implemented to
model typical bridge bents used by the Alaska Department of Transportation. A series of
dynamic inelastic time history analysis are conducted in order to determine the impact on

the overall structural response.
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Finally, Chapter VIII presents a summary of the main findings and achievements.
Recommendations are given for the seismic design and assessment of bridges in cold
regions. A list of areas and specific topics where it is deemed that more work would be

beneficial is also provided.
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CHAPTER 11

THEORETICAL CONSIDERATIONS
AND SPECIMEN DESIGN

2.1 Introduction

This chapter discusses the design of the test units. In order to understand every
aspect of the seismic behavior of RC members under freezing temperatures, the design of
each unit is motivated by a desired behavior. The test program was divided into three
categories: (1) flexural dominated members, (2) reinforced concrete filled steel tube
members typical of Alaska DOT design practice and (3) shear dominated members. In the
shear dominated members, two different transverse reinforcement ratios were designed
with the aim of achieving shear failures at low levels of ductility (brittle shear failure)

and high levels of ductility (ductile shear failure).

In order to accommodate the need for temperatures down to —40°C (-40°F), the
tests were conducted with the specimens inside of an environmental chamber. The
dimensions of the chamber made it necessary that the specimens be tested while lying in
a horizontal position rather than standing vertically erect, this turned out to be the major
limitation in the design of the cross section configurations, height of the column and the
size of the footing. A summary of the test matrix is shown in Table 2.2. The specimens
were initially designed using the analytical models presented in the next section and the

expected material properties.
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2.2 Analytical models

In order to design the specimens to fail in the desired mode, an iterative
methodology was followed: First, a section configuration and member length are chosen
and a section analysis is performed by tabulating moment and curvature of the member
section for increasing levels of concrete strain. Then, the member response is obtained
from the section moment-curvature results along with an equivalent plastic hinge length
originally developed by Priestley and Park (1987) and recently updated by Priestley,
Calvi and Kowalsky (2007). The shear strength envelope for the member is calculated
using the revised UCSD shear model (Kowalsky and Priestley, 2000). The on set of
buckling is checked according to two different models, one proposed by Moyer and
Kowalsky (2003) and the other proposed by Berry and Eberhard (2005). If the resulting
mode of failure is different from that which is intended, or if the levels of required force
or displacement exceed the limits of the testing apparatus, changes are made to the

section configuration and the member response is recalculated.

The constitutive models used for the unconfined and confined concrete are those
proposed by Mander, Priestley and Park (1988). The constitutive model for the steel is
that proposed by King (1986). With the aim of facilitating the implementation of the
models and procedures mentioned above, a Matlab® based code, CUMBIA (Montejo and
Kowalsky, 2007), was developed and used for the design and analysis of the specimens.
In the next section, a concise description of the aforementioned analytical models

aforementioned is presented.

2.2.1 Material models

2.2.1.1 Constitutive model for the confined concrete

Transverse reinforcement is placed to RC members in the form of spirals, hoops
or jackets in order to provide confinement to the compressed concrete and to prevent
buckling of the longitudinal reinforcement. Concrete expands when compression stresses

are developed, provoking hoop tension in the transverse reinforcement (Paulay and
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Priestley, 1992). The maximum lateral pressure f, that can be induced in the concrete by

the transverse reinforcement occurs when the transverse reinforcement reaches its

yielding stress, Equations 2.1 and 2.2 are found from the equilibrium of the free bodies in

Figure 2.1
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Figure 2.1. Confinement of concrete by spirals and steel pipes

f, = 21, AS% ¢ » for spirals or circular hoops (2.1)
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f, = nypt%p —thp)' for steel pipe (2.2)

where d; is the center-to-center diameter of the spiral and D, is the outside diameter of
the steel pipe; A, is the bar area of the spiral and th is the thickness of the steel pipe;

f,, and f are the yielding stresses of the spirals and steel pipe, respectively. It should

be noticed that Equation 2.1 does not account for the arching effect between transverse
bars; midway between the layers of transverse reinforcement the area of ineffectively
confined concrete is larger. In general, the effect of confinement is to increase the
compression strength and ultimate strain of concrete. Different stress-strain relationships
have been developed for confined concrete. The model proposed by Mander et al. (1988)

is the one used in this research and is described below.
2.2.1.1.1 Members with spirals as transverse reinforcement

Mander et al. (1988) has proposed a unified stress-strain approach for confined

concrete (Figure 2.2) applicable to circular and rectangular sections. In the Mander

model, the compressive stress f_ for the confined concrete is given by:

f = ¢c® 2.3
Cor=1+x" (23)
E
r=—— 2.4
Ec_ sec ( )
e = (25)
&

where x=¢_/¢,

cc!?

&. 1s the compressive concrete strain of the confined concrete and ¢,

is the strain for maximum stress in the confined concrete which is given by:

£, = gc{u 5( ]': - ﬂ (2.6)
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In Equation 2.6 ¢, is the strain for maximum stress in the unconfined concrete,

f',, is the unconfined concrete compressive strength (from cylinder test) and f'_, is the

co

maximum stress in the confined concrete and for circular sections is defined by Equation

2.7
fro=fr [—1.254+2.254 1+ 7'?‘,” L_2 ff,' ] 2.7)

where f', is the effective confining stress as defined by:

f', =k, f, (2.8)

e

In Equation 2.8 k, is the confinement effective coefficient and f, is the

maximum lateral pressure previously defined in Equation 2.1.

1_5

k, = 2d, , for circular spirals (2.9)
1_pcc

s": Clear distance between spirals or hoops

P.. - Ratio of area of longitudinal reinforcement to area of core section

Equation 2.8 is commonly expressed in terms of the volumetric ratio of transverse

confining steel and confined concrete core p,:

1 4A
f'i ==k, o f, =—
| 2 eps yh ps dSS

(2.10)

An energy balance approach is used in the Mander et al. (1988) model to predict
the compressive strain in the concrete corresponding to first fracture of the transverse
reinforcement by equating the strain energy capacity of the transverse reinforcement to
the strain energy stored in the concrete as a result of the confinement. The ultimate

concrete strain is then given by the expression between parentheses in Equation 2.11
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where &, is the ultimate tensile strain of the transverse reinforcement. Since
experimental results have shown that the ultimate concrete strain calculated based on the
Mander model to be consistently conservative by 50% (Kowlasky, 2000), the original

Mander expression for &, is modified by a factor of 1.4 as shown in Equation 2.11.

(2.11)

£y = 1.4(o.oo4+

14ps fyhgsu ]

cc

[ ]: Confined Concrete
B : Unconfined Concrete

Stress

€co 2Eco Ecc Esp Strain Ecu

Figure 2.2. Mander model for confined and unconfined concrete

2.2.1.1.2 Members with a steel pipe as transverse reinforcement

Even tough the Mander et al. (1988) model was developed for RC member with
confining steel in the form of spirals or hoops, the model can be easily modified to
account for members with a steel pipe as transverse reinforcement (Chai et al. 1991). As
illustrated in Figure 2.1, when using a steel pipe as confining reinforcement, the whole
concrete area is effectively confined, which means that for reinforced concrete filled steel

pipes (RCFSP) the confinement effective coefficient k, is 1 and the effective confining

stress is given by Equation 2.12. The stress strain relationship can then be found as usual
by using Equations 2.3 to 2.7.
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2
: 2f th 1 D, —2th
fl=f =" %p—thp)zgfyppSp[—Dpp—thppj (2.12)

where p; is the volumetric confinement ratio of the steel pipe.

_ 4thp(Dp — thp)

2.13
Psp ,-2n) (2.13)

It should be noticed that the reinforced concrete filled steel tubes column tested in
this research have both types of reinforcement: steel pipe and spirals. The volumetric
confinement ratio in this case is then the sum of the ratios obtained from equations 2.10
and 2.13, as presented in Table 2.2.

2.2.1.2 Constitutive model for the unconfined concrete

The Mander et al. (1988) model for unconfined concrete follows the same curve

as that for confined concrete (Equation 2.3) with a lateral confined stress of f',=0. The
falling branch (for strains larger than 2¢_,) is assumed to be a straight line which reaches

zero at the spalling strain ¢, (Figure 2.2).

2.2.1.3 Constitutive model for the reinforcing steel

The stress-strain relation for the reinforcing steel (Figure 2.2) is the one proposed
by Raynor et al. (2002):

f, = E,&, &, <e,
fo =1, +(gS - &, )Ey &, <& <ég (2.14)
C1
fs: fu_(fu_fsh{gsm gsj 85h<6‘s£85m
Esm ~ €

fy (2.15)

E = — .
Y E

(2.16)
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where E, is the steel modulus of elasticity, f, is the steel yielding stress, ¢, is the steel

y
yielding strain, g, is the strain at which strain hardening starts, ¢, is the ultimate steel
strain, Ey is the slope of the yield plateau, C1 is the parameter that defines the curvature

of the strain hardening curve and, f, and ¢, are the steel stress and strain at any point.

fSU _ ——
C1 :100( C1=3
£, 1 =1
77]
72]
£
7p]
Cy Esh Strain Esm

Figure 2.2. Constitutive model for the reinforcing steel
2.2.2 Section analysis and member response

The section analysis is performed by tabulating moment (M ) and curvature (¢)
of the member section for increasing levels of concrete strain. An iterative procedure is
used in order to find the depth of the neutral axis to satisfy equilibrium at each level of
concrete strain. The iterative process continues until the concrete strain in the core
exceeds the maximum concrete compressive strain, the strain in the bottom steel bars

exceeds the maximum steel strain or a drop of 20% in the moment capacity is observed.

The member response is obtained using the plastic hinge method as described in
Priestley, Calvi and Kowalsky (2007). The plastic hinge method replaces the real
curvature distribution with an equivalent curvature distribution in order to facilitate the

application of the moment area method to find the displacements in the member (Figure
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2.3). The length of the equivalent plastic hinge (L,) is defined as the length over which

the maximum curvature can be assumed to be constant. Equations 2.17 and 2.18 are used

to calculate the equivalent plastic hinge length and the strain penetration length (L,,),

respectively.

P, Ay, Ap
(M)
Op
T 272
- S Era—
structure and moment op Yy
distribution curvature profile displacements
Figure 2.3. Plastic hinge method (column in single bending)
L, =kL+Lg, >2L, (2.17)
L, =0.022fd, f, <fy (MPa) (2.18)

where:

k= 0.2(% —1} <0.08

y
L : clear length of the member
f,: expected longitudinal bar yield stress

f, : expected longitudinal bar maximum tensile stress

f, : tensile stress in the longitudinal bars
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d,, : longitudinal bar diameter

In the case of reinforced concrete filled steel pipes the length of the equivalent

plastic hinge is calculated using Equation 2.19 (Chai et al. 1991) where g is the gap

between the steel pipe and the base of the column.
L,=2L,+9 (2.19)
An effective length of the member is then defined as:

Ly =L+ L, for columns in single bending (2.20)

sp !

Ly =L+ 2L, for columns in double bending (2.21)

sp !

Flexural displacement before cracking is calculated as A, = L2/3 or A, = L*/6

for single and double bending, respectively. The flexural displacement of the member

before yielding and after cracking is calculated as:

2

A, :¢L§“ , single bending (2.22)
2

A _ P doubl i

(=T ouble bending (2.23)

The flexural displacement beyond yield is given by:

M .M
A :{¢_¢y W:le(L—i- L,, —O.5Lp)+AyW (2.24)
y

y

where ¢,, M, and A, are the curvature, moment and displacement for the first yielding,

respectively. Note that the yield displacement is scaled to the current moment, M, to

account for additional column elastic flexibility.
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A simplified approach for calculating the shear stiffness in the elastic range of
response based on the cracked section stiffness is used to calculate the shear
deformations. The premise of this approach is that the elastic shear stiffness is reduced
approximately in proportion to the flexural stiffness. After shear cracking and before the
section reaches its nominal moment, shear deflections are computed by considering the
shear flexibility of an equivalent strut-and-tie model. The procedure is described in

Equations 2.25 to 2.32 where Aq and |4 are the gross area and moment of inertia of the

section.
E. =5000,/ f'c (MPa), concrete modulus of elasticity (2.25)
G =0.43E_, concrete shear modulus (2.26)
A =0.9A,, shear effective area (circular section) (2.27)
M, _ .
I = Eg effective or moment of inertia (2.28)
cry
Ky = GTAS , shear stiffness (2.29)
|
Keett = Ksg Ie—“ effective shear stiffness (2.30)

g

The shear deformations of the columns before shear cracking are then calculated
using Equation 2.31 where V is the shear force acting in the member. Shear cracking is
assumed to occur when the applied shear is larger than the shear strength of the

concreteV_, which is obtained from Equation 2.36 with y = 0.29 (i.e. the initial concrete

strength).

A=Y vev (2.31)
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After shear cracking occurs and before the nominal moment is reached, the shear
stiffness is calculated using Equation 2.32, where B and d are the effective width and

depth of the section.

_ 0.25(mp, 18)
*0.25+10(zp, /8)

E.0.64D? (2.32)

The shear displacement beyond yield is assumed to increase proportional to the
flexural displacement. The total displacement in the member is given then by Equation
2.33.

A=A, +A, (2.33)

2.2.3 Shear capacity

The shear strength envelope for the member is calculated using the revised UCSD
shear model (Kowalsky and Priestley, 2000). The original UCSD model for assessment
of shear strength included: (1) the effect of the axial load separate from the concrete
strength and (2) degradation of concrete strength with ductility. The revised model
intends to take also into account: (1) the effect of concrete compression zone on the
mobilization of transverse steel and (2) the influence of the aspect ratio and the
longitudinal steel ratio in the shear strength of the concrete. The model expresses the
shear strength capacity of the member as the sum of three separate components as shown

in Equation 2.34 where V. represents the shear capacity attributed to the steel truss
mechanisms, V, represents the strength of the concrete shear resisting mechanism and V,,

represents the strength attributed to the axial load.
V=V, +V, +V, (2.34)

The shear resistance provided by the transverse reinforcement for a circular

column with circular hoops or spirals is given by:
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D _C'b: 9 = cot(0) (2.35)

T
Vs = E Asp fyh
where clb is the cover to the longitudinal bar, d, is the diameter of the transverse steel,

c is the depth of the neutral axis at M, and & is the angle of the flexure-shear crack, for

assessment of existing structure a value of @ =30° is recommended. The concrete shear
resisting mechanism depends on the aspect ratio, the ratio of longitudinal reinforcement
and the level of ductility. Equations 2.36 to 2.40 are used to calculate the shear strength
provided by the concrete.

V, = a1 (0.8, (2.36)
1Sa=3—\'/v|—D£1.5 (2.37)
B=05+20p <1 (2.38)
0.05<y=0.37-0.04x, <0.29 uniaxial ductility demand (2.39)
0.05<y=0.33-0.044, <0.29 biaxial ductility demand (2.40)

In Equations 2.38 to 2.40 the variables p, and g, represent the longitudinal steel

ratio and the displacement ductility, respectively. The yield displacement used to
calculate the displacement ductility is calculated considering only the flexural
deformation. However, the total displacement is calculated considering flexural and shear
deformations. The variable M/VD, where M is the moment and V the shear at the critical
section, is equivalent to the aspect ratio L./D, where L. is the distance from the critical
section to the point of contraflexure. For the single bending case L.=L and for the double
bending case it is usually assumed that L.=L/2. The axial load component can be

obtained using Equations 2.41 to 2.44.

D-c
P 2L

P>0 columns in single bending (2.41)
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P>0 columns in double bending (2.42)

V,=0 P<0 (2.43)

Equations 2.34 to 2.43 are used for the assessment of the shear strength of
existing structures. For the design of new structures a more conservative approach is
used: the axial load is reduced by 15%, the angle of the flexure-shear crack is

incremented to 35° and a shear strength reduction factor of 0.85 is applied.
2.2.3 Reinforcement buckling

The assessment of the reinforcement buckling limit state is determined following
two different methodologies, one is the proposed by Moyer and Kowalsky (2003) and the
other is the proposed by Berry and Eberhard (2005). In the Moyer-Kowalsky model, the
characteristic compression strain capacity is defined by Equation 2.44. From

experimental results the growth strain ¢, was determined to be 50% of the peak strain

.
after a curvature ductility of 4, linear interpolation is used for the evaluation of growth
strain between curvature ductilities of 1 (where growth strain is zero) and 4. The growth
strain represents the amount of tension strain induced in the reinforcing bars due to cyclic
loading. It was postulated that by subtracting the growth strain from the characteristic
compression strain, the remaining strain would be available for flexure induced tension as
shown in (Equation 2.45). As Equation 2.45 is a function of total member deformation,
the on set of buckling is defined as the point where the tension strain in the column due to
bending reaches the allowable tension strain from Equation 2.45. The model is presented

graphically in (Figure 2.4).

£, = —s(i]_ | (2.44)

bl

£ (2.45)

Esft = Esec — sgr
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steel tension strain
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Figure 2.4. Assessment of reinforcement buckling limit state (from Moyer and Kowalsky, 2003)

The Berry-Eberhard model is an empirical model based on the existing database

of column tests where the plastic rotation at the onset of bar buckling is expressed as:

1
P L f.d
Qpbb = C0(1+ Clpeff {14‘ C2 HJ (14‘ C:3 B + C4 yTbIJ (246)

f . . L
where p.. =—2 p. and buckling occurs when the plastic rotation in the member reaches
eff f/ s
C

the value of &, . For circular sections: C,=0.006, C,=3.129, C,=0.651 and

C, =0.227

2.3 Specimen design

As mentioned before, the specimens were initially designed using the analytical
models presented in section 2.2 and the expected material properties. The specified
concrete strength (f’c) was 4 ksi (27.6 MPa) for all the specimens, the reinforcing bars
and spiral steel used was Grade 60 (f, = 60 ksi, 414 MPa) and API5SL X52 (fy, = 52 ksi,
358 MPa) steel pipes with an outside diameter of 457mm (18in) and 9.5mm (0.375in) of
thickness were used for the reinforced concrete filled steel tube columns (RCFST). Based

on previous research the material properties used for the initial member response
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predictions are presented in Table 2.1. Tables 2.2 and 2.3 present the test specimen

matrix.
Table 2.1. Material properties values used for the design of the specimens
TEMP. CONCRETE YIELD STRESS TENSILE YIELD STRESS
STRENGTH [BARS AND STRENGTH [BARS [STEEL PIPE]
SPIRALS] AND SPIRALS]
T4°F/ 4.4 ksi (30.3MPa) 70 ksi (483 MPa) 94 ksi (648 MPa) 60 ksi (414 MPa)
23°C
-40°F/ 7.5 ksi (51.7 MPa) | 85 ksi (586 MPa) 115 ksi (791 Mpa) 72 ksi (500 MPa)
-40°C
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Table 2.2 Test specimen matrix (long columns*)

SPECIMEN TEMP. | BEHAVIOR LONG. TRANSVERSE AXIAL
STEEL/ STEEL/RATIO LOAD/

RATIO RATIO

RCFST-89A | 74°F/ | Steel pile 8#9 #3@63mm (2.5in) 231kN
23°C column 3.1% 9.5mm (3/8in) th. steel tube | 52kips

(1.2+8.5)% 4.6%

RCFST-89C | -40°F/ | Steel pile 8#9 #3@63mm (2.5in) 231kN
-40°C column 3.1% 9.5mm (3/8in) th. steel tube | 52kips

(1.2+8.5)% 2.7%

RCFST-87A | 74°F/ Steel pile 8#7 #3@63mm (2.5in) 231kN
23°C column 2.1% 9.5mm (3/8in) th. steel tube | 52kips

(1.2+8.5)% 4.6%

RCFST-87C | -40°F/ | Steel pile 8#7 #3@63mm (2.5in) 231kN
-40°C column 2.1% 9.5mm (3/8in) th. steel tube | 52kips

(1.2+8.5)% 2.7%

FL-89A 14°F/ Flexure 8#9 #3@63mm (2.5in) 231kN
23°C 3.1% 1.2% 52kips

4.6%

FL-89C -40°F/ Flexure 8#9 #3@63mm (2.5in) 231kN
-40°C 3.1% 1.2% 52kips

2.7%

* All the long columns have diameter 457mm (18in) and length 1651mm (65in)
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Table 2.3 Test specimen matrix (short columns*)

SPECIMEN TEMP. | BEHAVIOR | LONG. STEEL/ TRANSVERSE AXIAL LOAD/
RATIO STEEL/RATIO RATIO
DSH-87A 74°F/ Ductile 8#7 #3@100mm (4in) 134kN
23°C shear 2.2% 0.8% 30kips
3.2%
DSH-87C -40°F/ Ductile 8#7 #3@100mm (4in) 134kN
-40°C shear 2.2% 0.8% 30kips
1.9%
BSH-89A 74°F/ Brittle 8#9 #3@146mm (5.7in) 134kN
23°C shear 3.7% 0.6% 30kips
3.2%
BSH-89C -40°F/ - Brittle 8#9 #3@146mm (5.7in) 134kN
40°C shear 3.7% 0.6% 30Kkips
1.9%

* All the short columns have diameter 419mm (16.5in) and length 762mm (30in)

Figures 2.5 to 2.9 display the initial force-displacement response predictions
obtained using the available analytical methods (section 2.2) along with the material
properties displayed in Table 2.1. In the case of the RCFST columns a 1 in gap is left
between the steel tube and the footing. The purpose of the steel tube is to improve the
confinement and shear strength of the column and not (directly) the flexural and axial
capacity. Geometric properties and reinforcement details of the specimens are presented
in Figure 2.10.

Figures 2.5 to 2.7 present the response of the flexurally dominated members.
Figures 2.8 and 2.9 display, along with the force-displacement responses, the shear
strength envelopes. The shear critical members are expected to fail at the point where the
force-displacement response intersects with the shear strength envelope. Two different
types of shear dominated members where designed, one to obtain a shear failure at low

levels of ductility (brittle shear failure, Figure 2.8) and the other to obtain a shear failure
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at larger levels of ductility (ductile shear failure, Figure 2.9). It can be noticed that
according to existing analytical models, the effect of freezing temperatures in the seismic
behavior of reinforced concrete columns is to increase the flexural and shear strength of

the column without any loss in the displacement capacity of the column.

100¢

(0]
o

lateral force (kips)
3

40¢
20 ]
—: RCFST-89A
-=--: RCFST-89C
00 5 10 15 20

displacement (in)

Figure 2.5. Initial member response prediction for RCFST-89A and RCFST-89C
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Figure 2.6. Initial member response prediction for RCFST-87A and RCFST-87C

34



100¢ ]

(0]
o

lateral force (kips)
3

40 1
20 ]
—: FL-89A
-=-: FL-89C
00 5 10 15 20

displacement (in)

Figure 2.7. Initial member response prediction for FL-89A and FL-89C
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Figure 2.10. Geometric properties and reinforcement details of the specimens (footing reinforcement

is omitted for the seek of clarity)
2.4 Footing design

The primary limitations in the design of the footing are (1) The environmental
chamber, and (2) The distribution of holes in the strong floor. As a result the dimensions

of the footing are relatively small and a large amount of steel was required to support the
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large shear stresses developed. Inside the footing were four PVC tubes that allowed for
the post-tensioning of the specimen to the strong floor. The tubes were two inches (50.8
mm) in diameter and were spaced in 36 inches by 36 inches (914 mm) on center, which
matched the pattern of holes in the strong floor. The footing reinforcement consisted of
8#8 bars in the bottom and 8#8 bars in the top running parallel to the column
reinforcement in the form of “c” facing each other, running perpendicular to the column
reinforcement were 8#6 bar in the top and 8#6 bars in the bottom also in a “c” shape
facing each other. Additional shear reinforcement included 4#5 bars in each side of the

footing forming an “x” between them. The footing design is displayed in Figure 2.11.

All dimensions in inches.

8#8 top
8#8 bottom

36
45

8#6 top
8#6 bottom

= @2

Figure 2.11. Geometric properties and reinforcement details of the footing
2.5 Construction process

The steel cages were tied trying to match as close as possible the specified design
presented in Figures 2.10 and 2.11. For that reason, wood fixtures were fabricated in
order to obtain the desired circular shape of the columns, as shown in Figure 2.12. After
tying the column, the footing cage was tied, taking into account that the column

reinforcement continues all the way down the footing, as shown in Figure 2.13.
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After the steel cages were completely tied, strain gages were placed in the
longitudinal and transverse reinforcement, as shown in Figure 2.14. The distribution of

strain gages is discussed in Chapter IlI.

Figure 2.12. Tying of the circular columns
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Figure 2.14. Strain gages on longitudinal and transverse reinforcement
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The next step in the construction process is the casting of the concrete; this was
performed in two stages. First, the footing was cast ensuring in this process the verticality
of the column cage. Figure 2.15 shows 2 of the “steel tubed” specimens just after pouring
of the footing concrete, PVC pipes were used to create the space for the prestressing bars

to anchor the specimen to the floor.

After curing of the footings, the specimens are taking inside the lab where the
column and load stub parts were cast. In the case of the “steel tubed” specimens, the steel
tube was used as a form. Wood fixtures were fabricated to create the 1” and %" gaps
between the steel tube and the footing and load stub, respectively (Figure 2.16). Sonotube
was used to obtain the circular shape of the columns in the other specimens (Figures 2.17
and 2.18). Before pouring the concrete, three thermocouples wires were placed in each

specimen in order to monitor the internal temperature when testing.

Figure 2.15. Casting of footings
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Figure 2.17. Casting of the flexural columns
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Figure 2.18. Casting of the shear columns

2.6 Material testing

2.6.1 Concrete cylinders

Several concrete cylinders (4” by 8”) were cast for each batch of concrete. The
cylinders were tested at different ages and temperature conditions, Tables 2.4 to 2.6
present the results obtained. The average concrete strength is obtained from the tests of
three cylinders. In the cold tests the temperature was monitored through a thermocouple
wire imbedded in the concrete cylinder. Concrete cylinders were cooled in the
environmental chamber together with its respective column, and then tested outside after
being exposed to ~26 hours of freezing temperatures. Nonetheless, temperature in the
cylinders increased quickly when taken out of the chamber. Since cylinders were tested
an average of 8°C (12°F) above the average temperature of the concrete in the column
test, the value of compressive concrete strength to be used in the theoretical predictions
needs to be adjusted by linear extrapolation as described in section 1.2.1. Table 2.4 to 2.6

also show the values of f’c used for the predictions.
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Table 2.4 Average concrete strength for the RCFST columns

BATCH: RCFST COLUMNS

Days after casting Average strength / STDEV (psi) Temperature

7 3465/70 Ambient (~74°F/ 23°C)

14 3585 / 230 Ambient (~74°F/ 23°C)

21 3510/ 205 Ambient (~74°F/ 23°C)

28 3595/ 230 Ambient (~74°F/ 23°C)

133 (RCFST-89A test day) 3750/ 165 Ambient (~74°F/ 23°C)

313 (RCFST-87A test day) 3855/ 150 Ambient (~74°F/ 23°C)
240 (RCFST-87C test day) 6000/ 175 -22°F/ -30°C
300 (RCFST-89C test day) 6045 /170 -22°F/ -30°C

Warm test prediction 3800 (26.2MPa) Ambient (~74°F/ 23°C)
Cold test prediction 6400 (44MPa) -32°F/ -36°C

*STDEV: Standard deviation

Table 2.5 Average concrete strength for the flexural columns

BATCH: FLEXURAL COLUMNS

Days after casting Average strength / STDEV (psi) Temperature

7 2750/ 130 Ambient (~74°F/ 23°C)

14 3090/ 105 Ambient (~74°F/ 23°C)

21 3140/ 75 Ambient (~74°F/ 23°C)

28 3145/ 70 Ambient (~74°F/ 23°C)

120 (FL-89A test day) 3145/70 Ambient (~74°F/ 23°C)
200 (FL-89C test day) 3800/ 110 -18°F/ -28°C

Warm test prediction 3100 (21.4MPa) Ambient (~74°F/ 23°C)
Cold test prediction 4000 (27.6MPa) -32°F/ -36°C

*STDEV: Standard deviation
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Table 2.6 Average concrete strength for the shear columns

BATCH: SHEAR COLUMNS
Days after casting Average strength / STDEV (psi) Temperature
7 2965/ 275 Ambient (~74°F/ 23°C)
14 3960 / 190 Ambient (~74°F/ 23°C)
21 4000 / 355 Ambient (~74°F/ 23°C)
28 4045 / 295 Ambient (~74°F/ 23°C)
250 (DSH-87A test day) 3985/ 60 Ambient (~74°F/ 23°C)
265 (BSH-89A test day) 4000/ 60 Ambient (~74°F/ 23°C)
274 (DSH-87C test day) 4845/ 20 -15°F/ -26°C
286 (DSH-89C test day) 5040 / 100 -15°F/ -26°C
287 (DSH-89C warm test) 3990/ 120 Ambient (~74°F/ 23°C)
Warm test prediction 4000 (27.6MPa) Ambient (~74°F/ 23°C)
Cold test prediction 5400 (37.2MPa) -32°F/ -36°C

*STDEV: Standard deviation
2.6.2 Reinforcing bars

Tension tests were performed on the longitudinal and transverse steel at room
temperature. Figure 2.19 shows the results obtained for the longitudinal bars. While
ASTM A706 steel was ordered for the research program, it was discovered much later
that the steel was ASTM A615. As a result, even though both sizes of bars used (#7 and
#9) were marked to be of the same type (ASTM A615), the stress-strain behavior is quit
different. Fortunately, the steel still meets most of ACI 318 and ASTM requirements for
seismic applications: (1) Yield strength should not exceed the specified yield strength by
more than 124 MPa (18 ksi), i.e. for grade 60 steel the yield strength should not exceed
537 MPa (78 ksi). It is seen that this requirement is satisfied by the #7 bars, but not by the
#9 bars which exhibited a yield strength (558 MPa / 81 ksi) slightly larger than the
specified limit. (2) The tensile-yield ratio should not be less than 1.25, this requirement is
fulfilled by the #7 and #9 bars with tensile-yield ratios of 1.26 and 1.44, respectively.
And (3) the elongation at rupture of the monotonic tensile test should be at least 0.1.

Elongation at rupture can not be properly measured during the tensile tests because of the
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necking effect, however the required minimum elongation was reached by both size of
bars before the onset of necking. Figure 2.20 shows the results obtained for the ASTM
AT706 spirals, note that there is no defined yield plateau for the spirals as they have been
previously deformed past the onset of strain hardening in the bending process. Therefore,

for analysis purposes a value of f = f, /1.4 is used for the yield stress of the spirals.

Finally, Table 2.7 shows the key properties obtained during the tests and the estimated
values for cold temperatures based on the results obtained by other authors (section
1.2.2). Other values used for the steel model (Raynor et al. 2002) are: #9
bars: ¢, =0.008, &, =0.10, E, =700kips/in/in and C1=3.3, and for the #7 bars:

£4 =0.009,¢,, =0.13, E, =350kips/in/in and C1=2.8. The results obtained from

the material tests were used to improve the analytical force-displacement predictions

which are presented in Chapters IV to VI along with the experimental results.
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Figure 2.19. Stress-strain curves for the longitudinal bars
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Figure 2.20. Stress-strain curves for the spirals

Table 2.7 Average reinforcement steel strength

MEASURED AT ROOM ESTIMATED FOR -37°F/-
TEMPERATURE 38°C

Description Yield Ultimate Yield Ultimate
strength strength strength strength
Long. Bars 558MPa 703MPa 627MPa 778MPa
#9 (81ksi) (102ksi) (91ksi) (113ksi)
Long. Bars 442MPa 675MPa 490Mpa 741MPa
#7 (64ksi) (98ksi) (71ksi) (108ksi)
) 469MPa 655MPa 524MPa 723Mpa
Spirals (68ksi) (95ksi) (76ksi) (105ksi)
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CHAPTER I

TEST SETUP AND INSTRUMENTATION

3.1 Introduction

The test set up was designed to allow the application to the column of increasing
cyclic reversal of lateral loads and a constant axial load while inside an environmental
chamber that permits the control of the temperature during the test. The main components
of the test are displayed in Figure 3.1. The four most important aspects of the test set up
were the environmental chamber, the footing support and the application of the lateral

and axial load.
3.2 The environmental chamber

In order to reach and maintain the desired low temperatures during the tests, the
specimens were tested inside an environmental chamber. The environmental chamber,
manufactured by Thermotron, is a model WP-1512-CHM-25-25 with a temperature range
of —-68°C (-90°F) to 85°C (185°F) and having dimensions of 7.4m (291in) long, 2m (82in)
tall, and 2m (82in) wide. The dimensions of the chamber made it necessary to test in a
horizontal position, as displayed in Figure 3.1. In the floor and roof of the chamber are a
series of 6” diameter holes spaced every 3’ allowing for the anchorage of the specimen to
the strong floor and for an actuator extension to enter the chamber from above. The hole
used to test the large specimens was enlarged to 12” in diameter in a past research to
allow for rotation of the actuator extension. In the case of the short columns the
corresponding hole in the roof of the environmental chamber was enlarged to 9x9 in.
Figure 3.2 shows the environmental chamber from outside, as well as the steel frame and
the 110 Kkips (490kN) actuator used for the tests.
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1. (2) 30 to jacks, to apply the axial load
2. (2) 50 kips load cells, to measure the axial load
3. (2) cross beams to sit the jacks

4.(2) 1-1/4” threaded rods, to transmit the axial
load

5. Actuator extension, to transmit the lateral load
from the actuator to the specimen

6. (4) 1-3/8” Dwyidag bars, to anchor the
specimen

7. Metallic plate, for footing support

Figure 3.1. Test setup
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Figure 3.2. Environmental chamber, steel frame and actuator
3.3 Footing support setup

The footing of the column rested on a steel base plate that had 4 squat legs, since
the footing face was not perfectly plane, the gap between the footing and the plate was
filled with hydro-stone to guarantee a uniform distribution of the reaction forces at the
supports, as shown in Figure 3.3. The legs of the base plate then rested on 4 steel tube
sections that extended through the floor of the environmental chamber all the way down
to the strong floor of the lab. Four Dywidag post-tensioning bars with a diameter of 1-3/8
inches were placed through the footing and the strong floor in order to anchor the

specimen, each bar was postensioned to approximately 90 kips (400kN).
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3.4 Application of the lateral load

As mentioned before due to the size of the environmental chamber the columns
were tested in a horizontal position. The cyclic lateral load was applied using an actuator
with a capacity of 110 kips (490kN). The actuator was vertically connected to a steel
frame which was anchored to the strong floor, as shown in Figure 3.2. Due to the fact that
the actuator could not properly operate at low temperatures inside the chamber, an
actuator extension was fabricated to transmit the load to the column. The actuator
extension was designed to support the full capacity of the actuator (110 Kips in tension
and compression) applied in a quasi-static mode. The extensions consist of three major
parts (Figure 3.4): (1) a *“connection piece” with a threaded rod in one side that can be
screwed into the actuator, (2) a “tube” with a plate welded in one end with holes that
match the connection piece and allows the tube to be bolted to the connection piece and
(3) a metallic “chair” with slotted holes that match the holes in the loading stub of the
column and is connected to the tube through a 2” pin. Four D1-1/4” threaded rods were
used to fix the column to the actuator extension.

Figure 3.3. Foooting support setup
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Figure 3.4. Actuator extension

3.5 Application of the axial load

The axial load was applied through 2 cross beams located one behind the footing
and the other on top of the column (Figure 3.1). A neoprene bearing pad was placed
between the steel beam and the top of the column to uniformly distribute the load. Two 1-
1/4 inches diameter threaded rods were running parallel to the column and connecting the
two cross beams. Two 30 ton capacity jacks were used to apply the axial load through the
bars while two 50 kips (220kN) load cells were used to measure and control the level of
axial load being applied. Both jacks were connected in parallel to a single pump in order
to distribute the pressure uniformly in both sides of the column. A constant pressure

valve maintained constant axial load during testing to within +10% of the applied load.
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3.6 Instrumentation

The sign convention to label the instrumentation was adopted in accordance with
the direction of the lateral load. From the center of the column cross section, the “up” and
“down” directions correspond to the pulling and pushing action of the actuator,
respectively. The “left” and “right” directions are defined looking from the top of the
column to the footing. To identify the location of the instruments in the horizontal
direction, along the longitudinal axis of the column, they were labeled with their distance
in inches from the base of the column. In general terms, the instrumentation used during
the test consisted of thermocouples, string potentiometers, linear potentiometers, strain

gauges and load cells.
3.6.1 Thermocouples

Three thermocouple wires were cast inside of each column in order to control the
temperature in the specimen. The thermocouples were placed at the base of the column,
one of them in the center of the cross section (thcore) and the other two in the main

longitudinal bars (threbar 1 and 2), as shown in Figure 3.5.

irection of loady

thra 187

Figure 3.5. Thermocouples distribution
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3.6.2 String potentiometers

String potentiometers ranging from 10 to 50 inches in length were mainly used to
measure the displacement profile of the column. They were extended using a leader, and
then attached to the specimen by an aluminum angle that was glued to the surface of the
column. An average of 7 and 5 string potentiometers distributed along the column were
used in the flexural and shear specimens, respectively. Two of them were placed at the
top of the column. One was placed at the column centerline, and the other was offset
horizontally by 8in. The offset potentiometer is used as a backup as well as an indicator
of the top stub column-axis torsional rotation. The string potentiometers were labeled
with the letters SP and a number in ascending order from the base of the column. The
specific distribution is presented for each specimen in Chapters 4, 5 an 6. Figure 3.6
shows the placement and distribution of the string potentiometers in a long column.

With the information obtained from the string potentiometers displacement profiles of the
column at different load and deformation stages can be generated. Also, the
displacements measured by the string potentiometers in the top of the column along with

the force applied by the actuator are used to generate the hysteretic force-displacement

IF

response of the column.

—
footing
A171A21A3 A4 AD A6
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Figure 3.6. String potentiometers distribution
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3.6.3 Linear potentiometers

Linear potentiometers (LPOTS) are used to measure displacement over a
specified length. Depending on their placement configuration, the information obtained
from the linear potentiometers are use to calculate average curvatures and flexural
deformations or shear deformations. The potentiometers were screwed onto 1/4 inch
threaded studs that were glued into the column with epoxy, and the landing point for each
potentiometer was a small aluminum angle that was also attached to the threaded stud.
Figure 3.7 and 3.8 show the linear potentiometers set up for the flexural and shear

members, respectively.

3.6.3.1 Obtaining curvature and flexural deformation from Linear

Potentiometers

Average rotation and curvatures in the cell; (Figure 3.7) are calculated using
Equations 3.1 and 3.2, respectively.

g, = XPYi —XPD; 3.1)
D,
0. XPU. - XPD,
A _ i A 3.2
4 G, G,D, (32)

where XPU,; and XPD, are the readings from the linear potentiometers in the top
and bottom of the column at the level i.D; is the vertical distance between the two
transducers and G, is the horizontal gauge length for the LPOTS in the cell;. Once the

average curvatures and rotations are calculated, the moment area method can be utilized
to calculate the flexural displacement the top of the column. It should be noticed from
Figure 3.7 that in the case of the large columns additional potentiometers PB1, PB2, PB3
and PB4 are placed in the base of the column, the information obtained from that
potentiometers (together with the data from PU1 and PD1) are used to calculate the

curvature in the base of the column.
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Figure 3.7. Linear potentiometers set up to measure flexural deflection
3.6.3.2 Obtaining shear deformation from LPOT data

Shear deformation was only measured in the short columns. Figure 3.8 shows the
LPOT’s configuration used to measure the shear induced deformations. The procedure
used for obtaining shear deformation as well as vertical and horizontal extension from the
LPOT’s data is discussed in Kowalsky, Priestley and Seible (1995). This procedure is
briefly described next.

The average change in longitudinal is calculated for cell i using equation 3.3,

where XPU, and XPD, are the readings of the linear potentiometers in top and bottom

of the column at the level i.

£ _ XPU, —XPD,

. > (33)

The diagonal component of this deformation is then calculated using Equation 3.4

where A is the angle the diagonal makes with the vertical LPOT.

SFL, = FL, sin(4) (3.4)
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Equations 3.5 and 3.6 are used to calculate the change in transverse displacement
for the left, EXL;, and right face, EXR;, respectively, where XPTL; and XPTR; are the
readings of the transverse LPOT’s. The diagonal component of this deformation is
calculated with Equation 3.7, where EX; is the average of the values obtained for both

faces of the column.

XPTL, — XPTL,,,

EXL, = 3.5
i > (3.5)
EXR, = XPTR, - XPTR,, (36)
2
SEX, = EX, cos(4) (3.7)

The diagonal displacement due only to shear deformation (6Si) will then be the
displacement measured by the diagonal LPOT’s (oMSi) minus the deformations found

from Equations 3.4 and 3.7 as shown in Equation 3.8
&S, = MS, — 6L, — EX, (3.8)

Shear induced displacement in each cell is calculated with Equation 3.9 and the
overall shear displacement is the summation of the displacements on each cell, Equation
3.10.

5.

3 = cos(l/l) (3.9)

AS = ZASi (3.10)
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footing

left face

Figure 3.8. Linear potentiometers set up to measure shear deflection
3.6.4 Strain gages

Strain gages were used to measure strain in the longitudinal and transverse steel.
Each specimen was instrumented with twenty-four strain gauges; half of them were
placed on the spiral to measure shear and confinement strain profiles and the other half

on the longitudinal reinforcement to obtain longitudinal strain profiles. The strain gauges
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were labeled according to the type of bar they were placed on (longitudinal or
transverse), the location with respect to the longitudinal axis of the column (up, down,
left or right) and their relative position to the base of the column. For instance, SgTU-2
denotes a strain gage that was placed in the transverse steel in the “up” direction and is
the second from the base of the column. Figure 3.9 shows the strain gages distribution. In
addition to the twenty-four internal strain gages, the “steel tubed” specimens were
instrumented with an additional twelve strain gages with the same distribution as in the

transverse reinforcement to measure shear and confinement strain in the steel tube.

Sgi-u-d SgLU-12 & 3
- _ g -4
| SgLL-1  SgLu-3 SgLL-12&3

; - J
X SgLR-2 &3

i
SgLD-1  SgLD-3 SgLD12 &3

footing

strain gauges in longitudianl reinforcement

SgTU-1
./ SgIL-l ngu-s SgTL-12 &3 SgTU-1,2 &3
/ SgTR-1,2 &3
1 N\
m ==
SgTD-1  SgTD-3 SgTD-1,2 &3

strain gauges in transverse reinforcement

Figure 3.9 Strain gauges distribution
3.7 Testing procedure

The columns were tested quasi-statically. The procedure consisted of pushing and
pulling the specimen in force control until first yield of the longitudinal reinforcement,

and subsequently cycling in displacement control to prescribed ductility levels. A typical
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loading pattern is shown Figure 3.9. The lateral force at first yield Fy' of the longitudinal

reinforcement and the lateral ideal force F. were found from a section analysis. The

lateral ideal force is defined as the force at which the cover concrete reaches a

compression strain of 0.004 or the longitudinal steel a tension strain of 0.015. The

displacement corresponding to first yield A'y is obtained from the reading of the string

potentiometer in the top of the column and the equivalent yield displacement A is

obtained by extrapolation to the ideal lateral forces as in Equation 3.11. Therefore, the
displacements corresponding to the prescribed ductility levels are not determined until

the column reaches first yield.

y

. F
A=A, = (3.11)
y

410

6
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N
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ductility factor
(@)
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Figure 3.10 Load protocol
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CHAPTER IV

SEISMIC BEHAVIOR OF FLEXURAL
DOMINATED REINFORCED
CONCRETE COLUMNS AT Low
TEMPERATURES

4.1 Introduction

In order to determine the effect of cold temperatures on the flexural behavior of
reinforced concrete columns, two flexurally dominated columns were designed, built and
tested. Both specimens were identical, one column was tested under ambient
temperatures (23°C, 74°F) and the companion at cold temperatures (-40°C, -40°F). The
information obtained by Sloan (2005) in a pilot study where four identical columns were
tested at different temperatures is re-analyzed. This chapter presents the results obtained
for all six flexural dominated reinforced concrete columns and compares it with the
theoretical predictions obtained using the available analytical models. Finally, corrections
to the available analytical models to predict the response of flexural dominated reinforced

concrete members are introduced and discussed.
4.2 Lightly reinforced members without axial load

In a first attempt to estimate the effect of cold temperatures on the seismic
behavior of reinforced concrete members, Sloan (2005) tested four identical columns at
temperatures ranging from -40°C (-40°F) to 20°C (68°F). The columns were lightly reinforced
(longitudinal steel ratio ~ 1%) and were tested without any axial load. The columns were tested

following a load protocol of cyclic reversals similar to the one described in section 3.7, in
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the displacement control regimen the columns were subjected to displacement ductilities
of 1,15, 2, 3, 4,5, 6 and 8, the actual applied load protocol is presented in Figures 4.1
and 4.2. The test set up was similar to that presented in Chapter Il and is displayed in
Figure 4.3. Table 4.1 presents the test specimen matrix and Table 4.2 the results of the
material tests. From the four specimens presented in Table 4.1 the results of three are
discussed here, SL-3 is omitted because due to a malfunction in the environmental

chamber it was not possible to keep the temperature constant during the test.
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Figure 4.3 Sloan specimens set up

Table 4.1 Sloan test specimen matrix

UNIT TEMP. | BEHAVIOR DIMENSIONS LONG. TRANSVERSE
STEEL/ STEEL/RATIO
RATIO
SL-P20 | 74°F/ Flexural D. 457mm (18in) 8#5 #3@63.5mm (2.5in)
23°C L. 1651mm (65in) 1.0% 1.1%
SL-M20 | -4°F/ Flexural D. 457mm (18in) 8#5 #3@63.5mm (2.5in)
-20°C L. 1651mm (65in) 1.0% 1.1%
SL-M30 | -22°F/ Flexural D. 457mm (18in) 8#5 #3@63.5mm (2.5in)
-30°C L. 1651mm (65in) 1.0% 1.1%
SL-M40 | -40°F/ Flexural D. 457mm (18in) 8#5 #3@63.5mm (2.5in)
-40°C L. 1651mm (65in) 1.0% 1.1%




Table 4.2. Material properties values used for the response predictions

TEMP. CONCRETE STRAIN AT YIELDING ULTIMATE YIELDING
STRENGTH | MAX. STRESS | sTRess (f,) | sTRress(f,) | STRESS (fyn)
(fc) (éco) [LONG. BARS] | [LONG.BARS] | [SPIRALS]
70°F1 | 39.2MPa 2E-3 503MPa 689MPa 469MPa
23°C 5.7ksi 73Kksi 100ksi 68ksi
22°F | 44.8MPa 2.14E-3 538MPa 730MPa 503MPa
30°C 6.5ksi 78ksi 106ksi 73ksi
40°F/ | 64.8MPa 2.76-3 565MPa 772MPa 531MPa
40°C 9.4ksi 82MPa 112ksi T7ksi

Figures 4.4 to 4.6 show the hysteretic response obtained during the test of
specimens SL-P20, SL-M20 and SL-M40, respectively. The predictions obtained with the
models described in Chapter Il are also presented in these figures. Horizontal dotted lines
in those graphs correspond to the theoretical force for first yield and nominal moment.
The predictions were obtained using the geometric characteristics and material properties
displayed in Tables 4.1 and 4.2, respectively. The equivalent plastic hinge length and
strain penetration are calculated with the material’s room temperature properties. In
general, the three specimens failed by buckling and then rupture of the bottom-most bar
due to a combination of high axial strain and low cycle fatigue during the next half cycle

in the pull direction of loading.

It should be noticed that when the columns are subjected to equal displacements
in the two loading directions, the measured lateral force resistance in the push direction is
lower than the measured in the pull direction, providing an unsymmetrical response. This

difference is the result of three different phenomena:

e The steel cages in some of the columns may have been slightly off center.
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When testing the columns in a horizontal position the self weight of the column
and the actuator chair start acting as an additional load in the push direction that is

not being recorded.

Once the concrete in the bottom face of the column crushes it fails from the
column due to its own weight, however when the concrete in the top face of the
column crushes it stays there providing some strength to the column when the

force is applied in the pulling direction.

The bottom side of the column footing was resting on a steel base plate while the
top side has only the four Dywidag post-tensioning bars in the corners to anchor
the specimen, this results in a footing that is stiffer in the bottom than in the top.
This increase in stiffness provokes a reduction in the strain penetration in the
bottom of the footing, more rotation is then required in the base of the column
when pulling to reach a prescribed displacement. Larger rotations place larger
strains in the steel and the required lateral force is increased. This hypothesis
seems to be corroborated by the curvature profile displayed in Figure 4.12, where
it can be noticed that the base curvature when pulling is about 20% larger than the

curvature when pushing.

Nonetheless, the difference is minimal and an average of the measured responses

in the two directions can be used to represent the response of the column. This approach
is used to generate Figures 4.9 to 4.10 which display the first, second and third cycle peak
envelopes of the hysteretic response, respectively. Horizontal lines in this figure

correspond to the theoretical forces for first yield and nominal moment.

The data obtained from linear potentiometers is used to calculate average

curvatures over the gage lengths. Figures 4.11 and 4.12 show the curvatures profiles of
the column at the first cycle of ductilities 1 and 4 respectively. Dotted lines in these

graphs correspond to the theoretical curvature distribution for first yield.
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Figure 4.10 Specimens after test
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Figure 4.12 Curvature profile for the three specimens at ductility 4.

There are several observations that should be done from the results presented in Figures
4.4104.12:

The specimen tested at -40°C developed the largest flexural strength. If the
increase in strength is measured by the difference in the lateral force required to
reach a target displacement (Table 4.4) before strength degradation starts, the

average flexural strength when the temperature is -40°C is found to be 20% larger
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than the exhibited by the room temperature specimen. If we compare the
maximum load reached by each specimen, then the increase is 16%.

Nonetheless, the specimen tested at -40°C also presents the smallest displacement
capacity failing at a displacement ductility of 5, the other two specimens tested at
-20°C and 20°C failed at a displacement ductility of 6.

The theoretical models were able to predict the flexural strength and mode of
failure of the specimens. Furthermore, the predicted on set of buckling for the
specimen tested at 20°C is very close to the actual point of failure. However, the
available models were incapable to predict the effect of the cold temperature in

the displacement capacity of the columns.

The force-deformation responses for the three specimens show hysteretic loops
with good damping characteristics. The hysteretic damping was calculated for
each cycle using Jacobsen approach (1930) and no variation with temperature was
found. For example, for the first cycle of ductility four, the hysteretic damping in

the three specimens was 24%.

The cold specimens exhibit an increase in the initial elastic stiffness of the
specimen which is not captured by the prediction models. If the elastic stiffness is
defined at the load level required for first yield of the room temperature specimen,
then the elastic stiffness of the specimens tested at -40°C and -20°C are 270% and
180% larger than the elastic stiffness of the specimen tested at 20°C, respectively.
More often in design, an effective stiffness based upon the idealized vyield
conditions is required. The effective stiffness of the specimens tested at -40°C and
-20°C are 35% and 23% larger than the effective stiffness of the specimen tested

at 20°C, respectively.

From the curvature profile in Figure 4.12 note a significant reduction in the spread
of plasticity of the specimen tested at -40°C when compared with the other two
specimens, this phenomenon is also observable in the conditions of the specimens

after the test as shown in Figure 4.10. This reduction in the extent of plasticity and
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a possible decrease of ductility in the steel caused by the low temperatures and the

reversal of loads may explain the earlier bar fracture in the specimen tested at -

40°C. If the plastic hinge is reduced, larger rotations are needed in order to reach a

given displacement and larger strains are then induced in the reinforcing bars.

Finally, Tables 4.3 and 4.4 summarize the results obtained during the tests. The

initial study performed by Sloan (2005) demonstrated that reinforced concrete undergoes

a gradual increase in strength and stiffness coupled with a reduction in displacement

capacity as the temperature decreases. Remember that specimens tested by Sloan were

flexurally dominated light reinforced concrete members without axial load. The next

section will present the results obtained for heavier reinforced members with axial load.

Table 4.3. Summary of results obtained (Load control phase)

Target Average tip displacement [mm]

Cycle Lat('kf\lo)rce +20°C | -20°C | -40°C | -40°C/+20°C
0.25fy' 12.6 0.9 0.6 0.3 0.4
0.5fy' 27.7 2.9 2.4 1.1 0.4
0.75fy" 37.0 5.7 3.2 2.0 0.4
fy' 49.6 8.9 6.0 3.3 0.4

Table 4.4. Summary of results obtained (Displacement control phase)

Target First cycle average lateral force [KN]

Cycle | Displ. (mm) | +20°C | -20°C | -40°C -40°C / +20°C
pl 16 72.2 88.5 97.5 1.3
pul.5 24 85.7 97.0 | 104.9 1.2

u2 33 89.0 99.8 108.3 1.2

u3 49 95.1 106.9 | 1144 1.2

ua 65 97.7 109.1 | 1146 1.2

u5 81 99.0 109.4 | 106.5 1.1

U6 98 97.8 89.7 53.3 0.5

u8 130 67.3 69.5 - -
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4.3 Heavy reinforced members with axial load

Two identical reinforced conventional circular concrete columns with a
longitudinal steel ratio of 3% were designed and built. The columns were detailed to
ensure a flexural failure. One of the columns was tested at room temperature while the
other one was tested at -40°C. The columns and its properties are presented in Figure 4.11
and Table 4.5. The temperature values in Table 4.5 are the average of the readings of the
three thermocouple wires imbedded in the columns (see section 3.6.1). In the same way
the axial load is defined by the average of the readings of the two load cells placed in the

cross beams (see Figure 3.1).

Both columns were tested following the same load protocol. Target forces and
displacements were obtained from the theoretical prediction using room temperature
material properties, as explained in 3.7 the target displacement for ductility one is only
obtained once the specimen is subjected to f’y. Room temperature specimen FL-89A was
tested first and the resulting target displacements were applied to the cold specimen FL-
89C for comparison purposes. The applied load protocol is displayed in Figures 4.14 and
4.15.

Table 4.5 Specimen matrix for the conventional heavy reinforced concrete columns

UNIT TEMP. DIMENSIONS LONG. TRANSV. CONCRETE AXIAL
STEEL/ STEEL/ STRENGTH LOAD/
RATIO RATIO RATIO
FL- 72°F D. 18 in 458 mm 8#9 #3@2.35” 3.1 ksi 49.4 kips
89A 22°C L. 65in 1651 mm 3.1% 1.2% 21.4 MPa 220 kN
6.2%
FL- -33°F D. 18 in 458 mm 8#9 #3@2.35” 4 ksi 49 Kips
89C -36°C L. 65in 1651 mm 3.1% 1.2% 27.6 MPa 218 MPa
4.8%
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Figure 4.15 Load protocol: displacement control phase
4.3.1 Room temperature specimen FL-89A

Unit FL-89A was tested at room temperature on October 31/2006. Figures 4.14
and 4.15 show the applied load protocol. The loading history in force control consists of
one cycle at 9.5, 19, 28.5 and 38 kips. Figure 4.16 shows the temperatures registered by
the thermocouples imbedded in the specimen as a function of the column tip
displacement. Figure 4.17 displays the variation of axial load during the test. Horizontal
lines in this figure denote the average and +10% average of the applied axial load. Even
though the axial load is not completely constant as it tends to increase with the tip
displacement, the constant pressure valve installed allows us to keep it with in +10% of
the applied load.
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Figure 4.17 Axial load variations during testing of FL-89A.

4.3.1.1 FL-89A Test observations

First hairline cracks were noted at the top and bottom of the specimen after the
second cycle of load control (19 kips), the cracks were located between 7 and 19 in from
the base of the column and spaced 6 in between them. After the 28.5 kips cycle existing

cracks extended in length and new hairline cracks appeared at 25 in from the base. With
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the last cycle of load control (38 kips) the existing cracks keep increasing in length and
new ones appeared at 31 in from the base, the first crack at the base of the column appear
also at this point. Figure 4.18 shows the specimen just before the start of the test. Figure

4.19 is a photo of the specimen after the last cycle of load control loading.

The average displacement corresponding to first yield of the longitudinal
reinforcement was 0.56 in that when extrapolated to ductility 1 (using Equation 3.11)
gives a displacement of 0.72 in. After the three cycles of ductility 1 the hairline cracks
extended over the whole length of the specimen, it was noticed that it takes

approximately 8% more force to reach the target displacements in the pulling direction.

After the first cycle of ductility 2 concrete cover crushing was observed and the
cracks up to 15 in from the base are now wider. After the final cycle of ductility 2
concrete crushing in the top and bottom are evident accompanied by some minor spalling.
Figure 4.20 shows the specimen after the last cycle of ductility 2. With the cycles at
ductility 2.5 and 3 the cracks kept becoming wider and the spalling kept increasing. As
shown in Figure 4.21 at the final cycle of ductility 3 the spalling in the concrete extended

6 in from the base.

After the ductility 4 cycles the cover concrete is completely lost over the first 7 in
from the base and the transverse steel is exposed (Figure 4.22). At the first cycle of
ductility 6 crushing of the core concrete started and at the last cycle of this ductility some

longitudinal reinforcement was exposed (Figure 4.23).

The first push cycle of ductility 8 saw an increase of 7% in strength over the last
push cycle at ductility 6; however the initial maximum force at ductility 6 was not
reached. Some spalling of the concrete in the footing was observed in this cycle as it is
displayed in Figure 4.24. By the last push of ductility 8 the cover concrete is completely
lost and the transverse and longitudinal steel are completely exposed over an area up to
12 in from the base of the column (Figure 4.25). During the last pull cycle of ductility 8
two of the top most bars buckled over the third visible layer of transverse reinforcement
(Figure 4.26) at approximately 5 in from the base of the column, the test was finished at

this point.
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Figure 4.18 Specimen FL-89A before the test.

Figure 4.19 Specimen FL-89A after the last cycle of load control.

Figure 4.20 Specimen FL-89A (bottom) after the last cycle of ductility 2.
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Figure 4.23 Specimen FL-89A (bottom) after the last cycle of ductility 6.
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Figure 4.24 Specimen FL-89A (top) after the first cycle of ductility 8.

Figure 4.25 Specimen FL-89A (top) after the final push of ductility 8.
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Figure 4.26 Specimen FL-89A (top) after the final pull of ductility 8.
4.3.1.2 FL-89A Force-displacement response

Figure 4.27 shows the measured force-deformation response along with the
theoretical prediction. The theoretical envelope was obtained with an equivalent plastic
hinge length 59% of the value Lp =0.044f d, recommended in Priestley et al. (2007),

the following section will explain why and how the new value was obtained. It can be
seen from this graph that just as in Sloan’s tests the response is not symmetric along the x
axis; it is taking about 15% more lateral force to reach a target displacement in the pull
direction that in the push direction. Again, an average of the measured responses in the
two directions is used to represent the response of the column; the results obtained are
displayed in Figure 4.28 along with the theoretical envelopes and the two different

Lpvalues above mentioned. From this figure is seen that the match between the
theoretical envelope and the actual member response is improved when Lp is reduced.

However, the theoretical models were unable to predict the buckling of the longitudinal
bars. Remember that the assessment of reinforcement buckling limit state is determined
following two different methodologies, one is the proposed by Moyer and Kowalsky
(2003) and the other is the proposed by Berry and Eberhard (2005). The problem seems
to be that those models only account for buckling between two consecutive spirals, as in
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the case of the Sloan columns. However, in this case buckling occurs over a layer of

transverse reinforcement (see Figure 4.26).
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Figure 4.27 Hysteretic response and prediction for FL-89A.
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Figure 4.28 First cycle average peak envelop for FL-89A.

4.3.1.3 FL-89A Curvature profiles

Curvature profiles are plotted for four sections of the column. In each section the
curvature is reported at the center of the cell and is the average curvature over the cell
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height. The gauge length for the bottom cell includes a component due to strain
penetration as it can be argued that the rotation evaluated in this cell is distributed into the
footing, this will have the effect of reducing the curvature as plotted for the base cell. The
magnitude of this addition, obtained by optimization of the match between the
experimental and theoretical moment-curvature relation, was found to be 152 mm. Figure

4.29 shows the resulting match for the average first peak values of moment and
curvature.

Figure 4.30 shows the curvature profiles at f’y, pul, p2, u3 and p4; negative
curvatures correspond to the pull direction. As in the Sloan specimens, due to the
stiffness asymmetry of the footing, the base curvature when pulling is slightly larger than
the curvature when pushing. It can be seen that all the plasticity is concentrated in the 2

first cells (approximately 330mm from the base of the column), after this point the
column shows negligible curvature.

[1/in] X107
0 1.0 1.5 2 2.5

450 L0 —9 332

3 | » »

pd , H —_
< 300 He 21
— (72}
c Qo
) ~
E 150 1117
= -0-: experimental

-v-: theoretical

% 002 004 006 008 01
curvature [1/m]

Figure 4.29 FL-89A Moment-curvature at column base.
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Figure 4.30 FL-89A Curvature profiles.

4.3.1.4 FL-89A Equivalent plastic hinge length

The curvatures calculated using the data recorded by the linear potentiometers can
be used along with the measured tip displacement to define an equivalent plastic hinge
length. Assuming that the deflection of the column after yield is attained by the formation

of a plastic hinge of length L/, within which curvatures are equal to the base curvatures,

the tip displacement A can be expressed as:

A=A, +¢,L L (4.1)

where L is the equivalent plastic hinge length, ¢, is the plastic curvature, and L is the

length from the face of the footing to the location of the applied load. The equivalent

plastic hinge length is then obtained using Equation 4.2.

L ~

A5 4.2

where A is the plastic displacement at a given displacement ductility. The value for A |

was determined by subtracting the equivalent yield displacement from the displacement

at the given displacement ductility, while ¢, was calculated by subtracting the equivalent
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yield curvature from the curvature in the base of the column at the given ductility. Plastic
hinge lengths are calculated independently for the pull and push directions, Figure 4.31

shows the results obtained. It is seen that the value of L, =411mm obtained from the

experimental data is 59% of the values recommended in Priestly et al.

(2007)L, =0.044f d, =704mm. This decrease in L, may be explained from the way

the specimen is fixed to the strong floor of the lab. As shown in Figure 4.32a the
postensioned forces used to fix the footing of the specimen are developing “clamping”
forces in the longitudinal bars. These forces increase the bonding stresses and reduce the
strain penetration length, notice from Figure 4.32b that this phenomenon does not occur
in conventional cyclic reversals test setups as the used to develop the current expression
for L, (Priestley and Park 1987).
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Figure 4.31 FL-89A Equivalent plastic hinge length.

85



(a) ¢ post-tensioning forces

‘clamping" forces

2222

tteet

column

f VY VVVVVVVVVVVVVVVVVYVVVYVVVVVVVVVVVVVVVVVVYYV

FEFFFTTTTFTTT

steel base reaction

b

column

post-tensioning forces

v v
VVVVVVVVVVV ;

v \4 \4
VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV

—concrete strut

? ? f ? f f f f f f floor reaction
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4.3.1.5 FL-89A Strains on longitudinal reinforcement

Strain gage data from longitudinal bars is presented in the form of strain profiles
and strain histories. Figures 4.33 and 4.34 present the longitudinal strain profile for the
top most and bottom most bars, respectively. A positive measurement indicates
elongation of the bar. Strain profiles are presented at f’y, u1, u1.5 and p2, after this point
the data becomes very erratic. For the strain profile in the top bar (Figure 4.33) only the
data from the three strain gages in the column are presented, the strain gage placed in the
footing was lost during casting of the concrete. As expected, the strain demand is larger
when the bars are in tension, increase in the vicinity of the base and then decrease inside
the footing. Figure 4.35 displays the strain history recorded (up to ductility 4) by the
strain gage placed in the bottom bar 216mm inside the footing. It is noticed that this spot
of the bar didn’t yield, which corroborates the hypothesis of a reduced plastic hinge
length.
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Figure 4.33 FL-89A top most bar strain profile.
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Figure 4.35 FL-89A Bottom bar strain history 216mm inside footing.

4.3.1.6 FL-89A Strains on transverse reinforcement

Strain gage data from transverse reinforcement is presented in the form of strain
profiles and strain histories. As is often the case, several strain gages were damaged
during the poring of the concrete and some profiles are incomplete. The strain gages in
the spirals were distributed at three different levels and placed so that confinement and
shear induced strains can be measured (section 3.6.8). Top and bottom faces of the

column should not contain any shear induced strains, while the left and right faces should

88



predominantly contain shear induced strains. Figures 4.36 and 4.37 present the strain
profiles on the top and bottom side of the spiral, respectively. In the pull direction, the top
face of the column is in compression at the column base and confinement is provided by
the spirals. Therefore, the strain on the top side of the spiral is larger in the pull direction
and increases as it gets close to the base of the column. In the same way, strain on the
bottom side of the spiral is larger in the push direction. It may be noticed from the
confinement strain profiles and also from the strain history in Figure 4.40 that, for low
levels of loading, the confinement strain is small and slowly increases until ductility 2.
After ductility 2, the confinement strain in the base increases more quickly and reaches
yield at ductility 4. This behavior is in agreement with the observations during the test,

since spalling of the cover concrete took place between ductility 2 and 4.

Figures 4.38 and 4.39 present the strain profiles on the left and right side of the
spiral, respectively. Unlike the confinement induced strains, shear strains are expected to
be symmetric about the column center on each of the left and right faces and to be
identical in the push and pulling direction. However, due to the reality of slight
asymmetries, there is usually some variation in the data. It may be noticed from the shear
strain profiles and also from the strain history in Figure 4.41 that, as for the confinement
strain, yielding is reached at ductility 4. However the distribution of shear strains along
the column is different than the distribution of confinement strain. In this case the
maximum is reached at some distance from the base and not in the immediate vicinity of
the base was the case for the confinement strain. This is due to additional shear strength

provided by the footing to the adjacent part of the column.
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Figure 4.36 FL-89A strains on the top side of the spirals.
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Figure 4.37 FL-89A strains on the bottom side of the spirals.
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Figure 4.39 FL-89A strains on the left side of the spirals.
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Figure 4.40 FL-89A Strain history: Top spiral #1 (105mm from the base).
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Figure 4.41 FL-89A Strain history: Left spiral #2 (285 mm from the base).

4.3.1.7 FL-89A Validity of the test data

In order to validate the data that has been recorded the following procedure is
utilized. With the information collected from the linear potentiometers curvatures at
different levels of the column is calculated, then the displacement at the top of the
column is obtained by taking the first moment of the area of the curvature profile about
the location of the applied load. This displacement is then compared to the one measured
by the string pot placed at the top of the column. Figure 4.42 shows the results obtained,
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again only the results up to ductility 4 are shown since after this point the linear
potentiometers at the base of the column were removed. It should be noticed that, even
though the match is very close, the calculated displacements from the Ipot data is always
below the measured displacement. The difference increases with the displacement and
seems to become stable after the section has yielded. This apparent discrepancy is due to
the fact that the methodology used to calculate the displacements only accounts for
flexural deformations (shear deformations are ignored). If we add the theoretical shear
component to the calculated flexural component (dotted line in Figure 4.42), then the

match is improves.
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Figure 4.42 FL-89A Validity of test data.
4.3.2 Cold temperature specimen FL-89C

Unit FL-89C was tested on February 211/2007. The column was subjected to the
same load history of cyclic reversals applied to the companion warm specimen (FL-89A).
The cooling process started ~26 hours before the test, during all this time and all through
the test, the specimen was exposed to a constant temperature of -40°C (-40°F). Figure
4.43 shows the temperatures registered by the thermocouples imbedded in the specimen
as a function of the column tip displacement. Even though the temperature in the core of
the column was ~4°C warmer than at the level of the longitudinal bars, it can be seen

from this figure that temperature was constant through the entire test. Figure 4.44
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displays the variation of axial load during the test. Horizontal lines in this figure denote
the average and +10% average of the applied axial load. It was more difficult to keep the
axial load constant in the cold test that in the room temperature test, presumably because

the hydraulic fluid feeding the jacks started losing its ability to flow at low temperatures.
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Figure 4.43 Temperature variations during testing of FL-89C.
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Figure 4.44 Axial load variations during testing of FL-89C.
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4.3.2.1 FL-89C Test observations

In order to monitor the condition of the specimen during the test webcams were
installed inside the environmental chamber. However, the webcams froze and did not
work properly during the test. Conventional digital pictures were then taken by going
inside the environmental chamber at key points during the test. All the pictures shown

were taken from the top of the column.

First hairline cracks appear after the third cycle of load control (28.8 kips) at 9 in
from the base of the column and at the base of the column, one cycle after the room
temperature specimen. The lateral force required to reach the target displacement at
ductility one was 55.5 kips in the push direction and 60.5 Kips in the pull direction, with
an average of 58 Kips, i.e. 20% more than the average force required at room temperature
(45.5 kips). At the first cycle of ductility 1 a new hairline crack become visible at 4 in
from the base of the column and the existing cracks become wider, as shown in Figure
4.45. At ductility 2 the three existing cracks are now well defined and ran around the
circumference of the column. A new crack just becomes visible at 13in from the base
(Figure 4.46).

As shown in Figure 4.47 initial concrete cover crushing was noticed at the first
cycle of ductility 2.5 (compared to first cycle of ductility 2 in the room temperature
specimen). At ductility 3 (Figure 4.48) the plastic hinge is clearly defined by three wide
flexural cracks ~equally spaced from the base to a distance of 9in. The fourth crack that
appeared at ductility two was still a hairline crack. During the last cycle of ductility 3

concrete spalling is noted in the base of the column and also in the footing (Figure 4.49).

After the ductility 4 cycles (Figure 4.50) the crushing of the cover concrete
extends over 4 in from the base. Note that at this same point the room temperature
specimen has already lost all the cover concrete over a distance 7 in from the base and the
transverse steel was exposed. During the ductility 6 cycles (Figure 4.51) cover concrete is
lost in the base of the column at the interface with the footing, transverse reinforcement is

exposed.
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In the same way as the room temperature specimen, the first push cycle of
ductility 8 saw an increase of 9% in strength over the last push cycle at ductility 6;
however the initial maximum force at ductility 6 was not reached. In Figure 4.52 can be
appreciated that the column was trying to dig into the footing, this phenomenon was not
visible at room temperature. In the last pull of ductility 8 buckling of the top most bar
was observed accompanied of rupture of the spiral that was restraining it (Figure 4.53),
the test was finished at this point. Buckling at room temperature was observed at this

same cycle, though without spiral rupture.

Figure 4.45 Specimen FL-89C after the first cycle of ductility 1.
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Figure 4.46 Specimen FL-89C after the first cycle of ductility 2.

Figure 4.47 Specimen FL-89C after the first cycle of ductility 2.5.
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Figure 4.48 Specimen FL-89C after the first cycle of ductility 3.

Figure 4.49 Specimen FL-89C after the last cycle of ductility 3.
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Figure 4.50 Specimen FL-89C after the last cycle of ductility 4.

Figure 4.51 Specimen FL-89C after the last cycle of ductility 6.
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Figure 4.52 Specimen FL-89C after the first cycle of ductility 8.

Figure 4.53 Specimen FL-89C after the last cycle of ductility 8.
4.3.2.2 FL-89C Force-displacement response

Figure 4.54 shows the measured force-deformation response along with the
theoretical envelope. The theoretical envelope shown was obtained for an equivalent
plastic hinge length of 264 mm, i.e. 64% of the value used for the room temperature
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specimen (411 mm) more will be said about this reduction in the next sections. In this
case the response of the specimen is more symmetric than for the room temperature test.
The average of the measured responses in the two directions is displayed in Figure 4.55

along with theoretical envelopes using two different L values; one is the obtained value
using the traditional equation for L, with the correction factor of 0.59 obtained from the
room temperature specimen for the current setup, i.e. L, =0.59(0.044f d, ) =472mm

(evaluated with the cold temperature material properties) and the other one is the

calculated from the experimental data L, =264mm. It is seen that the match between

theoretical and actual response is improved by reducing the equivalent plastic hinge

length. However, as for the room temperature specimen, the onset of buckling is not

predicted.
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Figure 4.54 Hysteretic response and prediction for FL-89C.
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Figure 4.55 First cycle average peak envelop for FL-89C.

4.3.2.3 FL-89C Curvature profiles

As was the case for the warm specimen, the gauge length for the bottom cell
includes a component due to strain penetration. The magnitude of this addition for the
cold specimen was found to be 18 mm. Figure 4.56 shows the match between the
theoretical and actual moment curvature response at the base of the column. Figure 4.57
shows the curvature profiles at f’y, u1, u2, u3 and p4 calculated with the data recorded
by the Ipot’s, it can be noticed that curvatures measured in the two first cells increased
with each increasing ductility level. However, in cells 3 and 4, the curvature remains
almost constant in the push direction while varying slightly in the pull direction. It should
also be noticed that after ductility 2 the rate of increase in curvature is larger in the first
cell that in the second. As a result we can conclude that the inelastic deformation was
concentrated over the first two cells, and for elevated levels of ductility mostly in the first
one, i.e. ~ 200 mm from the base of the column.
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Figure 4.56 FL-89C Moment curvature at column base.

[in]
0 157 315 472 63

0.167 14
0.08/ 2
c Py ety %
S 0 s 1100 2
- H —
-0.08 e
-0.161 Ay

0 400 800 1200 1600
column length [mm]

Figure 4.57 FL-89CCurvature profiles.

4.3.2.4 Equivalent plastic hinge length

The equivalent plastic hinge length for the cold specimen is obtained following
the same procedure described for the room temperature specimen. Figure 4.58 shows the
results obtained, it is seen that the equivalent plastic hinge length is substantially reduced

when compared with the expected value. For the geometric properties and reinforcement
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of the column the length of the equivalent plastic hinge length is dominated by L, = 2L,.

If the expected value is calculated using cold material properties and a factor of 0.59 is
inculed to account for the reduction in strain penetration due to the fixing conditions of

the footing we get L, =0.59(0.044f d,)=472mm, then the experimental value
obtained for the cold condition L =264mm is 57% of the expected value. Then, the

equivalent plastic hinge length at low temperature (~-36°C) L is given by

L,(-36'C)=057(kL+ L, >2L,) (4.3)

sp =

This reduction in the plastic hinge is supported by the condition of the specimens
after the test, where a reduction in the spread of plasticity is evident (Figure 4.59).
Furthermore, past research have shown that bond strength increase with cold
temperatures, Shih et al. 1988 reported an increase of 76% in bond strength of bars
subjected to cyclic reversals when the temperature is reduced from 20°C to -40°C. This

large increase in bond strength is expected to reduce the strain penetration length.
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Figure 4.58 FL-89CEquivalent plastic hinge length.
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Figure 4.59 Condition of the flexural specimens after the test.

4.3.2.5 FL-89C Strains on longitudinal reinforcement

Strain gage data from longitudinal bars is presented in the form of strain profiles.
Figures 4.60 and 4.61 present the longitudinal strain profile for the top most and bottom
most bars, respectively. In general, the strain distribution presented in these figures is in
agreement with the curvature profile displayed in Figure 4.57. For both bars a jump in the
strain can be noticed when going from the last cycle of force control to ductility 1, at this
same level the first well defined flexural cracks were first observed in the base of the
column. According to the profiles both bars started yielding at ductility 1.
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Figure 4.60 FL-89C top most bar strain profile.
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Figure 4.61 FL-89C bottom most bar strain profile.

4.3.2.6 FL-89C Strains on transverse reinforcement

Regrettably, the majority of the strain gages on the spiral did not work properly
during the test; presumably due to the extreme temperature they were exposed. As a
result, generation of strain profiles as those generated for the room temperature specimen
are not possible. Nonetheless, information regarding the strain on transverse
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reinforcement is presented in the form of strain history of two strain gages that worked
properly at low levels of ductility. Figure 4.62 shows the strain history of the strain gage
placed on the bottom face of the spiral at a distance of 114 mm from the base, as
expected strains are larger in the push direction because the concrete on the bottom face
at the base of the column is in compression and is trying to expand due to the Poisson
effect. Figure 4.63 shows the strain history of the strain gage placed on the left face of the
spiral at a distance of 476 mm from the base. The strain recorded was very low which
means that up to ductility 1.5 shear strength in the column is mainly provided by the

concrete mechanism.
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Figure 4.62 FL-89C Strain history: Bottom spiral #1 (114mm from the base).
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Figure 4.63 FL-89C Strain history: Left spiral #3 (476 mm from the base).
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4.3.2.7 FL-89C Validity of the test data

Data recorded during the test is validated as explained in section 4.3.1.7. Figure
4.61 shows the results obtained. The match between measured displacement and the
calculated from the Ipot’s is very close, though not as good as in the room temperature
test.
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Figure 4.64 FL-89C Validity of test data.
4.3.3 FL -89A and FL-89C results comparison

Figure 4.65 shows the hysteretic responses and Figure 4.66 shows the average

first peak envelopes, F. and F;r represent the nominal and first yield force,

respectively. From these figures note that the effect of freezing temperatures was to
increase the strength and initial stiffness of the column. If the elastic stiffness is defined
at the load level required for first yield of the room temperature specimen, then the elastic
stiffness of the specimen tested at -36°C is 27% larger than the elastic stiffness of the
specimen tested at 22°C. The largest lateral forces reached were 326.4 kN (at the first
cycle of ductility 4) for the cold specimen and 285.7 kN (at the first cycle of ductility 6)
for the room temperature unit, i.e. the cold specimen exhibited 14% larger flexural
strength than the ambient temperature test. If the increase in flexural strength is
calculated from the average of the differences between the lateral force required to reach
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the given target displacements, the increase in flexural strength is of 16%. Displacement
capacity was not affected by the low temperature since both specimens failed by buckling
of the top most bar at the same cycle and level of displacement demand. Nonetheless, the

cold failure also included spiral fracture in addition to bar buckling.

Figure 4.67 shows the average peak envelopes for the three cycles per ductility
the columns were subjected to. It can be noted from this figure that the strength
degradation with increasing ductility demand started earlier in the cold specimen, after
ductility 4, while in the ambient temperature test it started only after ductility 6. The
strength degradation associated with cycling at the same level of ductility demand is also
larger in the cold specimen.
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Figure 4.65 Hysteretic responses of FL-89C and FL-89A.
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Figure 4.66 Average first cycle envelopes of FL-89C and FL-89A.
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Figure 4.67 Average cycle envelopes of FL-89C and FL-89A.

The energy dissipated was calculated by determining the area inside each loop.
After determining the area inside each loop (Al), the hysteretic damping was calculated
using Equation 4.4 (Jacobsen, 1930)

g2 A (4.4)
T
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where A2 is the area of a rigid, perfectly-plastic member with the same maximum
strength and the same maximum displacement in each direction as the actual member
(Figure 4.68). Figures 4.69 and 4.70 show the energy dissipated and hysteretic damping
for both specimens. From Figure 4.69 can be noticed that energy dissipation capacity of
the cold specimen is slightly larger than for the room temperature one, mainly because of
the larger strength of the section. However, the values of area based equivalent viscous
damping AB-EVD (Equation 4.1) in Figure 4.70 are practically the same for both
temperatures. It must be noticed that the EVD calculated with Equation 4.4 are not the
values to use for displacement based design as they may largely overestimate the
effective equivalent viscous damping for systems with high energy absorption (Chopra
and Goel, 2001). Appropriate levels of EVD have been calibrated for different hysteretic
rules to give the same peak displacements as the hysteretic response using ITHA (Dwairi
et al. 2007, Grant et al. 2005). Correction factors to be applied to area based equivalent
viscous damping AB-EVD are displayed in Figure 4.71 (Priestley et al. 2007), trend lines
in this figure correspond to Equation 4.5. Figure 4.72 presents the corrected equivalent
viscous damping. Note that the values obtained are in agreement with the equation

proposed in Dwairi et al. (2007) for bridge column (Equation 4.6).

(ITHA/ AB) EVD ratio = (0.53 +0.8)c~ (#/40+0.4) (4.5)
£uy = 50(’;—:} (4.6)
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Figure 4.70 Hysteretic damping for FL-89C and FL-89A.
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Figure 4.72 Corrected values of equivalent damping.

Curvature profiles are presented in Figure 4.73. From this figure, it can be noticed
that plastic curvatures in the base on the column of the cold specimen are larger when
compared with the room temperatures profiles. This implies that plastic curvatures in the
room temperature unit should be distributed over a larger length in order to reach a
specified displacement when compared with the cold unit. This phenomenon can be also
noticed in Figure 4.74, which presents the equivalent plastic hinge lengths obtained from
the experimental results. Plastic hinge lengths are calculated independently for the pull
and push directions, Figure 4.74 show the averages of the values obtained in both

directions. Finally, Tables 4.6 and 4.7 summarizes the results obtained during the tests.
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Figure 4.74 Plastic hinge lengths for FL-89C and FL-89A.
Table 4.6 Summary of results obtained (Load control phase)
Average Average tip displacement [mm]
Cycle Lat. Force [KN] +22°C | -36°C | -36°C/+22°C
0.25fy" 46.2 2.2 1.7 0.73
0.5fy' 85.7 5.6 3.9 0.70
0.75fy' 134.7 10.4 8.1 0.78
fy' 170.8 14.8 11.6 0.79
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Table 4.7 Summary of results obtained (Displacement control phase)

Average First cycle average lateral force [KN]

Cycle | Displacement [mm] | +22°C | -36°C -36°C / +22°C

pl 20.2 208.9 247.1 1.18
pul.5 27.9 247.8 289.7 1.17

p2 37.0 270.7 308.6 1.14
p2.5 47.1 273.1 318.9 1.17

p3 55.9 272.9 318.3 1.17

pa 75.8 279.3 324.1 1.16

u6 111.4 285.3 324.9 1.14

p8 150.2 278.0 308.2 1.11

4.4 Revised predictive models

Through all the results presented in this chapter it was shown that the available
predictive models for the assessment of the seismic response of RC members at ambient
temperatures can be used to determine the increase in flexural strength of members
exposed to freezing temperatures if the appropriate material properties are used.
Nonetheless, the reduction in displacement capacity in the cold specimens was not
captured by these theoretical models. During the analysis of the results obtained for the
heavy reinforced specimen tested at cold temperature FL-89C, a considerable mismatch
between the theoretical and experimental force-displacement envelopes was noted.
Basically, the theoretical envelope was under predicting the strength of the member at
each displacement. Nevertheless, the theoretical nominal force was in agreement with the
experimental results. Based on physical observations, it was suspected that these changes

may be attributed to a reduction of the equivalent plastic hinge length L. The equivalent

plastic hinge length was that calculated from the base curvatures and tip displacement
recorded during the test. It was found that the equivalent plastic hinge was 57% of the
predicted value. Figure 4.75 show the results obtained when this variation in the
equivalent plastic hinge method is applied to predict the response of the light reinforced
member at -40°C (unit JS-M40). This figure presents:

. The actual average first peak envelope force displacement response.
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. The theoretical envelope obtained using the conventional expression the
equivalent plastic hinge L, =2L, = 2(0.022 f,dy ): 395mm .

. The theoretical envelope obtained using the L ; value recommended for

freezing conditions L . = 0.57(2L,) = 225mm .

It should be noticed from Figure 4.75 that a change in the plastic hinge length
does not affect the strength of the member, i.e. the first yield and nominal forces (dotted
horizontal lines) are the same for both predictions. By simple inspection of Equation 4.7,

it may be said that reducing the plastic hinge length L will increase the curvature ¢

required at the base of the column to reach a given displacement. An increase in the
curvature implies an increase in the strains on the longitudinal bars and in the lateral
force required to reach a particular displacement. It should also be noted from Figure 4.75
that the predicted onset of buckling using the model proposed by Moyer and Kowalsky
(2003) is drastically improved when L, is reduced. This due mainly to the fact that this

model directly consider the influence of tension strain on the on-set of buckling, which as

mention before increase when the plastic hinge length is reduced.
A=A, +(p-¢,)L,L (4.7)

Now, the buckling of the longitudinal bars in the heavily reinforced specimens
was not predicted by either of the two buckling models employed (Moyer and Kowalsky
2003, and Berry and Eberhard 2005), not even for the ambient temperature conditions. As
mentioned by the authors the Moyer-Kowalsky model (as presented) only accounts for
buckling between two consecutive spirals, as in the case of the Sloan columns. However,
in this case buckling occurs over a layer of transverse reinforcement (see Figures 4.26
and 4.50). In the case of the Berry-Eberhard the problems seems to be that the model
attempt to capture two different phenomenon, buckling between two consecutive spirals

and buckling over a layer of spirals, with a single expression.
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Figure 4.75 Theoretical and experimental F-D responses for JS-M40.

4.5 Final discussion and concluding remarks

From the results presented in this Chapter, the effects of freezing temperatures on

the seismic behavior of flexural dominated RC member can be summarized as follows:

. Flexural strength increases with low temperatures. Both types of
specimens tested, lightly and heavy reinforced, saw an increase of ~15% in the
peak flexural strength when the temperature was reduced to ~-40°C. This increase
was expected since both, concrete and steel rebars; increase its strength when the
temperature drops below freezing.

" The elastic stiffness also increases with low temperatures. This increase is
more evident in members lightly reinforced (p~1%) tested without axial load
(270% when the temperature drops to -40°C) than in heavy reinforced members
(p~3%) tested with ~6% axial load ratio (27% when the temperature drops to -
36°C). This increase in stiffness can be attributed in part to the increase in the
modulus of elasticity of concrete at low temperatures but mostly to the reduction

of the plastic hinge length.
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. Member ductility decrease when it is exposed to freezing temperatures. As
with the elastic stiffness this effect was more evident in the lightly reinforced
members which exhibited a reduction of 20% in the displacement capacity when
the temperature was reduced to -40°C. In the case of the heavy reinforced
members, the cold and room temperature specimens failed by buckling at the
same displacement. However it can be said that the failure of the cold specimen
was more brittle in nature because the spiral restraining the longitudinal bar broke

when the bar buckled.

" A reduction in the spread of plasticity was detected in all the specimens
tested at freezing conditions. Based on physical observations (Figures 4.10 and
4.59) and calculation of equivalent plastic hinges from the data collected, a
reduction in the equivalent plastic hinge length of 43% is proposed when the
temperature in the specimen is dropped to -40°C. More tests are required to

determine the variation of L at other temperatures. However, the proposed values

can be conservatively used to estimate the displacement capacity of RC columns

exposed freezing temperatures above -40°C.

" Notice that in all the specimens tested the length of the equivalent plastic

hinge was controlled by 2L . Larger specimens need to be tested at freezing

conditions to determine if the same reduction applies in members which

equivalent plastic hinge length is controlled by kL + L.
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CHAPTER YV

SEISMIC BEHAVIOR OF REINFORCED
CONCRETE FILLED STEEL TUBE
COLUMNS AT Low TEMPERATURES

5.1 Introduction

In order to determine the effect of cold temperatures on the behavior of reinforced
concrete filled steel tube RCFST columns, four of these types of columns were designed,
built and tested. In RCFST columns a steel tube is used as formwork during casting of the
concrete. In the majority of the cases a gap is left between the steel tube and the beam —
column joint or foundation, so that the steel tube is only providing shear and confinement
strength to the column, and not (in a direct way) flexural or axial strength (which are
provided by the concrete and the longitudinal bars). Some of the advantages of RCFST
are that (1) no formwork is required, (2) the whole concrete section is very well confined
which, in theory, will increase the ductility capacity of the section and (3) since the steel
tube provides shear and confinement strength a minimum number of conventional ties is

required.

Several researchers have investigated the seismic behavior of steel-tubed and
steel-jacket retrofitted RC columns. Aboutaha and Machado (1998, 1999) found that,
even though the increase in flexural strength is insignificant, rectangular RCFST columns
exhibit a larger displacement capacity than ordinary reinforced concrete columns when
subjected to cyclic reversals and high axial loads ALR>10% (condition proper of tall

buildings in active seismic zones). However, when the level of axial load in the column is
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low, no difference was found between the seismic behavior of RCFST and ordinary

columns.

Chai et al. (1991) and Priestley et al. (1994a, 1994b) investigated the use of steel
jackets for seismic retrofit of non-ductile reinforced concrete columns. The results
obtained show that the columns retrofitted with steel jackets exhibited extremely stable
lateral force-displacement hysteretic response. The pattern of inelastic deformation was
changed from predominantly shear deformation for the as-built columns to predominately
flexural deformation for the retrofitted columns. An increase in the elastic stiffness and a
reduction in the spread of plasticity were also noticed in the retrofitted columns. A
reduction in the spread of plasticity was also noticed on the ordinary columns tested at
freezing temperatures in Chapter 1V, this was identified as the main cause for the reduced
displacement capacity of cold specimens when compared to the room temperature

specimens.

This Chapter explores the combined effect of low temperatures and the extreme
confinement provided by the steel tube in the seismic behavior of RCFST columns. In
order to accomplish this objective two pairs of RCFST columns were tested at room
(23°C, 74°F) and freezing temperatures (-40°C, -40°F). The results obtained are compared
with the theoretical predictions obtained using the available analytical models. Finally,
corrections to the available analytical models to predict the response of RCFST columns

at room and freezing temperatures are introduced and discussed.
5.2 Details of tests columns

The RCFST columns tested in this research were designed to emulate typical
bent columns of Alaska DOT bridges. As shown in Figure 5.1, the tests simulate the part
of the column from the cap beam to the inflection point. The behavior of in-ground
hinges, which develop in multiple column bents with continuous pile/shaft column
system, was not experimentally investigated in this project (an ongoing research at NCSU
is dealing with this topic). Geometric properties and test set up of the units are displayed
in Figure 5.2. Table 5.1 presents the test matrix. In order to accommodate the range of
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temperatures desired, the columns were tested inside an environmental chamber. Due to
the space limitations for testing inside the chamber, the columns were tested in a
horizontal position and designed at half the scale of the actual bridge column/pile. The
thickness of the pipe was selected so that the Diameter-Thickness ratio represents that of
actual practice in the pile/column design of the Alaska DOT (D/t~48). In the same way,
the gap between the steel tube and the cap beam was reduced to 25 mm (1 in) as typical
gaps in Alaska’s DOT bridges is 50 mm (2 in). The column diameter of all the specimens
was 457 mm (18in), cantilever length was 1651mm (65in), and transverse reinforcement
was in the form of spirals spaced at 60mm (2.4in) and a steel pipe API-5L X52 of
thickness 9.5mm (3/8in). The only variable between pairs of columns was the amount of
longitudinal reinforcement; one pair was reinforced with 8#9 bars while the other pair

was reinforced with 8#7 bars.

Seismic Force
+—>

Cap Beam
—
50 mm Gap Test
Aunit i
RcFsT| Inflection

point

o W W,

Figure 5.1 Prototype structure and its representative test model.
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Figure 5.2 Reinforced concrete filled steel tube RCFST columns.

Table 5.1 Specimen matrix for the RCFST columns

UNIT TEMP. | LONG. TRANSV. STEEL/ RATIO CONCRETE AXIAL
STEEL/ STRENGTH LOAD/
RATIO RATIO
RCFST 22°C 8#9 #3@60mm (2.4in) 26.2 MPa 231 kN
89A 72°F 3.1% 9.5mm (3/8in) th. steel tube 3.8 ksi 51.9 kips
(1.2+8.5)% 5.9%
RCFST | -36°C 8#9 #3@60mm (2.4in) 44 MPa 219 kN
89C -33°F | 3.1% 9.5mm (3/8in) th. steel tube 6.4 ksi 49.2 Kips
(1.2+8.5)% 3.3%
RCFST | 22°C 8#7 #3@60mm (2.4in) 26.2 MPa 226 kN
87A 72°F 2.1% 9.5mm (3/8in) th. steel tube 3.8 ksi 50.8 kips
(1.2+8.5)% 5.7%
RCFST | -36°C 8#7 #3@60mm (2.4in) 44 MPa 231 kN
87C -33°F | 2.1% 9.5mm (3/8in) th. steel tube 6.4 ksi 51.9 kips
(1.2+8.5)% 3.5%
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5.3 Room temperature specimen RCFST-89A

This was the first specimen tested using the setup designed for cyclic reversal
tests inside the environmental chamber. The test was started on August 25/2006 but it
was stopped at ductility 1 because a piece of the actuator extension buckled. The
extension was redesigned and the test was resumed on September 11/2006, unfortunately
the test has to be stopped again at ductility 3 because the actuator extension started
touching the hole in the roof of the environmental chamber. The extension was then
redesigned and the test was resumed on October 4/2006, and it was possible to take the
specimen up to ductility 6 where one of the longitudinal bars buckled. Figures 5.3 and 5.4

show the variation of temperature and axial load during the test, respectively.
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Figure 5.3 Temperature variations during the test of RCFST-89A.
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Figure 5.3 Axial load variations during the test of RCFST-89A.
5.3.1 RCFST-89A Test observations

The first hairline cracks become visible at the interface of the column with the
footing during the third cycle of load control (127kN, 28.5kips). At the last cycle of force
control (169kN 38Kkips) a hairline crack appeared in the top of the footing running parallel
to the column. At ductility 1 the crack in the base of the column is well defined and run
around the entire circumference of the column, the crack running parallel to the column
in the top of the footing extended ~300mm (12in) from the base of the column (Figure
5.4).

After the last cycle of ductility 1.5 the crack at the interface of the column and the
footing became wider at the top and bottom of the column. The first signs of concrete
crushing were also noticed at this point. During the ductility 2 cycles (Figure 5.5) it was
noticed that: (1) the crack around the base of the column was becoming deeper in the top
and bottom faces, as if the column was trying to separate from the footing at the
interface; (2) diagonal cracks appeared in the column-footing, extending from the column
to the points where the footing is clamped to the floor and (3) the steel tube slipped about
5mm (0.2in) from the concrete in the column (Figure 5.6).
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At ductility 2.5 concrete crushing is evident and a new wide crack appeared in the
top of the footing running perpendicular to the column at about 70mm (2.75in) from the
interface as shown in Figure 5.7. Cover concrete spalling was noticed during the cycles at
ductility 3, damage to the concrete footing surrounding the base of the column was also

observed at this level (Figure 5.8).

At the first cycle of ductility 4 the column reached the maximum lateral force
during the test 311kN (70Kips), cover concrete in the top and bottom face of the column
is completely lost and some transverse steel is exposed. The level of damage of the
footing at this point is significant and unexpected,; it is clear at this point of the test that
the steel tube has strengthened the column so significantly that most of the plasticity has
moved into the footing (Figure 5.9). With the ductility 6 cycles the top part of the footing
adjacent to the column started falling apart (Figure 5.10). During the last pull cycle of
ductility 6 the top most bar buckled and the test was stopped at this point due to the
severe footing damage. Figure 5.11 shows the specimen after removal of the
instrumentation. It can be appreciated from this picture that the bar buckled at the
column-footing interface and that damage to the core concrete was minimal due to the
large confinement provided by the steel tube. However, this also provoked a migration of
the spread of plasticity to the footing which is by no means desired in the capacity design

approach.

Figure 5.4 Specimen RCFST-89A (top) after the first cycle of ductility 1.
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Figure 5.7 Specimen RCFST-89A (top) after the last cycle of ductility 2.5.
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Figure 5.8 Specimen RCFST-89A (bottom) after the last cycle of ductility 3

Figure 5.9 Specimen RCFST-89A (top) after the last cycle of ductility 4
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Figure 5.11 Specimen RCFST-89A (top) after test

5.3.2 RCFST-89A Force displacement response.

The hysteretic force-displacement response obtained during the test is presented
in Figure 5.12 along with the theoretical prediction obtained with a reduced equivalent

plastic hinge length as will be discussed in the next section. Figure 5.13 shows the
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average first peak force-displacement envelope next to the theoretical envelopes obtained
using: (1) The equivalent plastic hinge length recommended for steel jacketed columns

(Chai et al. 1991) including the correction factor of 0.59 for the current test set up

L, = O.59(2Lsp + g): 435mm and (2) The equivalent length obtained in this specimen

from the experimental resultsL, =225mm. It is seen from Figure 5.13 that a closer

match is obtained using the reduced plastic hinge length. In the case of the RCFST
specimens transverse steel is present in the form of circular spirals and steel tubes.
However, as shown in Figure 5.22, the confinement induced strain in the steel tube
reached only half the yield strain. Therefore, in the theoretical predictions the confined
concrete was modeled considering all the confinement provided by the spirals and only

half the confinement provided by the steel tube.
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Figure 5.12 RCFST-89A Hysteretic response and theoretical envelope
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Figure 5.13 RCFST-89A First cycle envelope and theoretical envelopes
5.3.3 RCFST-89A Curvature profiles.

As was the case for the conventional columns (specimens FL-89A and F-89C),
the gauge length for the bottom cell includes a component due to strain penetration. The
magnitude of this addition for unit RCFST-89A was found to be 150 mm. Figure 5.14
shows the match between the theoretical and actual moment curvature response at the
base of the column. Figure 5.15 shows the curvature profiles at f’y, pul, p2, u3 and p4
calculated with the data recorded by the Ipot’s. These profiles show that all the curvature
is concentrated in the first cell; readings in all the other cells were negligible. It is
important to note that the base curvature values are not reliable since the threaded studs
connecting the Ipot’s to the column were drilled only into the steel tube which slipped
from the concrete in the column during the test (Figure 5.6). Furthermore, curvatures at
the base of the column presented in Figure 5.15 may be even larger as the gage and
location of the first cell, 160 mm (6.3 in) from the base of the column, was certainly not
the most appropriate for the behavior exhibited by this column. It can be observed from
the condition of the specimen after the test (Figure 5.16) that all the plasticity was
concentrated in the 25 mm (1 in) gap and 100 mm (4 in) inside the footing. Nevertheless,
Figure 5.15 provides us with key qualitative information regarding the behavior of
RCFST columns.
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Figure 5.15 RCFST-89A Curvature profile
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Figure 5.16 RCFST-89A Condition of the specimen after test
5.3.4 RCFST-89A Equivalent plastic hinge length.

It is evident from the condition of the specimen during the test (Figure 5.16) and
from the shape of the curvature profiles (Figure 5.15) that the spread of plasticity in the
column was minimal when compared to ordinary RC columns (e.g. FL-89A). For reasons
mentioned before, the readings of the linear potentiometers in the base of the column are
not reliable for calculating curvature values, therefore the methodology used in the
ordinary RC columns (FL-89A and FL-89C) to calculate the equivalent plastic hinge
length from the experimental data can not be applied in this case. In order to estimate a
value for the equivalent plastic hinge length we use the theoretical moment-curvature
relation at the base of the column along with the lateral force and tip displacement
measured during the test. As it has been shown that all the plasticity in this specimen is
concentrated in the base of the column, the results obtained should be very close to the
proper value. Figure 5.17 shows the results obtained, different values are obtained for the
pull and push directions. An average value of 225 mm (8.9 in) is adopted. This implies a
reduction of 52% over the value recommended by Chai et al. (1991) and Priestley et al.
(1996) for steel jacket retrofitted columns once the correction factor of 0.59 for the
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current setup is applied L, = O.59(2Lsp + g): 435mm . This difference can be attributed

to 2 different facts:

. As the steel tube is present in the RCFST columns since the casting of the
concrete, it is expected to provide better confinement than the steel jacket of a
retrofitted column, which in theory should increase the bond strength between the

longitudinal bars and the core concrete and reduce the strain penetration length.

" The ratio Diameter/thickness of the steel jacketed columns tested by
Priestley et al. was D/t = 122 providing a transverse steel ratio of 3.1%, which is
less than half the transverse steel ratio provided by the steel pipe in RCFST
columns of 8.5% with D/t = 48. The presence of such a stiff pipe cause the
column to deflect almost as a rigid body with a reduced plastic hinge centered at

the base of the column.
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Figure 5.17 RCFST-89A Equivalent plastic hinge length
5.3.5 Strains on longitudinal reinforcement

Strain profiles of the bottom most bar are not shown for this specimen because
only one of the strain gages in this bar worked properly. Figure 5.18 presents the strain
profiles of the top most bar at different levels of ductility. It is seen from this figure that

up to the last cycle of force control (when the extreme bar is at first yield) the distribution
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of strain is linear along the bar. However, with the displacement control cycles (when the
bar has reached yield and the plastic hinge is defined), the strains are concentrated in the
base of the column and the increase in strain at other locations is minimal. Figure 5.19
shows the strain history of the second strain gage in the top bar placed 240 mm (9.5 in)
from the base of the column. It is noted that this location on the bar did not yield during
the test. If we assume that the strain in the bar increases linearly from this point to the
base of the column and then decreases inside the footing at the same rate, then the length
of the equivalent plastic hinge length should be a little less than 240 mm. This
corroborates the reduction of the equivalent plastic length found using the moment-area
method.
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Figure 5.18 RCFST-89A Top most bar strain profiles
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Figure 5.19 RCFST-89A Top bar strain history 240mm from the base.
5.3.6 Strains on transverse reinforcement

Figure 5.20 shows the confinement strains in the bottom side of the spirals. Notice
that the values of strain are very small, e.g. at ductility 4 the strain does not reach even
half of the yield strain. This was expected due to the effect of the thick pipe surrounding
the column and providing extreme confinement and shear strength. Despite the smaller of
the strains recorded, the shape of the profile corroborates once again the reduction of the
plastic hinge length as a direct effect of the disproportionate stiffness provided by the
steel pipe to the column. Figure 5.21 shows the shear strains in the spiral, just as in the
confinement strains and due also to the effect of the steel pipe, the shear strains in the

spiral are very small.
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Figure 5.20 RCFST-89A Bottom side of spiral (confinement) strain profiles
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Figure 5.21 RCFST-89A Right side of spiral (shear) strain profiles

5.3.7 Strains on steel tube

Information collected from the strain gages placed on the external surface of the
steel pipe is also presented in the form of strain profiles. Figures 5.22 and 5.23 show the
steel tube confinement induced strain profiles while Figures 5.24 and 5.25 show the steel

tube shear induced strains profiles. As with the spiral strains, the strains recorded are very
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small which implies that the thickness of the pipe is larger than needed from a structural
behavior point of view. It is important to mention here that the thickness of the steel tube
pipe is commonly determined from geotechnical considerations. Very thin-wall pipe piles

may be difficult to drive in some cases and a thicker wall may be required (PDCA, 2007).
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Figure 5.22 RCFST-89A Top side of pipe confinement strain profiles
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Figure 5.23 RCFST-89A Bottom side of pipe confinement strain profiles
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Figure 5.24 RCFST-89A Right side of pipe shear strain profiles
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Figure 5.25 RCFST-89A Left side of pipe shear strain profiles
5.3.8 Validity of test data

Data recorded during the test is validated as explained in section 4.3.1.6. Figure
5.26 shows the results obtained. The match between measured displacement and the

calculated from the Ipot’s is very close up to ductility 4.
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Figure 5.26 RCFST-89A Validity of test data

5.3.9 Comparison with FL-89A

This section compares the results obtained from the tests of units FL-89A and
RCFST-89 with the aim of evaluating the advantages and disadvantages of using RCFST
columns over ordinary reinforced concrete ORC columns. Notice that the only
differences between both columns is the presence of the steel tube in RCFST-89A and the
compressive strength of the concrete. Day of test compressive strength for RCFST-89A
was 24.6 MPa (3.8 ksi) and 21.4 MPa (3.1 ksi) for FL-89A.

A number of observations can be made form the average first peak envelopes

displayed in Figure 5.27:

(1) The RCFST column exhibits an average increase of 8% in the flexural
strength when compared to the ordinary column. As mentioned before the concrete
strength of the RCFST column was 22% larger than the strength of the ORC column.
However from section analyses this increase in the concrete compressive strength will
represent an increase of just 2% in the section flexural strength, leaving a 6% increase on

flexural strength due mainly to the confinement provided by the steel tube.

(2) Strength degradation associated with the increasing ductility demand started
earlier in the RCFST specimen, at a displacement 20% smaller than the exhibited by the
ORC column.
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(3) Lateral displacement at which buckling was first observed was 17% shorter in
the RCFST column than in the ORC column.

(4) Initial stiffness, calculated at the theoretical force level for first yield in the
ORC column, is 28% larger in the RCFST column.
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Figure 5.27 RCFST-89A and FL-89A first peak envelope
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Figure 5.28 RCFST-89A and FL-89A three cycles envelope
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Figure 5.28 shows the average envelopes for the three cycles, it is noticed that the
strength degradation associated with increasing number of cycles at the same ductility

demand is basically the same for both specimens.

Figures 5.29 and 5.30 compare the energy dissipation and hysteretic damping
properties, respectively. It is noticed that for a given drift level, the RCFST exhibited
larger energy dissipation and hysteretic damping than the ORC column.
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Figure 5.29 RCFST-89A and FL-89A energy dissipation
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Figure 5.30 RCFST-89A and FL-89A hysteric damping
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Figure 5.31 compares the curvature profiles at ductility 4 of both units. For the
ORC columns, curvature profiles indicated significant contribution of flexural
deformations over a length 500mm (20in) from the base of the column. On the other
hand, RCFST columns concentrate practically all the rotation in the base of the column,
with no contribution from gage lengths away from the base. This phenomenon is also
observable from the equivalent plastic hinge lengths displayed in Figure 5.32, it is seen
that the equivalent plastic hinge length on RCFST columns is almost half the obtained for
ORC columns. Finally, Figure 5.33 compares the final condition of both specimens,
notice from this figure that large rotations concentrated in the base of the RCFST
columns caused the inelastic action to propagate inside the footing (cap beam in the real

structure) and provoke severe damage to it.
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Figure 5.31 RCFST-89A and FL-89A curvature profiles at ductility 4

142



7 A- FL-89A |
600 -o-: RCFST-89A >°

1 2 3 4 5 6
drift [%]

Figure 5.32 RCFST-89A and FL-89A equivalent plastic hinge length

Figure 5.33 RCFST-89A and FL-89A conditions of the specimen after test
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5.4 Cold temperature specimen RCFST-89C

Unit RCFST-89C was tested on February 9/2007. The column was subjected to
the same load history of cyclic reversals applied to the companion room temperature
specimen (RCFST-89A). The cooling process started ~26 hours before the test, during all
this time and all through the test, the specimen was exposed to a constant temperature of -
40°C (-40°F). Figure 5.34 shows the temperatures registered by the thermocouples
imbedded in the specimen as a function of the column tip displacement. As in the
conventional columns, the temperature in the core of the column was ~5°C warmer than
at the level of the longitudinal bars. However, it is seen from this figure that the
temperature was constant throughout the entire test. Figure 5.35 displays the variation of
axial load during the test. Horizontal lines in this figure denote the average and +10%

deviations from average of the applied axial load.
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Figure 5.34 Temperature variations during testing of RCFST-89C.
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Figure 5.35 Axial load variations during testing of RCFST-89C.
5.4.1 RCFST-89C Test observations

First cracks were noticed at the base of the column during the first push of
ductility 1, after three cycles at this level of ductility a well defined flexural crack is
observed running all around the base of the column (Figure 5.36). After the cycles at
ductility 1.5 (Figure 5.37) the crack in the base has become wider and deeper, it is also

noticed that the steel tube slipped from the concrete ~2 mm.

Crushing of the cover concrete is first noticed at ductility 2 along with some
spalling of the concrete at the interface between the column and footing (Figure 5.38). At
ductility 2.5 (Figure 5.39) crushing and spalling of the cover concrete is evident. After
the cycles at ductility 3 (Figure 5.40) it was noticed that the column was digging inside
the footing.

During the ductility 4 cycles (Figure 5.41) it was noticed that the damage is
concentrated not only in the gap between the steel pipe and the footing, but also at the
part of the footing surrounding the base of the column. After the first cycle at ductility 6
(Figure 5.42), concrete damage is more severe in the part of the column imbedded in the
footing, to the point that part of the spiral inside the footing is now exposed. As
confinement is not a localized action, the large confinement provided by the pipe also
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effects the surrounding concrete, which explains why concrete in the vicinity of the steel
tube looks to be in better condition. When going to the last push cycle of ductility 6 the
top most bar fractured before reaching the target displacement of 122 mm (4.8 in). The

fracture occurred at a tip displacement of 81 mm (3.2 in).

At the first push of ductility 8 (Figure 5.43) another of the top bars fractured just
before the target displacement of 163 mm (6.4 in) was reached. Finally, during the first
pull cycle of ductility 8 the bottom most bar fractured when the tip displacement in the
pull direction was only 50 mm (2 in). The test was stopped at this point. Inspection of the
specimen after the test in Figure 5.44 shows that the bottom-most bar did not completely
fracture, but rather cracked in three different spots along the bottom face of the bar. It
was also noticed that the bottom face of the column presented more severe damage in the

core concrete than the top face.

Figure 5.36 RCFST-89C (top) after the last push of ductility 1.
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Figure 5.37 RCFST-89C (top) after the last push of ductility 1.5.

Figure 5.39 RCFST-89C (top) after the last push of ductility 2.5.
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Figure 5.42 RCFST-89C (top) after the first push of ductility 6.
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Figure 5.44 RCFST-89C (bottom) after test.

5.4.2 RCFST-89C Force displacement response.

Figure 5.45 shows the hysteretic force-displacement response recorded during the
test along with the theoretical envelope obtained using the equivalent plastic hinge length
calculated from the results obtained during the test. The rupture of three longitudinal bars
can be clearly identified in this graph. Figure 5.46 shows the average first peak envelope
next to the theoretical envelopes. As was the case for the room temperature specimen, the
predictions presented were obtained using (1) the equivalent plastic hinge length
recommended for steel jacketed columns (Priestley et al. 1996) including the correction
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factor for the current test set up L, = O.59(2LSp + g): 487mm and (2) the equivalent

length obtained from the experimental results L, = 226mm. It is noticed from Figure 5.46

that the reduction of the plastic hinge length does not improve the matching with the
experimental results by much. However, the prediction of the displacement capacity do is
improved when the plastic hinge is reduced. Note that the match between the predicted
envelopes and the actual results is very good up to ductility 2. After this point some
increase in the strength of the specimen, which is expected due to the strain hardening of
the longitudinal steel (as it is reveal in the theoretical predictions), was not observed
during the test. Based on this we can say that strength degradation started prematurely in

this unit.
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Figure 5.45 RCFST-89C Hysteretic response and theoretical envelope
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Figure 5.46 RCFST-89C First cycle envelope and theoretical envelopes
5.4.3 RCFST-89C Curvature profiles.

As for all previously discussed specimens, the gauge length for the bottom cell
includes a component due to strain penetration. The magnitude of this addition for unit
RCFST-89C was found to be 56 mm. Figure 5.47 shows the match between the
theoretical and actual moment curvature response at the base of the column. Figure 5.48
shows the curvature profiles at f’y, u1, u1.5, u2 and 2.5 after this point Ipot’s data was
not consistent. For example, the room temperature specimen profiles show that all the
curvature is concentrated in the first cell with the readings in all the other cells being
negligible. The curvature values calculated at the base of the column are more reliable
than that calculated for the room temperature unit because the slip between the steel pipe
and the concrete was minimal. This reduction in the amount of pipe slip can be attributed
to the high adhesive force associated to the ice surface (Frankenstein and Tuthill, 2002).
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Figure 5.47 RCFST-89C Moment curvature at column base.
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Figure 5.48 RCFST-89C Curvature profile

5.4.4 RCFST-89C Equivalent plastic hinge length.

Figure 5.49 shows the equivalent plastic hinge lengths obtained using the peak
base curvatures, tip displacements and lateral forces for different levels of displacement
demand. It is seen that the average value obtained is 226 mm which is practically the

same length obtained as for the room temperature specimen (RCFST-89A). This implies
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a reduction of the plastic hinge length in the cold specimen for the reason that L

increases with the yielding stress of the steel, which has been shown to be larger at low
temperatures. A reduction of 46% over the value recommended by Chai et al. (1991) for

steel jacket retrofitted columns once the correction factor of 0.59 for the current setup is

applied L, = O.59(2Lsp + g): 487mm is identified.
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Figure 5.49 RCFST-89C Equivalent plastic hinge length
5.4.5 Strains on longitudinal reinforcement

Most of the strain gages placed on the main longitudinal bars did not work
properly due presumably to the extreme environment they were exposed to. Therefore,
information regarding strains on the longitudinal reinforcement is limited for this
specimen. Strain profiles were only generated for the top bar and only for low levels of
lateral demand. Figure 5.50 shows the results obtained, as expected the strain distribution
follows the same pattern as the curvature profiles with most of the deformation in the

longitudinal bar concentrated near the column base.
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Figure 5.50 RCFST-89C Top most bar strain profiles

5.4.6 Strains on transverse reinforcement

Figure 5.51 shows the induced shear strains recorded by a strain gage placed on
the right side of the spiral a distance 270 mm from the base of the column. This was the
only strain gage in the transverse reinforcement that worked properly during a significant
period of time during the test. It is seen that strains recorded are small even for a large

level of ductility demand, which implies that most of the shear strength is provided by the
steel tube.
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Figure 5.51 RCFST-89C Shear induced strain in spiral
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5.4.7 Strains on steel tube

Figures 5.52 and 5.53 show the confinement induced strain profiles in the top and
bottom face of the steel tube, respectively. As expected, in the top face larger strains are
recorded in the pull direction when the concrete in the top of the column is in
compression and tries to expand due to the Poisson effect. However, in the bottom face
the strains recorded are similar in both directions and smaller than the strains recorded in
the top face. This is due to the strength provided by the large metallic plate in which the
footing of the column rests.

Figures 5.54 and 5.55 show the shear induced strain profiles in the right and left
faces of the pipe, respectively. As for the confinement induced profiles the strains

recorded are small, not even reaching half the yield strain of the pipe.

[in]
157 315 472  63.0
1t push '
® 0.5} 1
3 = ~: ul
25
c 0 — 2|
© - 13
3 0 —— z4
1l ‘puII | = ﬂ6¢
0 400 800 1200 1600

column length [mm]

Figure 5.52 RCFST-89C Top side of pipe confinement strain profiles
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Figure 5.53 RCFST-89C Bottom side of pipe confinement strain profiles
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Figure 5.54 RCFST-89C Right side of pipe shear strain profiles
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5.4.8 Validity of test data

The match between measured displacement and that calculated from the Ipot’s is

displayed in Figure 5.56. It is seen that linear potentiometer data is valid only up to
ductility 2.5.
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Figure 5.56 RCFST-89C Validity of test data
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5.4.9 Comparison with FL-89C

This section compares the results obtained from the tests of units FL-89C and
RCFST-89C in order to evaluate the advantages and disadvantages of using RCFST
columns over ordinary reinforced concrete ORC columns in freezing conditions. The
only differences between both columns are the presence of the steel tube in RCFST-89C
and the compressive strength of the concrete. The estimated concrete compressive
strength at -36°C for RCFST-89C was 44 MPa (6.4 ksi) compared with 27.6 MPa (4 ksi)
for FL-89C.

Figure 5.57 compares the first peak envelopes for both specimens, from this graph

it is noticed that:

(1) Though the concrete compressive strength of the RCFST specimen was larger,
the flexural strength of both specimens was practically the same.

(2) Strength degradation associated with the increasing ductility demand started
earlier in the RCFST specimen, at a displacement 35% smaller than that exhibited by the
ORC column.

(3) Displacement capacity of the RCFST specimen was 25% less than that
exhibited by the ORC column. Also, the mode of failure of the RCFST, rupture of the
longitudinal rebar, was more brittle in nature than the failure of the ORC columns, where

buckling of the longitudinal bar occurred.

(4) Initial stiffness, calculated at the theoretical force level for first yield in the
ORC column, is 50% larger in the RCFST column.
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Figure 5.57 RCFST-89C and FL-89C first peak envelope
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Figure 5.58 RCFST-8CA and FL-89C three cycles envelope

Figure 5.58 shows the average envelopes for the three cycles, it is noticed that the
strength degradation associated with increasing number of cycles at the same ductility
demand is larger for the RCFST column.

Figures 5.59 and 5.60 compare the energy dissipation and hysteretic damping
properties, respectively. It is noticed that for a given drift level, the RCFST exhibit larger
energy dissipation and hysteretic damping than the ORC column.
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Figure 5.60 RCFST-89C and FL-89C hysteric damping

Figure 5.61 compares the curvature profiles at ductility 2 for both units. As for the
room temperature specimens, it is seen that the RCFST columns concentrate most of the
curvature in the base, provoking a larger rotation demand when compared with the ORC
column, which distributes the curvature over a larger length of the column. This
phenomenon can also be appreciated from the condition of the specimens after the test. In
Figure 5.62, it is seen from this figure that damage in the RCFST columns was
concentrated in only 76 mm (3 in) compared with 229 mm (9 in) in the ORC column.
Despite the large difference in the extent of damage of the specimens, the difference in

the equivalent plastic hinge length (Figure 5.63) was small, average values of L were
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226 mm for the RCFST column and 264 mm for the ORC column. Note that even though
the plastic hinge length is loosely related to the spread of plasticity observed in the
column, the equivalent plastic hinge length is not intended to be a direct measure of the
spread of plasticity but rather, an artifice to simplify the calculation of the force-

displacement response of a column from its theoretical section moment-curvature

relation.
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Figure 5.61 RCFST-89C and FL-89C curvature profiles at ductility 2
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Figure 5.62 RCFST-89C and FL-89C conditions of the specimen after test
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Figure 5.63 RCFST-89C and FL-89C equivalent plastic hinge length
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5.5 Comparison of RCFST-89A and RCFST-89C units

Figure 5.64 shows the hysteretic responses and Figure 5.65 shows the average
first peak envelopes, F, and Fyr represent the room temperature nominal and first yield

force, respectively. It is seen that the increase in flexural strength at low temperatures for
RCFST columns is about 7%, i.e. half the increase observed in ORC columns. However,
the increase in the initial stiffness at low temperatures (60%) is more than twice the
observed in ORC columns (27%). Even though both specimens failed at the third cycle of
ductility 6, failure of the cold specimen was more brittle as it involves rebar rupture while
the room temperature unit only exhibited buckling of the rebar. It was also noticed that

strength degradation started earlier in the cold specimen.

Figure 5.66 shows the three cycle’s force-displacement envelopes for both
specimens. It is seen that strength degradation over cycles at the same displacement

demand is larger in the cold specimen.
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Figure 5.64 Hysteretic responses of RFCST-89C and RCFST-89A.
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Figure 5.65 Average first cycle envelopes of RCFST-89C and RCFST-89A.
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Figure 5.66 Average cycle envelopes of RCFST-89C and RCFST-89A.

Low temperatures seem to have no effect on the energy dissipation properties of
RCFST columns as shown in Figure 5.67. Hysteretic damping is investigated in Figure
5.68, it is seen that area based damping of the cold specimen is slightly larger than for the
room temperature unit. However, when the damping values are corrected, so they can be

used in direct-displacement based design (Figure 5.69), the difference becomes

negligible.
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Figure 5.68 Hysteretic damping for RCFST-89C and RCFST-89A.
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Figure 5.69 Corrected values of equivalent damping for RCFST-89C and RCFST-89A.

Curvature profiles of both specimens are displayed in Figure 5.70. Both profiles
have the same shape and similar curvature values, therefore the calculated equivalent
plastic hinge length (Figure 5.71) resulted to be practically the same for both specimens.
Figure 5.72 compares the condition of both units after the test, it is noticed that damage in
the footing was reduced in the cold specimen, most likely due to an enhancement in the
mechanical properties of the footing concrete at low temperatures. Finally, Tables 5.2 and

5.3 summarize the results obtained during these two tests.
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Figure 5.70 Curvature profiles for RCFST-89C and RCFST-89A.
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Figure 5.71 Plastic hinge lengths for RCFST-89C and RCFST-89A.

Figure 5.72 RCFST-89C and RCFST-89A after the test.

Table 5.2 Summary of results obtained (Load control phase)

Average Average tip displacement [mm]

Cycle Lat. Force [KN] +22°C | -36°C | -36°C/+22°C
0.25fy" 43.7 1.9 0.7 0.38
0.5fy’ 86.2 4.4 2.4 0.55
0.75fy" 128.9 7.5 4.6 0.61
fy' 172.7 11.8 7.2 0.61
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Table 5.3 Summary of results obtained (Displacement control phase)

Average First cycle average lateral force [KN]

Cycle | Displacement [mm] | +22°C | -36°C -36°C / +22°C

ul 19.9 240.0 280.9 1.17
ul.5 31.1 285.5 307.7 1.08

v 42.4 295.2 313.3 1.06
p2.5 53.5 296.7 314.2 1.06

U3 64.1 294.0 313.8 1.07

v 85.1 307.8 318.1 1.03

) 122.5 295.4 311.5 1.05

U8 155.0 - 100.0 -

5.6 Room temperature specimen RCFST-87A

This specimen was tested on October 16/2006 at room temperature (~23°C/73°F).
Figure 5.73 shows the variation of the temperature inside the specimen and Figure 5.74
the axial load history during the test. Horizontal lines in this figure denote the average

and +10% deviations from average of the applied axial load.
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Figure 5.73 RCFST-87A Temperature variations.
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Figure 5.74 RCFST-87A Axial load variations.
5.6.1 RCFST-87A Test observations

First hairline cracks appear at the top and bottom faces in the base of the column
during the last cycle of force control (116 kN). With the three cycles at ductility 1 the
initial hairline cracks extended all around the circumference of the column (Figure 5.75),
from this point and up to the last cycle of ductility 2 the only change observed in the

specimen was a small increase in the width of the existing crack.

Slip of the steel tube from the concrete was noticed during the first push at
ductility 2.5 (Figure 5.76). First signs of cover concrete crushing were noticed at ductility
2.5 (Figure 5.77). At this level of demand all the damage is concentrated in the base of
the column with the existing crack becoming deeper. With the three cycles at ductility 3
the only observable augment on damage was an increase in the cover concrete crushing

and in the width of the initial and secluded crack (Figure 5.78).

Crushing of the of the core concrete is observed with the cycles at ductility 4, part
of the spiral on the top face of the column is exposed and spalling of the surrounding
concrete in the footing is also noticed (Figure 5.79). At the first cycle of ductility 6 a
flexural crack appeared in the footing (Figure 5.80), also in this cycle the specimen
reached its peak load (190 kN). After the last cycle at ductility 8 (Figure 5.81), it is seen
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that the inelastic action is extended into the footing causing considerable damage on it.
Finally, at ductility 10 the damage in the footing was quite large (Figure 5.82) and the test

was stopped after completing the three cycles at this ductility.

Figure 5.83 is a picture of the specimen after the instruments have been removed,
it is seen that the damage was concentrated in the gap between the steel tube and the
footing and also transmitted inside the footing. Substantial damage is observed in this

zone including the core concrete.

Figure 5.76 RCFST-87A (top) after the first push at ductility 2.5.

170



Figure 5.78 RCFST-87A (top) after the tree cycles at ductility 3.
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Figure 5.81 RCFST-87A (bottom) after the last cycle at ductility 8.
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Figure 5.83 RCFST-87A (bottom) after instrumentation removal.
5.6.2 RCFST-87A Force displacement response.

Figure 5.84 displays the force-displacement hysteretic response recorded during
the test. This figure also shows the theoretical force-displacement envelope obtained

using the equivalent plastic hinge length calculated from the experimental results

L, =190mm. Figure 5.85 shows the average first peak force-displacement response

along with the theoretical envelopes calculated using the conventional equivalent plastic
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hinge length (including the set-up correction factor of 0.59) L, = 0.59(2 Ly, + g): 268mm
and the prediction using the measured L, =190mm. It is seen that the match between

theoretical and actual response is slightly improved using the reduced equivalent plastic

hinge length.
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Figure 5.84 RCFST-87A Hysteretic force displacement response.
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Figure 5.85 RCFST-87A First peak average response and theoretical envelopes.
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5.6.3 RCFST-87A Curvature profiles.

As mentioned before, the gauge length for the bottom cell of Ipot’s should include
a component due to strain penetration. The magnitude of this addition for RCFST-87A
was found to be 25 mm. Figure 5.86 shows the match between the theoretical and actual
moment curvature response at the base of the column. Figure 5.87 shows the curvature
profiles at pl, 2, u3, u4 and u6. From these profiles it can be seen how all the curvature
is concentrated in the first cell. This limited extend of plasticity generated very large
rotation demands in the base of the column that induced severe damage in the footing and

the core concrete in the base of the column as shown in Figure 5.83.
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Figure 5.86 RCFST-87A Moment curvature at column base.
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Figure 5.87 RCFST-87A Curvature profiles.

5.6.4 RCFST-87A Equivalent plastic hinge length.

Figure 5.88 shows the results obtained for the equivalent plastic hinge length, note

that the value obtained of 190mm (7.5in) is 71% of the commonly used value for L, in

steel jacketed columns once the correction factor obtained for the actual set up is applied,

ie. L, =059(2L,, +g)=268mm.
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Figure 5.88 RCFST-87A Equivalent plastic hinge length
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5.6.5 Strains on longitudinal reinforcement

Figure 5.89 shows the longitudinal strain profiles on the bottom most bar. Profiles
are generated only up to ductility 1.5 because after this point the readings of the first
strain gage were not reliable. It is noticed that up to ductility 1 the increase in strain is
linear, as expected for the elastic range. However, for larger demands all the plasticity
seems to be concentrated in the base of the column. This is corroborated by the strain
history recorded by a strain gauge located at 270mm from the base in Figure 5.90. It is
seen that this spot of the bar barely reach yield at the largest levels of ductility demand.
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Figure 5.89 RCFST-87A Strain profile on Bottom most longitudinal bar
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Figure 5.90 RCFST-87A Bottom bar strain history at 270 mm form the base
5.6.6 Strains on transverse reinforcement

Figure 5.91 shows the confinement strains in the bottom side of the spirals and
Figure 5.92 shows the shear induced strain profiles in right side of the spiral. It is noticed
that both type of strains are very low (not even reaching half the yield strain) as most of

the confinement and shear strength is provided by the steel tube.

[in]

3 15.7 31.5 47.2 63
— 6/ o
?8 bl fy
24 - ul
< 2
©2 - u2.5
E —k— ﬂ3

O 4= U4

400 800 1200 1600
column length [mm]

Figure 5.91 RCFST-87A Bottom side of spiral (confinement) strain profiles
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Figure 5.92 RCFST-87A Right side of spiral (shear) strain profiles

5.6.7 Strains on steel tube

Information collected from the strain gages placed in the external surface of the
steel pipes is presented in the form of strain profiles. Figures 5.93 and 5.94 show the steel
tube confinement induced strains profiles and, Figures 5.95 and 5.96 the steel tube shear
induced strains profiles. As for the previous analyzed RCFST specimens strains recorded

in the steel pipe are very low.
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Figure 5.93 RCFST-87A Top side of pipe confinement strain profiles
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Figure 5.96 RCFST-87A Left side of pipe shear strain profiles

5.6.8 Validity of test data

Figure 5.97 compares the tip displacements calculated using the data recorded
with the linear potentiometers with the displacement measured with the string
potentiometer placed at the top of the column. It is seen that data recorded from the linear
potentiometers is reliable up to ductility 6.
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Figure 5.97 RCFST-87A Validity of test data

181



5.7 Low temperature specimen RCFST-87C

This specimen was tested on December 01/2006. Cooling process started 26 hours
before the test, ambient temperature during this time and the duration of the test was kept
constant at -40°C (-40°F). Figure 5.98 shows the temperature variation inside the

specimen during the test and Figure 5.99 shows the variation of the applied axial load.
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Figure 5.98 RCFST-87C Temperature variations
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Figure 5.99 RCFST-87C Axial load variations
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5.7.1 RCFST-87C Test observations

This was the first specimen being tested at freezing conditions. Initially, two
webcams were placed above and below the base of the column to monitor the level of
damage on the specimen. Later on it was noticed that the webcams were not working
properly, it was then decided to get inside the environmental chamber at key points
during the test and take pictures with a conventional digital camera. That’s why
observations are not made since the beginning of the test but rather from ductility 2.5 and
up. Figure 5.100 shows the condition of the specimen after the first push at ductility 2.5,
it is noticed that the condition of the concrete in the gap between the steel tube and the
footing is still good with exception of a flexural crack located at the base of the column
that runs all around its circumference. Some spalling of the footing concrete surrounding
the column is also noticed. No significant increment in the level of damage is noticed

when the column is taken up to ductilities 3 and 4, Figures 5.101 and 5.102, respectively.

During the first cycle of ductility 6 the specimen reached the maximum lateral
load during the test. Extensive crushing and spalling of the concrete in the gap was
noticed at this level of demand (Figure 5.103). Crushing of the core concrete is noticed

during the cycles at ductility 8 (Figure 5.104).

Rupture of the top most bar occurred during the first push at ductility 10 (Figure
5.105), it is also noticed that damage has extended to the footing. After the three cycles at
ductility 10 the transverse reinforcement is exposed (Figure 5.106). Rupture of a second
top bar was noticed during the first push at ductility 12, rupture of one of the bottom bars
occurred during the corresponding pull, the test was stopped at this point. Figure 5.107 is
a picture of the bottom face of the specimen after removal of the instrumentation. It is
seen that the extension of damage is limited to a very short length; the mechanism of
failure was basically a single crack in the base of the column that penetrated very deep

into the core concrete.
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Figure 5.100 RCFST-87C (top) after the first push at ductility 2.5

Figure 5.102 RCFST-87C (top) after the first push at ductility 4
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Figure 5.105 RCFST-87C (top) after the first push at ductility 10
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Figure 5.107 RCFST-87C (bottom) after instrumentation removal

5.7.2 RCFST-87C Force displacement response.

Figure 5.108 displays the force-displacement hysteretic response recorded during
the test. Figure 5.109 shows the average first peak envelope along with the theoretical
prediction obtained two different equivalent plastic hinge lengths: (1) the conventional
value with the correction factor for the actual set-up and (2) the equivalent length
obtained from the analysis of the data collected during the test. It is seen that the match

between theoretical and actual response is slightly improved using the measuredL .
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Figure 5.108 RCFST-87C Hysteretic force displacement response.
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Figure 5.109 RCFST-87C First peak average response and theoretical envelopes.
5.7.3 RCFST-87C Curvature profiles.

The magnitude of the addition for the gauge length of the first cell of this unit was
found to be 38 mm. Figure 5.110 shows the match between the theoretical and actual

moment curvature response at the base of the column. Figure 5.111 shows the curvature
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profiles at selected ductility demands. As noticed for the RCFST specimens analyzed

before, the majority of the inelastic action is concentrated in the base of the column.
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Figure 5.110 RCFST-87C Moment curvature at column base.
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Figure 5.111 RCFST-87C Curvature profiles.

5.7.4 RCFST-87A Equivalent plastic hinge length.

Figure 5.112 shows the results obtained for the equivalent plastic hinge length,

note that the value obtained of 190 mm (7.5in) is the same value obtained for the room
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temperature specimen RCFST-87A. Nonetheless, as the equivalent plastic hinge length is
directly related to the yield strength of the longitudinal rebar (which has been show to
increase at low temperatures) this apparently equality in the equivalent plastic hinge
length obtained for the room and low temperatures conditions actually implies a

reduction on L, due to the freezing conditions. A reduction of 64% over the value

recommended by Chai et al. (1991) for steel jacket retrofitted columns (once the

correction factor of 0.59 for the current setup is applied) L, = 0.59(2Lsp + g): 295mm s

identified.
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Figure 5.112 RCFST-87C Equivalent plastic hinge length
5.7.5 Strains on longitudinal reinforcement

There was not enough reliable data from the strain gages placed at the
longitudinal bars in this specimen as to generate strain profiles. Nonetheless, this
information is presented in the form of stain histories recorded by selected strain gages
that worked properly during most of the test. Figures 5.113 and 5.114 show the strains
recorded by strain gages placed at the top and bottom bar, respectively, at 304 mm (12 in)
from the base of the column. It is seen that both bars exhibited the same behavior and that
this spot of the bars did not reach yield during the test. This implies that all the inelastic
action was concerted in a very limited length in the base of the column, this phenomena
was also noticed from the curvature profiles on Figure 5.111.

189



L N W

strain [x10'3]
o

12 8 -4 0 4 8 12
ductility factor

Figure 5.113 RCFST-87C Top bar strain history at 304mm from the base
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Figure 5.114 RCFST-87C Bottom bar strain history at 304mm from the base
5.7.6 Strains on transverse reinforcement

Figures 5.115 displays the confinement induced strain recorded by a strain gage
placed in the bottom side of the spiral at 273 mm (10.8 in) from the base of the column.
Figure 5.116 presents the shear induced strain recorded by a strain gage located in the
right side of the spiral at 82 mm (3.2 in) from the base of the column. It is seen from
these figures that the strains induced in the spiral are very low (maximum strains were
about 10% of the yield strain), similar observations were done for the others RCFST

specimens.
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Figure 5.115 RCFST-87C Confinement strain on spiral bottom side at 273mm from the base
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Figure 5.116 RCFST-87C Shear strain on spiral right side at 82mm from the base

5.7.7 Strains on steel tube
Confinement induced strain profiles in the steel tube are presented in Figures
5.117 and 5.118, and shear induced strain profiles in Figures 5.119 and 5.120. As noticed

for the RCFST specimens examined before, strains induced in the steel tube are very low
as result of the relatively large thickness of the steel pipe.
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Figure 5.117 RCFST-87C Confinement strain profiles on top side of pipe
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Figure 5.118 RCFST-87C Confinement strain profiles on bottom side of pipe
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Figure 5.119 RCFST-87C Shear strain profiles on left side of pipe
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Figure 5.120 RCFST-87C Shear strain profiles on right side of pipe

5.7.8 Validity of test data

The procedure used for validation of the linear potentiometers data has been
already explained for the other flexural specimens. From Figure 5.121 it can be noticed
that data recorded by the linear potentiometers is reliable up to ductility 8.
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Figure 5.121 RCFST-87C Validity of test data
5.8 Comparison of RCFST-87A and RCFST-87C units

In order to identity the effect of low temperatures in the seismic behavior of
reinforced concrete steel tube RCFST columns. This section compares the results
obtained from the tests of the cold and room temperature specimens RCFST-87C and
RCFST-87A. Figure 5.122 compares the hysteretic force displacement response for both
specimens and Figure 5.123 compares its average first peak envelope. It is noticed from
these graphs that: (1) The cold specimen exhibited an average increase of 10% in the
flexural strength and 40% in the initial stiffness. (2) Strength degradation associated with
the increasing lateral demand started at the same point for both specimens, at a lateral
displacement of 64 mm (2.5 in). (3) Although both specimens failed at the same lateral
displacement 104 mm (4.1 in), failure of the cold specimen involved rupture of
longitudinal bar while failure of the room temperature specimen was controlled by
strength degradation due to excessive damage in the core concrete. Figure 5.124 shows
the three cycle envelopes for both specimens, it is seen that there is practically no
difference in the strength degradation associated with repetitive cycles at the same level

of demand for both units.

Energy dissipation properties are analyzed by means of (1) the energy absorbed in
each cycle calculated as the area of each loop in the force-displacement hysteretic

response of the specimen (Figure 5.125), (2) the hysteretic damping displayed in Figure
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5.126 and (3) the equivalent damping to use in direct-displacement design in Figure
5.127. From these figures can be concluded that low temperatures did not have any effect

on the energy dissipation capabilities.

Curvature distribution along the column is basically the same for both specimens
(Figure 5.128) as a consequence the equivalent plastic hinge length is also very similar
(Figure 5.129). Figure 5.130 is a picture of the specimens after the test and
instrumentation removal, note that the level of damage in the footing is larger in the room
temperature specimen than in the cold specimen, presumably due to the improvement of
the mechanical properties of concrete at low temperatures. Finally, Tables 5.4 and 5.5
summarize the results obtained from the tests.

[in]
59 -39 -2.0 0 2.0 3.9 59

200 44.9

Z e yonop| L AT

= 100" 22.5

Q —

g 0

o OF--—---— 777 - #--7—- 0 Q

= =,

©

8 100 o A e

= 200! l-44.9

150 -100 -50 O 50 100 150

displacement [mm]

Figure 5.122 Hysteretic responses of RCFST-87A and RCFST-87C
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Figure 5.124 Average cycles envelopes of RCFST-87A and RCFST-87C
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Figure 5.126 Hysteretic damping for RCFST-87C and RCFST-87A.
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Figure 5.127 Corrected values of equivalent damping for RCFST-87C and RCFST-87A.
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Figure 5.128 Curvature profiles for RCFST-87C and RCFST-87A.
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Figure 5.130 RCFST-87C and RCFST-87A after the test.

Table 5.4 Summary of results obtained (Load control phase)

Average Average tip displacement [mm]

Cycle Lat. Force [KN] +22°C | -36°C | -36°C/+22°C
0.25fy' 29.0 0.9 0.7 0.80
0.5fy’ 58.2 2.2 1.8 0.80
0.75fy' 87.7 4.5 3.4 0.74
fy' 116.3 7.2 5.1 0.71
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Table 5.5 Summary of results obtained (Displacement control phase)

Average First cycle average lateral force [KN]

Cycle | Displacement [mm] | +22°C | -36°C -36°C / +22°C

pul 11.2 142.0 157.5 1.11
ul.5 16.9 158.3 | 1725 1.09

u2 22.3 165.4 180.3 1.09
p2.5 27.9 171.1 186.5 1.09

u3 32.1 171.2 190.2 1.11

pa 42.3 181.8 201.0 1.11

U6 63.2 192.2 213.1 1.11

u8 83.6 186.6 210.5 1.13
p10 104.2 171.2 173.8 1.02
ul2 128.5 - 112.0 -

5.9 Revised predictive models

Analysis of the results obtained during testing of the RCFST specimens reveals a
significant reduction of the equivalent plastic hinge length when compared to ORC
columns. Same observations have been made by past researchers when testing steel
jacket retrofitted columns (Chai et al. 1991, Priestley et al. 1994a, b) and Equation 5.1

have been proposed for the estimation of L in the retrofitted columns. However, it was
shown that values of L obtained for the RCFST specimens using Equation 5.1 are still

larger than the actual values.

L, = 2L, +9=0.044d, f, +g (5.1)

where d,, f,, and f are the diameter, ultimate stress and yield stress of the

u’

longitudinal rebar, and g is the gap between the steel tube and the adjacent member.

The plastic hinge length plays a key role in the inelastic response of a column as it
is where the inelastic rotation required to reach a target displacement (beyond vyield) is
accommodated. Thus, a short hinge length will imply larger inelastic demands in the
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hinge region that may compromise the displacement capacity of the column. Based on the
experimental results obtained in this investigation, the following equation is proposed to
determine the equivalent plastic hinge length in reinforced concrete filled steel tube

columns:

f
L, =9.3d, " +9 (5.2)

y

where f, is the ultimate stress of the longitudinal bar. As no change in L, was detected

during the cold tests of the RCFST specimens compared to the room temperature tests,
assessment of the behavior of this type of columns at low temperatures can be performed
using the equivalent plastic hinge length predicted by Eq. 12 without any correction for
reduced temperatures. Figure 5.131 compares the results predicted by Equation 5.2 with

the experimental results obtained in this research.
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Figure 5.131 Equivalent plastic hinge lengths for the RCFST units

5.10 Final discussion and concluding remarks

This chapter presented the results obtained from the testing of two pairs of

RCFST columns subjected to increasing cyclic reversals and constant axial load. One of
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the columns of each pair was tested at room temperatures while the other one was tested
at an average internal temperature of -36°C (-33°F). Differences between pairs of
columns were the amount and properties of longitudinal reinforcement. Units RCFST-
89A and RCFST-89C were reinforced with 8#9 bars (0 = 3%) with a yield stress of 558

MPa (81 ksi); units RCFST-87A and RCFST-87C were reinforced with 8#7 bars
(p=2.1%) with a yield stress of 442 MPa (64 ksi). The results obtained were used to
determine the effect of very low temperatures in the seismic behavior of RCFST
columns. Additionally, the seismic behavior of the RCFST columns was weighted against
the behavior of well detailed ordinary reinforced concrete columns by direct comparison
with specimens FL-89A and FL-89C presented in Chapter 1V. Main findings related to
the effect of low temperatures in the seismic behavior of RCFST columns are

summarized next:

. Specimens tested at low temperatures exhibited an increase in peak
flexural strength. The amount of this increase was of 7% for the units with
p=3% and 10% for the units withp=2.1%. Note that this increase is
calculated from the average differences between the lateral loads required to reach
the target displacements before strength degradation starts. If the maximum loads
reached by the specimens through all the tests are compared, then the increments
are 3% for the units with p =3% and 10% for the units with p =2.1%. This
increase is below the increase of 15% noticed for the ordinary reinforced concrete
columns (FL-89A and FL-89C) analyzed in Chapter 1V.

" Cold specimens also show an increase in the initial elastic stiffness. The

amount of this increase was of 60% for the units with o =3% and 40% for the
units with p = 2.1% . Where the elastic stiffness is defined at the theoretical force

level required for first yield of the room temperature specimen. This increase is
larger than the increase of 27% noticed for the ordinary reinforced concrete
columns (FL-89A and FL-89C) analyzed in Chapter IV.

" No major difference was noticed in the displacement capacity of the cold

and room temperature specimens. Nonetheless, it can be said that failure of the
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cold specimens was more brittle than the failure of the room specimens as it
involves rupture of the longitudinal bars. Failure of the room temperature
specimens was controlled by strength degradation of the columns due to excessive
damage in the core concrete and footing, and also -in the case of RCFST-89A-

buckling of the longitudinal bar.

" Strength degradation linked with increasing levels of lateral demand
started earlier in the cold specimens, also strength degradation related to cyclic
load at the same level of demand was found to be slightly larger for the cold

specimens.

. Energy dissipation and hysteretic damping increased at low temperatures.
However, when hysteretic damping values are converted to equivalent viscous
damping so they can be used in direct-displacement design, the difference become

negligible.

. Equivalent plastic hinge length was found to be the same for cold and
room temperature specimens. Note that his implies a reduction in the plastic hinge

length of the cold specimen as L, is directly proportional to the rebar yield stress

which increases at low temperatures.

" The available predictive models were able to capture the increase in

strength in RCFST columns due to the low temperature effect.

" Earlier rebar rupture in the cold specimens implies a reduction in the
deformation capacity of steel rebars subjected to reversals of loads and low
temperatures. Furthermore, an unusual phenomenon was noticed during the
testing of RCFST-89C where one of the main longitudinal bars cracked in three
different spots along its surface.

Regarding the behavior of RCFST columns over well detailed ORC columns with
low levels of axial load (ALR<10%), the only improvements observed during the tests

were a slight increase in the flexural strength and energy dissipation properties. An
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increase in flexural strength is generally not advantageous for seismic design as it then
requires that capacity protected members such as footing and cap-beams must be
designed for higher force levels. Furthermore, RCFST columns concentrate large
rotations in the base of the column which may cause a significant reduction in the
displacement capacity of the column and also, an extension of the plastic action into the
adjacent member. It must be said at this point that these observations are valid only for
the hinge developing adjacent to the cap beam and that other aspects such as soil-

structure interaction, P-delta effects and residual drift are not addressed in this research.
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CHAPTER VI

SEISMIC BEHAVIOR OF SHEAR
DOMINATED REINFORCED
CONCRETE COLUMNS AT Low
TEMPERATURES

6.1 Introduction

In order to determine the effect of cold temperatures on the behavior of shear
dominated reinforced concrete columns two pairs of squat columns were tested. The only
variable between columns of the same pair is the temperature of the specimen during
testing: one of the columns was tested at room temperature ~22°C (72°F) while the other
one was tested at ~-40°C (-40°F). Differences between each pair of identical columns
were the ratios of transverse and longitudinal reinforcement that were designed with the
aim of achieving shear failures at low levels of ductility (brittle shear failure) and high
levels of ductility (ductile shear failure). The columns were designed using the equivalent
plastic hinge method as described in Priestley et al. (2007) along with the “revised UCSD

model” (Kowalsky and Priestley, 2000) for the assessment of shear strength.

The test set up and instrumentation are displayed in Figure 6.1. Table 6.1 presents
the test matrix. For the four short columns cantilever length was 762 mm (30 in) and the
diameter was 419 mm (16.5 in), i.e. all the columns have a moment to shear ratio of 1.8.
Average concrete compressive strength at room temperature was 27.6 MPa (4 ksi) and
37.2 MPa (5.4 ksi) was the estimated compressive strength at -36°C (-32°F). More
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detailed information regarding concrete compressive strength is presented in Table 2.6 on

Chapter II.
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Figure 6.1 Short columns test setup and instrumentation
Table 6.1 Specimen matrix for the short columns
UNIT | TEMP. | BEHAVIOR | LONG. STEEL/ TRANSVERSE AXIAL LOAD/
RATIO STEEL/RATIO RATIO
DSH 22°C Ductile 8#7 #3@102mm (4in) | 142 kN (3.7%)
87A 72°F shear 2.2% 0.8% 32 kips
DSH | -36°C Ductile 8#7 #3@102mm (4in) | 130 kN (2.5%)
87C -32°F shear 2.2% 0.8% 29 kips
BSH | 22°C Brittle 8#9 #3@145mm (5.7in) | 135 kN (3.5%)
89A 72°F shear 3.8% 0.6% 30 kips
BSH | -36°C Brittle 8#9 #3@145mm (5.7in) | 135 kN (2.6%)
89C -32°F shear 3.8% 0.6% 30 kips
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6.2 Room temperature specimen DSH-87A

This specimen was tested on March 15/2007. Figures 6.2 and 6.3 show the
variations of temperature and axial load during the test. Horizontal lines in Figure 6.3

denote the average applied axial load and the £10% deviation.
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Figure 6.2 Temperature variations during the test of DSH-87A
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Figure 6.3 Axial load variations during the test of DSH-87A
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6.2.1 DSH-87A Test observations

Figure 6.4 is a picture of the specimen before the tests. At the third cycle of the
load control phase 170 kN (38.5 kips), two hairline flexural cracks were noted in the top
and bottom faces of the columns and spaced 190 mm (7.5 in) from the column base and
between them. During the last cycle of force control 229 kN (51.4 kips) the initial cracks
that were primarily flexural in nature continued to extend and incline to ~70° with the
columns axis. The first “shear only” crack developed also at this level inclined at ~45°.
The width of the cracks is still very small (Figure 6.5). No major changes were noticed

during the cycles at ductility 1 (Figure 6.6).

During the cycles at ductility 1.5 the existing cracks kept extending and a new
flexural crack appeared at ~50 mm (2 in) from the base of the column (Figure 6.7). After
the cycles at ductility 2 (Figure 6.8) a new flexural crack and a new shear crack appeared
at mid height of the column, existing shear cracks have extended and are now inclined at
35°. Also at this point the first signs of concrete crushing were noticed in the base of the
column. At ductility 3 (Figure 6.9) cover concrete crushing is evident, flexural cracks
close to the base of the column widened to 2 mm and shear cracks to 1 mm.

Spalling of the cover concrete along the 50 mm (2 in) adjacent to the base of the
column was noticed at ductility 4 (Figure 6.10), cracks on both faces largely widen due to
column dilatation. During the cycles at ductility 6 (Figure 6.11) the column exhibited
very large dilation causing the spalling of all cover concrete over a distance 220 mm (8.6
in) from the base of the column. Severe strength degradation was noticed with cycling. At
the last push of ductility 6 the column only reached 42% of the maximum load attained

during the test and the test was stopped at this point.

Figure 6.12 is a picture of the specimen after instrumentation removal. It is seen
that the large dilation that the column suffered during the test caused spalling of the cover

concrete over a large area leaving all the transverse and longitudinal completely exposed.
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Figure 6.4 DSH-87A before test

Figure 6.5 DSH-87A after the load control phase

Figure 6.6 DSH-87A after the cycles at ductility 1
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Figure 6.7 DSH-87A after the cycles at ductility 1.5

Figure 6.9 DSH-87A after the cycles at ductility 3
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Strain gauges.

Figure 6.12 DSH-87A after instrumentation removal
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6.2.2 DSH-87A Force displacement response

Figure 6.13 displays the hysteretic force-deformation response recorded during
the test along with the theoretical force-deformation and shear strength envelopes. As
mentioned earlier in Chapter I, in the revised UCSD model (Kowalsky and Priestley,
2000) the shear strength degradation with increasing cyclic inelastic demand is computed
based on the displacements due to flexural deformations only. Ductility values displayed
in Figure 6.13 correspond to total deflections. It is noticed from this figures that the
hysteretic loops are stable up to the first cycle of ductility 6 when excessive dilation
occurred in the concrete of the column, provoking serious damage in the concrete and

severe strength degradation.

Figure 6.14 shows the average of both directions first peak force-displacement
envelope along with the theoretical force-deformation and shear strength envelopes. It is
seen that predicted flexural and shear strengths are very close to the actual results. In
Figures 6.13 and 6.14 the ductility values for calculation of the shear strength envelope
are obtained based on the results obtained during the test. When designing a new
structure this information is not available and estimation of the shear strength envelope
has to be done based on the theoretical force-displacement envelope. Results obtained
using this approach are displayed on Figure 6.15 and 6.16, notice from these figures that

the match between predicted and actual response is still acceptable.
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Figure 6.13 DSH-87A Force displacement response and theoretical shear strength envelope
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Figure 6.14 DSH-87A First peak envelope and theoretical shear strength envelope
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Figure 6.16 DSH-87A First peak envelope with shear strength envelope obtained using the theoretical

force-displacement envelope
6.2.3 DSH-87A Curvature profiles

Using results from linear potentiometers mounted on the extreme
tension/compression faces of the columns, average curvatures over the potentiometer

gage lengths were obtained by dividing the rotation indicated by the potentiometers by
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the gage length. The gage length of the potentiometer next to the base of the column
includes a component due to strain penetration as it can be argued that the rotation
evaluated in this cell is distributed into the footing, this will have the effect of reducing
the curvature as plotted for the base cell. The magnitude of this addition (114 mm / 4.5
in) is obtained by optimization of the match between the experimental and theoretical
moment-curvature relation. Figure 6.17 shows the moment-curvature response along with
the theoretical moments associated with the experimental curvature recorded during the
test. Figure 6.18 shows the curvature profiles for selected ductilities, also shown in this
figure is the theoretical curvature profile for first yield of the longitudinal steel in the base
of the column. From the curvature profiles in Figure 6.18 it is noticed that up to ductility
1 the curvature distribution is almost uniform along the column, at ductilities larger than
1 most of the curvature is concentrated in the first cell.
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Figure 6.17 DSH-87A Moment curvature at column base.

215



[in]

0 79 157 236
0.14} 13.6
0.07 1.8 @
—_— o
S X
= 0 —o:fy 0 =
- . =
' =
-0.07: 1.8 =
0.07 2 1.8
-0.14 | | 436
0 200 400 600

column length [mm]

Figure 6.18 DSH-87A Curvature profile
6.2.4 DSH-87A Equivalent plastic hinge length

Curvatures calculated at the base of the column are used along with the recorded
tip displacement of the column to determine an equivalent plastic hinge length over
which the plastic curvatures are assumed to be constant. Figure 6.19 shows the results

obtained. Note that the average value obtained 256 mm (10.1 in) is basically the same

predicted by the traditional expression L =0.044f d,, once the hinge reduction factor

of 0.59 obtained for the current test set up in Chapter IV is applied,
L, =0.59(0.044*442*22.2) = 254.7mm (10in) .
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Figure 6.19 DSH-87A Equivalent plastic hinge length
6.2.5 DSH-87A Deformation components

Linear potentiometers were specially distributed in the short columns to allow the
calculation of flexural and shear components of deformation following the procedure
described in Chapter Ill. A measure of the accuracy of these deformation components
may be found by using them to predict the total lateral displacement at the top of the
column. Figure 6.20 shows the results obtained. It is seen that the sum of flexural and
shear components of displacement is in reasonably close agreement with the measured
displacement up to ductility 4, after this point the diagonal and vertical linear pots used to
measured the shear were disconnected from the specimen because of the excessive
damage in the column. As a result, data beyond this point is not longer reliable. With the
increasing lateral demand both components increase linearly up to ductility 3, being the
shear component ~11% of the total deformation. After this point the contribution of shear
induced deformation to the total deflection starts increasing. At ductility 4 the shear
component contribution is ~14% and at ductility 6 is expected to be ~19% of the total
displacement.

Theoretical models used to estimate shear and flexural deformations are evaluated
by direct comparison with the deformation components recorded during the test. The

results obtained are displayed in Figures 6.21 to 6.24, comparisons are performed as
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function of the total displacement and also as function of the applied lateral force. It is
seen from these figures that actual and predicted values are in close agreement.
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Figure 6.20 DSH-87A Deformation components
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6.2.6 DSH-87A Strains on longitudinal steel

Data recorded by the strain gages placed on the longitudinal rebars are presented
in the form of longitudinal strain profiles. Regrettably, the data collected was only
reliable for low levels of lateral demand, which is not unusual for strain gauge data,
highlighting the importance of developing alternative strain measuring systems. Figure
6.25 shows the strain profiles for the top most bar and Figure 6.26 for the bottom most
bar. It is noted that maximum strains are reached not in base of the column (as for the
flexural specimens presented in Chapters 1V and V) but at a distance ~ 175 mm (6.9 in)
from the base. This is in agreement with the location of the first flexural cracks developed
during the test (Figure 6.5) and is also consistent with past test observations (Kowalsky et
al. 1995).
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Figure 6.25 DSH-87A longitudinal strain profiles in top most bar
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Figure 6.26 DSH-87A longitudinal strain profiles in bottom most bar
6.2.7 DSH-87A Strains on transverse steel

Data collected from the strain gages placed on the spiral is also presented in the
form of strain profiles. According to the position of the gages, strains are classified as
confinement or shear induced strains. Figure 6.27 show the strain profiles in the bottom
face of the spiral, i.e. confinement induced. As expected larger strains are recorded in the

push direction when the concrete in the bottom face is in compression and dilates due to
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the Poisson effect. As for the longitudinal strain profiles, maximum strains are recorded
not by the gauge closest to the column base but by one placed 254 mm (10 in) from the
base. There was not enough reliable data to generate the top face profile or the right side

shear induced profile.

Figure 6.28 shows the shear induced strain profile for the left side of the spiral. It
is seen that the larger strains are recorded by a gage placed 292 mm (11.5 in) from the
base. This is understandable as this gage was just in the middle of the main shear crack
developed in the specimen during the test (Figure 6.12). Figure 6.29 show the strain
history recorded by this gauge. Unfortunately, the strain gauge broke at ductility 3
registering a maximum strain of 0.0054. If it is assumed that the increase in strain will
follow the same pattern for larger ductility demands, then the expected strain at ductility
4 is expected to be around 0.007 and 0.01 at ductility 6.
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Figure 6.27 DSH-87A confinement induced strain profiles in bottom face of spiral
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Figure 6.29 DSH-87A shear induced strain history 292 mm from base

6.3 Cold temperature specimen DSH-87C

This specimen was tested on April 4/2007. Like for the cold flexural units,
cooling of the specimen started 26 hours before the test. Figures 6.30 and 6.31 show the
variations of temperature and axial load during the test. As mentioned in earlier chapters
for the flexural units, the axial load is more difficult to control in the cold condition
because of the effect cold temperatures have in the viscosity of the hydraulic fluid
running in the jacks.
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Figure 6.30 Temperature variations during the test of DSH-87C
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Figure 6.31 Axial load variations during the test of DSH-87C

6.3.1 DSH-87C Test observations

The first hairline cracks were noticed only up to the last cycle of load control 229
kN (51.5 kips) and were flexural in nature, the cracks were spaced ~190 mm (7.5 in)
between them and from the base of the column as shown in Figure 6.32. With the cycles

at ductility 1 the cracks extend and incline ~70° with the column axis (Figure 6.33). No
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major changes were observed in the specimens during the ductility 1.5 cycles except by a
widened of the existing cracks (Figure 6.34). At ductility 2 (Figure 6.35) the two original
cracks keep extending and are incline now 45°, first signs of concrete crushing at the

column base were noticed at this level of demand.

With the cycles at ductility 3 (Figure 6.36) existing cracks widened, shear cracks
are inclined at ~30° and a new flexural crack appears at ~50 mm (2 in) from the base.
During the cycles at ductility 4 (Figure 6.37) new minor shear cracks appeared in the

specimen and the concrete crushing at the base of the column is now evident.

A number of new shear cracks appeared during the cycles at ductility 6 (Figure
6.38), all the cracks are now interconnected between them and cause large damage in the
specimen. Severe crushing and spalling of the concrete close to the base of the column is
also noticed during these cycles. The lateral load required to reach the target

displacement for ductility 6 was 93% the required for ductility 4.

The lateral load required to reach the target displacement for ductility 8 was 83%
the maximum load reached during the test. At this ductility (Figure 6.39) spalling of the
concrete occurred over almost the whole circular part of the column due to the large
dilation in the specimen. Severe strength degradation was noticed over the cycles at this
demand. The maximum load reached during the last push at ductility 8 was only 65% the
load reached during the first cycle at the same level of ductility. The test was stopped at
this point. Figure 6.40 is a picture of the specimen after instrumentation removal, it seen

that the longitudinal and transverse steel is exposed almost over the whole specimen.
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Figure 6.32 DSH-87C after the last cycle of load control

Figure 6.33 DSH-87C after the last push at ductility 1

Figure 6.34 DSH-87C after the last push at ductility 1.5
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Figure 6.35 DSH-87C after the last push at ductility 2

Figure 6.36 DSH-87C after the last push at ductility 3

Figure 6.37 DSH-87C after the last push at ductility 4
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Figure 6.38 DSH-87C after the last push at ductility 6

Figure 6.39 DSH-87C after the last push at ductility 8

Figure 6.40 DSH-87C after instrumentation removal
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6.3.2 DSH-87C Force displacement response

The hysteretic force displacement response recorded during the test is displayed
in Figure 6.41, this figure also shows the theoretical force displacement envelope and
shear strength envelope. It is seen that the hysteretic loops are stable up to ductility 8
where severe strength degradation is noticed due to the large damage induced in the
column concrete. Figure 6.42 shows the first peak envelope along with the predicted
response and shear strength envelope, it is seen that the theoretical models were able to
predict the response of the column. In Figures 6.41 and 6.42 the shear strength envelope
is calculated based on the actual flexural displacement ductilities observed during the
test. Figures 6.43 and 6.44 are similar to Figures 6.41 and 6.42, but this time the shear
strength envelope is calculated using the displacement ductilities from the theoretical
prediction. Note that this will only affect the displacements at which shear strength
degradation starts and ends, and not the shear strength values. It is noticed from Figures
6.43 and 6.44 that the match between predicted and actual response is still very
acceptable when the complete “blind prediction” is performed, as will be the general case
for the seismic assessment of an existing structure. Note that as used the model is for the
assessment of shear strength and no for design purposes. Chapter Ill presented the
modifications proposed by the authors (Kowalsky and Priestley, 2000) to utilize the

model for design.
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Figure 6.41 DSH-87C Force displacement response and theoretical shear strength envelope
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Figure 6.42 DSH-87C First peak envelope and theoretical shear strength envelope
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Figure 6.44 DSH-87C First peak envelope with shear strength envelope obtained using the theoretical
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6.3.3 DSH-87C Curvature profiles

As mentioned before the gage length for the linear potentiometers in the base of
the column includes a component to account for the strain penetration effect. For this

specimen that component was found to be 86 mm (3.4 in). Figure 6.45 shows the match
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between measured and predicted moment-curvature relation and Figure 6.46 shows the

curvature profiles calculated at selected ductilities. It is noticed that up to ductility 1 the

distribution of curvature is almost uniform along the column. For ductilities larger than 1

the curvatures start to concentrate mostly in the first cell.
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Figure 6.45 DSH-87C Moment curvature at column base
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Figure 6.46 DSH-87C Curvature profiles
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6.3.4 DSH-87C Equivalent plastic hinge length

Figure 6.47 shows the equivalent plastic hinge lengths obtained in the push and
pull directions. Note that the average value obtained 256 mm (10.1 in) is the same value
obtained for the room temperature specimen DSH-89A. This implies a reduction of ~10%

in the expected hinge length as L is directly related with the yield stress of the

longitudinal steel which increase ~10% when the temperature is reduced to -40°C. This

reduction is very small when compared with the reduction in L  obtained for the

flexurally dominated cold specimens of 43% (Chapter V).
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Figure 6.47 DSH-87C Equivalent plastic hinge length
6.3.5 DSH-87C Deformation components

Figure 6.48 shows the calculated shear and flexural components of deformation. It
is seen that the sum of the flexural and shear components of deformation is in close
agreement with the total deflection measured in the column; which implies that the data
recorded by the Ipot’s is reliable. Note that the relative contribution of shear deformation
to the total deflection increase as the lateral demand increase. Shear deformation is 12,

15, 20 and 31% of the total displacement at ductilities 3, 4, 6 and 8, respectively.

Figures 6.49 to 6.52 evaluate the theoretical models used to estimate shear and
flexural deformations. It is noticed that the match between measured and predicted

233



displacements is very close up to ductility 6. At ductility 8 shear displacements are under
predicted, this is not a major issue as it can be said that the specimen has already failed at

this level of lateral demand.
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Figure 6.48 DSH-87C Deformation components
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displacement
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Figure 6.50 DSH-87C force vs. shear displacement envelope
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Figure 6.52 DSH-87C force vs. flexural displacement envelope

6.3.6 DSH-87C Strains on longitudinal steel

Figures 6.53 and 6.54 show the longitudinal strain profiles in the top and bottom
bar, respectively. It was only possible to generate the strain profiles for low level of
lateral demand because the strain data for higher levels was not reliable. Note that the
shape of the profiles is different to the obtained at room temperature; in this case the

maximum strains are recorded by the gauge placed closer to the base.
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Figure 6.53 DSH-87C longitudinal strain profiles in top most bar
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Figure 6.54 DSH-87C longitudinal strain profiles in bottom most bar

6.3.7 DSH-87C Strains on transverse steel

Unfortunately, from the 12 strain gages placed on the spiral of this specimen only
one worked properly during a large period of time. Figure 6.55 shows the shear induced
strain recorded by this gauge that was placed 245 mm from the base. It is seen that the
maximum strain recorded was 0.0071 during the first pull at ductility 4, which is
practically the same strain recorded in the room temperature specimen at this same level

of ductility.
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Figure 6.55 DSH-87C shear induced strain history 245 mm from the base
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6.4 Comparison of units DSH-87A and DSH-87C

Figure 6.56 compares the hysteretic force displacement response of both
specimens and Figure 6.57 the average first peak envelope. From these graphs it is

noticed that:

" Elastic stiffness of the cold specimen is 56% larger than the measured for the

room temperature unit.

. The cold specimen exhibited an increase of 20% in the flexural/shear strength

when compared to the room temperature one.

" The cold specimen was able to sustain cyclic deformations 33% larger than the
warm unit.
" Strength degradation associated with increasing levels of lateral demand started at

ductility 3 for both specimens. However, from the three cycles average envelope in
Figure 6.58 may be noticed that strength degradation over repetitive cycles at the same

level of ductility is more severe in the warm unit.
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Figure 6.56 DSH-87A and DSH-87C hysteretic responses
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Figure 6.57 DSH-87A and DSH-87C average first cycle envelope
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Figure 6.58 DSH-87A and DSH-87C three cycles envelope

Figure 6.59 presents the shear and flexural components of deformation for the
cold and room temperature tests. It is seen that there was basically no change in the

deformation components due to the low temperature.
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Figure 6.59 DSH-87A and DSH-87C three cycles envelope

Energy dissipating properties are analyzed in Figures 6.59 and 6.61. It is seen
from these graphs that the energy absorbed and the hysteretic damping exhibited by both
specimens is practically the same. From Figure 6.62 can be seen that the conventional
expression (Dwairi 2007) used for estimate equivalent damping in direct-displacement

based design (Priestley et al. 2007) applied also for short columns under freezing

conditions.
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Figure 6.60 DSH-87A and DSH-87C hysteretic energy
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Figure 6.61 DSH-87A and DSH-87C hysteretic damping
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Figure 6.62 DSH-87A and DSH-87C corrected damping

Figure 6.63 and 6.64 examine the effect of low temperatures in the curvature
distribution and equivalent plastic hinge length, respectively. It is seen that curvatures in
the base of the column is slightly larger for the cold specimen. However, the increase is
not as marked as the detected for the flexural dominated specimens in Chapters IV and V.
Also, contrary to the results obtained in earlier chapters, no shortening of the equivalent

plastic hinge length was noticed in the cold specimen (Figure 6.64).
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Figure 6.64 DSH-87A and DSH-87C equivalent plastic hinge lengths

Figure 6.65 shows the shear induced strain history recorded by strain gages placed
in the spiral of the specimens at almost the same distance from the base ~270 mm (10.6
in). It is seen that strains on the transverse reinforcement of the room temperature
specimen are activated earlier than in the cold specimen. This implies that the concrete at
low temperatures was able to sustain larger shear stresses, presumably because the large
adhesive forces associated with the ice surface that delays the propagation of cracks. This
becomes evident by examining the condition of both specimens when subjected to the

same level of lateral demand in Figure 6.66. It is noticed that after the cycles at ductility 2

242



there are more core cracks in the room temperature specimen than in the cold one.
Finally, Tables 6.2 and 6.3 summarizes the results obtained during both tests.
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Figure 6.65 DSH-87A and DSH-87C shear induced stain history

Figure 6.66 DSH-87A and DSH-87C after the cycles at ductility 2
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Table 6.2 Summary of results obtained (Load control phase)

Average Average tip displacement [mm]

Cycle Lat. Force [KN] +22°C | -36°C | -36°C/+22°C
0.25fy" 58.0 0.7 0.5 0.72
0.5fy" 116.7 2.1 1.4 0.64
0.75fy" 175.4 4.0 2.5 0.61
fy' 231.0 6.1 3.9 0.64

Table 6.3 Summary of results obtained (Displacement control phase)

Average First cycle average lateral force [kN]

Cycle | Displacement [mm] | +22°C | -36°C -36°C / +22°C

pl 7.6 259.6 307.1 1.18
ul.5 11.7 284.8 336.4 1.18

u2 15.7 285.5 343.7 1.20

u3 23.1 297.2 356.1 1.20

ua 30.9 292.2 354.1 1.21

u6 44.3 279.0 342.0 1.23

u8 61.4 - 306.0 -

6.5 Room temperature specimen BSH-89A

This specimen was tested on March 27/2007. Figures 6.67 and 6.68 show the

variations of temperature and axial load during the test. As for the other specimens,

horizontal lines in Figure 6.68 represent the average applied axial load and the +10%

deviation.
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Figure 6.67 Temperature variations during the test of BSH-89A
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Figure 6.68 Axial load variations during the test of BSH-89A

6.5.1 BSH-89A Test observations

Figure 6.69 shows the specimen before the test. First two hairline cracks were
flexural in nature and appeared in the specimen during the second cycle of force control
163 kN spaced 190 mm (7.5 in) between them and the column base as shown in Figure
6.70. At the next cycle of force control 246 kN (Figure 6.71) the first shear cracks
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appeared inclined ~30" to the column axis. With the last cycle of force control 325 kN
shear and flexural cracks keep growing in length (Figure 6.72).

With the cycles at ductility 1 a new minor shear crack appear between the already
existing shear cracks (Figure 6.73). Also at this level of demand, a new flexural crack
appeared at ~50 mm (2 in) from the load stub and the first signs of concrete crushing are
noticed at the base of the column. During the cycles at ductility 1.5 a number of new
small shear cracks appear and the main shear crack widened noticeably and extended
from the base to the load stub of the column (Figure 6.74), during the first cycle at this

level of ductility the column reached the maximum lateral load during the test.

At ductility 2 (Figure 6.75) shear cracks are all interconnected provoking spalling
of the cover concrete at mid height of the column. At the first cycle of ductility 3 concrete
damage is large, cover concrete is lost in a large percent of the column and the
longitudinal and transverse steel are exposed (Figure 6.76). The test was stopped after the
second push at ductility 3 due to severe strength degradation. Figure 6.77 shows the

condition of the specimen after instrumentation removal.

Figure 6.69 BSH-89A specimen before test
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Figure 6.70 BSH-89A after the cycle at /2

Figure 6.71 BSH-89A after the cycle at 3f /4

Figure 6.72 BSH-89A after the cycle at f]
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Figure 6.73 BSH-89A after the cycles at ductility 1

Figure 6.74 BSH-89A after the cycles at ductility 1.5

Figure 6.75 BSH-89A after the cycles at ductility 2
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Figure 6.77 BSH-89A after instrumentation removal

6.5.2 BSH-89A Force displacement response

The hysteretic force displacement response recorded during the test is displayed
in Figure 6.78, this figure also shows the theoretical force displacement envelope and
shear strength envelope. It is seen that the specimen reached its peak load at the first
cycle of ductility 1.5, after this point strength degradation is noticeably but the column is
still able to sustain lateral loads. However, for real earthquake conditions (high strain
rates) it should be expected that the column fail at this level of demand (ductility 1.5).
Figure 6.79 shows the first peak envelope along with the predicted response and shear
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strength envelope, it is seen that the specimen was more flexible than expected and also
exhibit slightly larger shear strength, this last presumably due to the closeness of the
supports. As for the ductile shear specimens (DSH), the experimental response is also
compared with the theoretical shear strength envelope calculated using the predicted
force-displacement envelope (“completely blind prediction”) and not the displacement
recoded during the test (which was the approach used in Figures 6.78 and 6.79). Results
obtained are displayed in Figures 6.80 and 6.81, noticed that the predicted behavior is

still close to the actual response.
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Figure 6.78 BSH-89A Force displacement response and theoretical shear strength envelope
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Figure 6.80 BSH-89A Force displacement response with shear strength envelope obtained using the

theoretical force-displacement envelope
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6.5.3 BSH-89A Curvature profiles

The component to account for the strain penetration effect in the gage length for
the linear potentiometers in the base of the column was found to be 190 mm (7.5 in).
Figure 6.82 shows the match between measured and predicted moment-curvature relation
and Figure 6.83 shows the curvature profiles calculated at selected ductilities. As for the
ductile shear specimens, it is noticed that up to ductility 1 the distribution of curvature is
almost uniform along the column. For ductilities larger than 1 the curvature starts to

concentrate mostly in the first cell.
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Figure 6.82 BSH-89A Moment curvature at column base
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Figure 6.83 BSH-89A Curvature profiles

6.5.4 BSH-89A Equivalent plastic hinge length

Figure 6.84 shows the results obtained for the equivalent plastic hinge length in

the push and pull directions. It is seen that the predicted value (with reduction factor of

0.59 obtained for the current test set up) L, =0.59(0.044*558* 28.7) = 416mm (16.3in)

is ~30% larger than the average value measured L, = 317mm (12.5in).
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Figure 6.84 BSH-89A Equivalent plastic hinge length
6.5.5 BSH-89A Deformation components

As for the other shear specimens, the validity of the data recorded can be
evaluated by comparison of the displacements recorded by the string potentiometer in the
tip of the column with the summation of shear and flexural components calculated from
the Ipot’s data. Figure 6.85 shows the results obtained, it is seen that the data from the
linear potentiometers is valid up to ductility 2. After this point the summation of shear
and flexural components is larger than the total defection measured. This most likely due
to interference of the large concrete damage induced in the column at this point with the
readings of the linear potentiometers. Theoretical models used to estimate shear and
flexural deformations are evaluated by direct comparison with the deformation
components recorded during the test. The results obtained are displayed in Figures 6.86
to 6.89, comparisons are performed as function of the total displacement and also as
function of the applied lateral force. From Figure 6.86 can be noticed that measured shear
displacements are below the displacements predicted by the theoretical model, it is
believed that the predicted values are correct and the discrepancy is due to inaccuracy of
the experimental data. This can be justified by inspection of Figures 6.85, 6.86 and 6.88:
noticed from Figure 6.85 that the summation of shear and flexural components are always
below the total deflection, as the flexural component is in close agreement with the

predicted values (Figure 6.88), the only explanation is that the measured shear
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components is below the actual shear deformation. For example at ductility 1.5, the
summation of shear and flexural components is 12.3 mm and the measured tip
displacement 15.4 mm. Now, if we use the theoretical shear deformation, the summation
of components is 15.5 mm, practically the same value measured during the test. The

deformation due to shear at ductilities 1.5 and 2 represent ~34% of the total deflection.
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Figure 6.85 BSH-89A Deformation components
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Figure 6.86 BSH-89A measured and predicted shear deformation components as function of the total

displacement
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Figure 6.89 BSH-89A force vs. flexural displacement envelope

6.5.6 BSH-89A Strains on longitudinal steel

Figure 6.90 shows the strain profile of the top most bar. It is seen that over a
distance 400 mm (15.7 in) from the base, the tensile strains in the bar increase almost
uniformly. There was not enough information to generate the strain profile of the bottom
bar.
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Figure 6.90 BSH-89A longitudinal strain profiles in top most bar
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6.5.7 BSH-89A Strains on transverse steel

Figure 6.91 shows the strain profiles in the top face of the spiral, i.e. confinement
induced strain. As expected larger strains are recorded in the pull direction when the
concrete in the top face is in compression and dilates due to the Poisson effect. Maximum
strains are recorded not by the gauge closest to the column base but by one placed 356
mm (14 in) from the base. There was not enough reliable data to generate the bottom face

profile or the right side shear induced profile.

Figure 6.92 shows the shear induced strain profile for the left side of the spiral.
Note that at ductility 1 the shear strain induced in the spiral has already exceeded twice
the spiral yield strain. It is also seen that the larger strains are recorded by a gage placed
250 mm (10 in) from the base. Figure 6.93 show the strain history recorded by this gauge.
Unfortunately, the strain gauge broke when reaching ductility 1.5, registering a maximum

strain of 0.018, i.e. 7.6 times the spiral yield strain.
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Figure 6.91 BSH-89A confinement induced strain profiles in top face of spiral
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Figure 6.92 BSH-89A shear induced strain profiles in left face of spiral
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Figure 6.93 BSH-89A shear induced strain history 250 mm from base
6.6 Cold temperature specimen BSH-89C

This specimen was tested on April 16/2007. Figures 6.94 shows the variation of
temperature during the test. Note that not the whole test was performed on freezing
conditions. The maximum load capacity of the actuator was reached at the ductility 1.5
cycles and it was decided to stop the cold test at this point and finalize it next day at room
temperature. More will be said about this in the next section. Figure 6.95 shows the axial

load variations.
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Figure 6.94 Temperature variations during the test of BSH-89C
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Figure 6.95 Axial load variations during the test of BSH-89C

6.6.1 BSH-89C Test observations

Figure 6.96 shows the specimen before the test. First hairline flexural crack
appeared in the specimen during the third cycle of load control 246 kN at a distance ~150
mm (6 in) from the column base (Figure 6.97). With the last cycle of the force control
phase 325 kN, a new hairline flexural crack developed at 150 mm (6 in) as shown in
Figure 6.98.
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First “shear only” cracks developed during the cycles at ductility 1 (Figure 6.99).
When taking the specimen to ductility 1.5, the lateral force reached the actuator
maximum load (500 kN / 112 kips). The only difference noticed in the specimen was an
increase in the length of the existing shear and flexural cracks (Figure 6.100). After 3
cycles at this displacement there was not significant strength degradation and the test was
stopped.

In order to verify that the increase in strength was effectively due to the cold
temperature (and not perhaps to an initial larger concrete strength in this column) the test
was continue next day at room temperature. The column was first subjected to one more
cycle at ductility 1.5, the required lateral load was 414 kN (93 kips), no new cracks
appeared with this cycle (Figure 6.101). The column failed due to brittle shear in the
second cycle of ductility 2 (Figure 6.102) where a large increase in the width of the main
shear cracks was noticed, peak load reached was ~ 105 kips. The column was taken to
two cycles at ductility 3 (Figures 6.103 and 6.104) where the strength degradation and
concrete damage due to the large dilation of the column was quite large. Figure 6.105
shows the condition of the specimen after the test, it is seen that transverse and
longitudinal reinforcement is exposed in a large portion of the column.

Figure 6.96 BSH-89C before test
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Figure 6.97 BSH-89C after the cycle at 3 fy' /4 (cold)

Figure 6.98 BSH-89C after the cycle at fy' (cold)

Figure 6.99 BSH-89C after the cycles at ductility 1 (cold)
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Figure 6.100 BSH-89C after the cycles at ductility 1.5 (cold)

Figure 6.101 BSH-89C after a cycle at ductility 1.5 (ambient)

Figure 6.102 BSH-89C after the cycles at ductility 2 (ambient)
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Figure 6.103 BSH-89C after the first cycle at ductility 3 (ambient)

Figure 6.105 BSH-89C after instrumentation removal
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6.6.2 BSH-89C Force displacement response

The hysteretic force displacement response recorded during the test is displayed
in Figure 6.106, this figure also shows the theoretical force displacement envelope and
shear strength envelope. Hysteretic loops in solid black lines correspond to the cold part
of the test, i.e. up to the three cycles at ductility 1.5 when the actuator reached its
maximum load. After this point the test was continued at room temperature, hysteretic
loops at room temperature are displayed with a dashed line in Figure 6.106. It may be
said that the specimen failed at the second cycle of ductility 2 where a strength lost of
~33% over the peak load reached in the first cycle at this ductility was observed. Figure
6.107 shows the average first peak envelope, note that there are two different loads that
correspond to ductility 1.5. The larger load (500 kN) correspond to the cold part of the
test and the smaller one (414 kN) to the room temperature part of the test, i.e. the effect
of low temperatures was to increase in 20% the strength of the column. Note that that the
improvement in shear strength at sub-freezing temperatures is larger than the predicted by

the theoretical model.

Figures 6.108 and 6.109 are similar to Figures 6.106 and 6.107 but this time the
shear envelope is calculated using the theoretical force-displacement envelope instead of
the experimental response. Note that this will only change the displacements at which
shear strength degradation starts and ends, and not the actual shear strength. It is seen
from these two figures that the predicted model is still close enough to the actual

response.
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Figure 6.106 BSH-89C Force displacement response and theoretical shear strength envelope
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Figure 6.107 BSH-89C First peak envelope and theoretical shear strength envelope
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Figure 6.109 BSH-89C First peak envelope with shear strength envelope obtained using the

theoretical force-displacement envelope
6.6.3 BSH-89C Curvature profiles

The component to account for the strain penetration effect in the gage length of
the linear potentiometers in the base of the column was found to be 100 mm (4 in). Figure

6.110 shows the match between measured and predicted moment-curvature relation and
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Figure 6.111 shows the curvature profiles calculated at selected ductilities. Dashed lines

represent curvature profiles measured at room temperatures. Note that at ductility 1.5

cold and room temperature profiles are practically the same. As for the other three shear

specimens, curvature distribution up to ductility 1 is mostly uniform along the column.
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Figure 6.110 BSH-89C Moment curvature at column base
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Figure 6.111 BSH-89C Curvature profiles

268



6.6.4 BSH-89C Equivalent plastic hinge length

As mentioned before, the cold test was stopped at ductility 1.5 so there is not
enough data for calculation of an equivalent plastic hinge at low temperatures. Figure
6.112 shows the results obtained for the equivalent plastic hinge length in the room

temperature part of the test. The average value obtained L, =327mm (12.9in) is in

agreement with the value obtained for the specimen BSH-89A L, = 317mm (12.5in).
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Figure 6.112 BSH-89C Equivalent plastic hinge length
6.6.5 BSH-89C Deformation components

The variation of flexural and shear components of column tip displacement with
increasing drift is shown in Figure 6.113. This figure also compares the sum of the
components with the displacement directly measured by a string potentiometer in the tip
of the column. It is seen that shear components of deflection are negligible at low level of
lateral demand, but when the shear cracks have fully developed at ductility 3 it increases
to about 28% of the total deflection. The sum of flexural and shear components of
displacement is in reasonably close agreement with the measured displacement,

underestimating the true value in all cases.

Figures 6.114 to 6.117 compare the shear and flexural deformation components

measured during the test with the deformations predicted by the theoretical models, the
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comparison is done as function of the total displacement and also as a function of the
applied lateral load. Predicted flexural deformations are very close to the measured
values. In the case of the shear induced deflections the measured values are always below
the predicted ones. As for specimen BSH-89A we believe the predicted shear deflections
are right and the discrepancy is due to inaccuracies in the experimental data collected,
perhaps due to interference of the concrete damage in the readings of the diagonal linear

potentiometers.
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Figure 6.113 BSH-89C Deformation components
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Figure 6.114 BSH-89C measured and predicted shear deformation components as function of the

total displacement
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Figure 6.117 BSH-89C force vs. flexural displacement envelope
6.6.6 BSH-89C Strains on longitudinal steel

There was not enough reliable data to generate strain profiles of the longitudinal
bars. Figures 6.118 and 6.119 present the strain history recorded by strain gages placed in
the top and bottom bar, respectively. Strain histories are presented only up to ductility
1.5, i.e. the cold part of the test. Strain gauges in longitudinal bars did not work after this
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point presumably due to the amount of water present in the specimen after the deicing

process. It is seen from these graphs that at ductility 1.5 the main bars has barely reach
the yield strain.
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Figure 6.118 BSH-89C top bar strain history at 58 mm (2.3 in) from the base
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Figure 6.119 BSH-89C bottom bar strain history at 50 mm (2 in) from the base

6.6.7 BSH-89C Strains on transverse steel

Information collected from the strain gages placed in the spiral is presented in the
form of strain histories as there was not enough reliable data to generate strain profiles.
Figure 6.120 displays the strain history recorded by a strain gage placed on the top side of
the spiral at 330 mm (13 in) from the base of the column. In this figure, the black solid
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line represents the strain history registered during the cold part of the test (up to 1.5) and
the dashed line represents the strain history recorded during the room temperature part of
the test. Note that there is an increase in the strain when going from the low to room
temperature condition due to thermal dilation of the steel. It seen that the spiral reached
the yield strain during the cycles at ductility 2 and it increases to more than twice the
yield strain during the first cycle at ductility 3.

Figure 6.121 shows the strain history recorded by a strain gage placed on the left
side of the spiral at 42 mm (1.7 in) from the base of the column. As for Figure 6.120, the
black solid line represents the strain history registered during the cold part of the test (up
to 1.5) and the dashed line represents the strain history recorded during the room
temperature part of the test. Note that the strains recorded are very low, barely reaching
the yield strain. This is due to closeness of this point to the base of the column, as noticed
in the others shear specimens the largest shear strains are developed in a region 250-350
mm (10 -14 in) away from the base. Unfortunately, strain gages placed in this zone did

not work properly for this specimen.
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Figure 6.120 BSH-89C confinement induced strain history in top face of spiral at 330 mm (13 in)

from the base
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Figure 6.121 BSH-89C shear induced strain history in left face of spiral at 42 mm (1.7 in) from the

base
6.7 Comparison of units BSH-89A and BSH-89C

Figure 6.122 compares the hysteretic force displacement response of both
specimens and Figure 6.123 the average first peak envelope. From these graphs it is

noticed that:

. Elastic stiffness of the cold specimen is 35% larger than the measured for the

room temperature unit.

" The cold specimen exhibited an increase of 32% in the shear strength when

compared to the room temperature one.

" Not much can be said regarding the displacement capacity and strength
degradation of the specimens as the cold test was stopped at ductility 1.5 for the reason

earlier explained.

" It is seen from Figure 6.124 that the strength degradation over cycles at the same

level of ductility demand decreases at low temperatures.
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Figure 6.122 BSH-89A and BSH-89C hysteretic responses
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Figure 6.124 BSH-89A and BSH-89C three cycles envelope

Figure 6.1.25 presents the shear and flexural components of deformation for the
cold and room temperature tests. It is seen that there was basically no change in the

deformation components due to the low temperature.
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Figure 6.125 BSH-89A and BSH-89C three cycles envelope

Figures 6.126 and 6.127 analyze the energy dissipation properties of the units. It
is seen from these graphs that up to ductility 1.5 the room temperature specimen

exhibited better dissipation properties than the cold one, most likely because up to this
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level of demand the cold specimen was responding mainly elastic (remember that target
displacements are calculated based on room temperature material properties and the
response of the room temperature specimen). However, these differences become
minimal when the damping values are corrected to use in direct-displacement based
design (Figure 6.128).
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Figure 6.127 BSH-89A and BSH-89C hysteretic damping
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Figure 6.128 BSH-89A and BSH-89C corrected damping

From Figure 6.129 can be seen that low temperatures did not affect the curvature
distribution of short shear dominated columns. As mentioned before there was not
enough data to calculate an equivalent plastic hinge at low temperature conditions.
Therefore, equivalent plastic hinge lengths displayed in Figure 6.130 correspond to room
temperature conditions. However, this figure works to verify the validity of the Ipot’s
data recorded during both tests.
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Figure 6.129 BSH-89A and BSH-89C curvature profiles
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Figure 6.130 BSH-89A and BSH-89C equivalent plastic hinge lengths

Figure 6.131 shows the shear induced strain history recorded by strain gages
placed in the spiral of the specimens at ~50 mm (2 in) from the column base. It is seen
that up to ductility 1.5, the strains induced in the spiral of the room temperature specimen
are three times larger than the strains measured in the cold test. This implies that up to
this level of demand shear stresses in the cold specimen are mostly resisted by the
concrete, i.e. the effect of low temperatures was to increase the shear strength of the
concrete. This can be corroborated by looking at the condition of both specimens after the
cycles at ductility 1.5 in Figure 6.132. Note that concrete damage is more severe in the
room temperature unit. Finally, Tables 6.4 and 6.5 summarize the results obtained in both

tests.

280



strain [x107]

25

0.5¢

25 w w T

strain [x10'3]

(a) BSH-89A [22°C/72°F] b) BSH-89C [-36°C/-33°F]

Figure 6.131 BSH-89A and BSH-89C shear induced stain history

Figure 6.132 BSH-89A and BSH-89C after the cycles at ductility 1.5
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Table 6.4 Summary of results obtained (Load control phase)

Average Average tip displacement [mm]

Cycle Lat. Force [KN] +22°C | -36°C | -36°C/+22°C
0.25fy' 84.1 1.2 0.9 0.73
0.5fy" 163.0 3.0 2.2 0.74
0.75fy" 246.1 5.5 4.1 0.74
Fy' 324.5 8.6 6.2 0.71

Table 6.5 Summary of results obtained (Displacement control phase)

Average First cycle average lateral force [KN]
Cycle | Displacement [mm] | +22°C | -36°C -36°C / +22°C
ul 9.8 3475 | 4294 1.24
ul.5 14.1 378.0 500.0 1.32
M2 19.1 361.1 445.6 1.23
u3 30.4 312.6 313.1 1.00

6.8 Revised predictive models

Table 6.6 summarizes the predicted and experimental shear strengths for the four

tests. It is seen that the predicted shear strengths are in close agreement with the shear

strength measured during the test of room temperature specimens. However, the model

underestimates the shear strengths of the cold units. As will be shown next through an

analysis of the shear strength components, this is mainly cause to a major improvement in

the concrete shear resisting mechanism at low temperatures that is not captured by the

model.

Table 6.6 Predicted and experimental shear strengths

T Vth Vexp
Test # UNIT S . X X Vexp/Vth
[°CI | [°F] | [kN] | [Kips] | [kN] | [Kips]
1 DSH-87A | +22 | +72 | 288 | 64.7 | 297 | 66.7 1.03
2 DSH-87C | -36 | -33 | 325 | 73.0 | 356 | 80.0 1.10
3 BSH-89A | +22 | +72 | 363 | 81.6 | 387 | 87.0 1.07
4 BSH-89C | -36 | -33 | 416 | 93.5 | 500 | 112 1.20
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6.8.1 Shear strength components

The total shear Vs carried by the transverse steel is usually calculated from the
hoop strains measured at different heights of the column. As mentioned before, the
majority of strain gages placed on the transverse steel of the cold units did not work
properly. Therefore, average strains in the spirals were calculated from the shear
deformations measured in the specimen and then used to calculate Vs at different level of
lateral demand during the test. The axial load contribution to shear strength V, is
calculated as the lateral component of the compression strut as explained in Chapter 11,
the neutral axis depth at different levels of lateral demand is obtained from a moment-
curvature analysis. The concrete contribution V. is then obtained by subtracting from the
total shear the other two components (Vs and Vp). Results obtained are displayed in
Figure 6.133. Shown in this figure are also the shear force at which inclined flexure/shear
cracking was first observed (V) and the shear strength provided by the concrete
according to the revised UCSD model (obtained with the corresponding temperature
dependent material properties). It is seen that the concrete contribution V. is largely
increased in the units tested at sub-freezing temperatures, peak contributions increased by
30% and 34% in the DSH and BSH units, respectively. The predicted V. is in close
agreement with the exhibited by the room temperature units; however, it underestimates
the improvement in the concrete shear resisting mechanism at to low temperatures

(although low temperature material properties were used for the prediction).
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Figure 6.133 Column shear capacity components versus ductility.

6.8.2 Evaluation of shear design models

Shear strengths exhibited by the four units are also compared with the AASHTO

design shear strengths calculated using the recommended LRFD guidelines for the

seismic design of highway bridges. Equations 6.1 to 6.6 summarize the procedure

recommended by AASHTO to calculate shear design strengths. Note that these equation

are available in US customary units (kips, in) exclusively and are presented as such. In

this model the shear column strength capacity (Eq. 6.1) is calculated as the summation of

the shear capacities provided by the concrete V. (Eg. 6.2) and the transverse steel Vs (Eq.

6.6). The effect of the axial load is considered when determining the shear strength of the
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concrete (Eq. 6.3), concrete shear strength degradation associated with inelastic demands

is taking into account by means of the factor « (Eq. 6.4).

N, =085V, +V,) (6.1)

C

V, =v,A =v,(0.8A,) (6.2)

v, = 0.0320{1+ %}/Tg <min(0.11y/ f, ,0.047a4/,) (6.3)
g

_(p.1,,<0.39)

0.3< +3.67—u<3 6.4
a T u (6.4)
4A,
= 6.5
Ps =D (6.5)
A _f D'
V, zﬁ[&j (6.6)
2 S

In Equations 6.5 and 6.6, D’ is the core diameter measured from spiral center.
AASHTO design shear strengths are compared with the experimental results obtained in
this research in Table 6.7, presented in this table are also the shear strengths obtained
using the revised UCSD model for design. Note that these equations are intended for
design and not assessment purposes. Design shear strengths were calculated using the
appropriate temperature dependent material properties. For the AASHTO provisions, an
average measured/model shear strength ratio of 1.74 was obtained for the room
temperature units and 1.90 for the cold temperature units. In the case of the revised
UCSD design model, average ratios of 1.48 and 1.61 were obtained for the room and cold

temperature units, respectively.
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Table 6.7. Experimental and design shear strengths

UNIT T Vexp vdi vd2 Vexp/Vdl Vexp/Vd2
[°C] [°F] [kN] [Kips] [kN] [Kips] [kN] [Kips]
DSH-87A +22 +72 297 66.7 162 36.3 202 454 1.84 1.47
DSH-87C -36 -33 356 80.0 181 40.7 229 515 1.97 1.55
BSH-89A +22 +72 387 87.0 238 534 261 587 1.63 1.48
BSH-89C -36 -33 500 112 271 609 299 67.2 1.84 1.67

Vexp = experimental shear strength, Vd1 = AASHTO design shear strength,
Vd2 = UCSD revised model design shear strength

6.9 Final discussion and concluding remarks

This chapter presented the experimental results from the testing of two pair of
short shear dominated columns. One pair of columns was deigned to fail by shear at low
level of ductility demand (brittle shear failure), while the other pair was designed to fail
by shear at large levels of ductility demand (ductile shear failure). The only variable
between columns of the same pair was the temperature of the specimen during the test;
one of the columns was tested at normal room temperature conditions (~22°C, 72°F)
while the other was tested under freezing conditions (~-36°C, -33°F). Specimens tested at
low temperatures exhibited an increase in its shear strength; the amount of this increase
was larger in the brittle shear units (32%) than in the ductile shear units (20%).

Even though it was shown in Chapters IV and V that flexural strength increases at
low temperatures thus resulting in an increased shear demand, the shear capacity
increases at an even higher proportion, thus delaying the onset of shear failure at low
temperatures. In the case of the ductile shear units, the cold specimen sustained cyclic
deformations 33% larger than the warm unit. The brittle shear cold test units couldn’t be
tested to failure because the maximum load of the actuator was reached. Nonetheless,
based on the information collected up to 1.5 and the condition of the specimen at this
point, a similar behavior can be anticipated. Note that this is opposite to the found for
flexurally dominated specimens in Chapters IV and V where a reduction in the
displacement capacity of the members tested at low temperatures was identified. This
reduction was attributed mainly to a reduction in the spread of plasticity and equivalent

plastic hinge length of the cold flexural units; however, such reduction was not observed
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in the case of the shear dominated members. It is believed that such reduction was not
observed in the shear dominated members because the contribution of shear induced
deformation into the total measured deflection was quite considerable (~30%), while for
the flexurally members was negligible. Also, the reduced clear length of the column
caused the shear and flexural cracks to cover the whole length of the column leaving no
space for a possible reduction in the spread of plasticity of the columns tested at low

temperatures.

Specimens tested at low temperatures also exhibited an increase of 56% (ductile
units) and 35% (brittle units) in the elastic stiffness. A slightly reduction in the strength
degradation over repetitive cycles at the same level of ductility was noticed when the
specimens were tested at low temperatures. No major changes were noticed in the in the

dissipation properties of the specimens tested at low temperatures.

The observed increase in shear strength of the columns tested at low temperatures
was in some way expected as past research (Chapter I) have shown mechanical properties
of plain concrete and reinforcing steel to improve at low temperatures. Current available
models for assessment and design of shear strength in RC columns under seismic actions
become conservative when the columns are exposed to sub-freezing temperatures even if
the increase in concrete compressive strength and steel yield stress due to low
temperatures are taking into account. It was shown that the assessment shear model was
mainly underpredicting the contribution of the concrete shear mechanism, presumably
because the concrete tensile and fracture properties are not taken directly into account by
the method but through the compressive strength; however, past research has show
tensile strength and fracture properties to improve at low temperatures at a proportion

even larger than it does for the compressive strength (Lee et al. 1998).
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CHAPTER VII

SEISMIC BEHAVIOR OF REINFORCED
CONCRETE BRIDGE BENTS AT LOW
TEMPERATURES

7.1 Introduction

Chapters IV to VI discussed the results obtained from the testing under cyclic
reversals of 13 large scale circular bridge columns while subjected to room temperatures
(~20°C, 68°C) and sub-freezing temperatures (~-40°C, -40°C), these results are used in
this Chapter to model typical bridge bents used by the Alaska Department of
Transportation (DOT). First, the results obtained from the experimental tests are
summarized and used to calibrate a fiber-based lumped plasticity model capable of
simulating the response of reinforced concrete (RC) circular columns to cyclic load
reversals while subjected to sub-freezing temperatures. Once the simulation model is
calibrated against the experimental results, it is used to analyze typical bridge bents used
by the Alaska DOT. In order to determine the impact of sub-freezing temperatures on the
seismic response of RC bridge bents, the bent models are subjected to inelastic lateral
pushovers and to a series of incremental inelastic time history analyses using spectrum

compatible records.
7.2 Review of experimental results

A total of 10 RC columns were tested as part of this research. In addition, three
column tests conducted in a pilot study (Sloan 2005, Montejo et al. 2008a) were also re-

analyzed. The test units being analyzed can be divided into three groups according to
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their structural behavior: (1) Flexural-dominated ordinary reinforced concrete columns
(Montejo et al. 2008b), (2) Flexural-dominated reinforced concrete filled steel tube
columns (Montejo et al. 2008b) and (3) Shear-dominated ordinary reinforced concrete
columns (Montejo et al. 2008c). The term ordinary reinforced concrete (ORC) columns
refer to conventional circular RC columns in which transverse reinforcement is in the
form of spirals. In reinforced concrete filled steel tube (RCFST) columns a steel tube is
used as formwork during casting of the concrete. In the majority of the cases a gap is left
between the steel tube and the beam—column joint or foundation, so that the steel tube is
only providing shear and confinement strengths to the column, and not (in a direct way)
flexural or axial strength, which are provided by the concrete and the longitudinal bars.

7.2.1 Flexural-dominated ordinary reinforced concrete column

Table 7.1 summarizes the properties of the four flexural units analyzed. Although
Sloan (2005) tested four identical units at different temperatures, we are only presenting
here the extreme temperature cases (20°C and -40°C). The primary differences between
each pair of columns are the amount of longitudinal steel and axial load. A detailed
analysis of the experimental results was previously presented in Chapter 1V and by Sloan
(2005). Figures 7.1 and 7.2 compare the average first cycle envelopes for the warm and
cold units, along with the envelopes are the theoretical monotonic envelope calculated
using the equivalent plastic hinge method (Priestley et al. 2007). Results obtained from
the experimental program indicated that flexural-dominated ORC columns exposed to the
combined effect of cyclic reversals and low temperatures exhibited an increase in the
flexural strength accompanied by a reduction in the spread of plasticity; no effect of
temperature on the energy dissipation properties was found. The increase in the flexural
strength of the columns can be explained by the increase in the strength of plain concrete
and steel reinforcement when exposed to sub-freezing temperatures. The amount of this
increase was of 16% in the light reinforced columns and 14% in the heavy reinforced
columns. The reduction on the spread of plasticity at low temperatures was evident from
the condition of the specimens after the test and confirmed with the curvature profiles
obtained during the tests and the calculation of equivalent plastic hinge lengths. The

reduction in the hinge length caused an increase in the initial stiffness and a reduction in

289



the displacement capacity of the cold specimens; this was especially evident in the lightly
reinforced units tested without axial load (Figure 7.1). It was proposed in Chapter IV to
reduce the equivalent plastic hinge length by a factor of 0.57 as shown in Equation 7.1
(which was first introduced in Chapter IV as Equation 4.3). Theoretical predictions in
Figures 7.1 and 7.2 were obtained using the reduced plastic hinge length for the cold
units and the appropriate temperature-dependent material properties (Tables 2.5, 2.7 and
4.2). Identified in the theoretical predictions were the stages when the extreme tension
reinforcement in the base of the column reached the yield strain, and strains of 0.015 and
0.07, which define the first yield, serviceability and damage control limits, respectively
(Kowalsky, 2000). Note that the behavior of the cold units can be predicted if the
appropriate low temperature material properties and the reduced equivalent plastic hinge

length are used.

L, =kL+Lg, >2L room temperatures

L, = 0.57(kL +L, > 2L5p) subfreezing temperatures

sp —

(7.1)

where:

L, =0.022fd, f,<fy (MPa)

k= 0.2(% —1} <0.08

y

In the above equations, L is the distance from the base to the inflection point, f, is
the expected longitudinal bar yield stress, fs, is the expected longitudinal bar tensile
strength, fs is the tensile stress in the longitudinal bars and dy is the diameter of the

longitudinal bar.
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Table 7.1 Flexural dominated ORC columns

AVG. | LONG. | 1p ANSVERSE AXIAL

UNIT | 1epmp. | STEEL! 1 oree) RATIO LOAD/

| RATIO RATIO

SL-P20 | 74°F 8#5 | #3@64mm (2.5in) No
23°C 1.0% 1.1%

SL-M40 | -40°F 8#5 | #3@64mm (2.5in) No
40°C | 1.0% 1.1%

. . 220kN

+22°C 8#9 | #3@60mm (2.4in) .

FLBIA | 72k | 31% 1.2% (49Kips)

6.2%

. . 218KkN

-36°C 8#9 | #3@60mm (2.4in) .

FL8IC | a3k | 31% 1.2% (45';:;25)

*For all units: Diameter: 457mm (18in) Cantilever length: 1651mm (65in)

[in]
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150 4133.7
rebar fracture
s |\ glmemmmmn
= 100+ 1225
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8 50t l11.2
vV oig = sy
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S
0 50 100 150

Lateral displacement at top of column [mm]

Figure 7.1 Average first cycle envelopes and theoretical envelopes for units SL-P20 and SL-M40.
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Figure 7.2 Average first cycle envelopes and theoretical envelopes for units FL-89A and FL-89C.

7.2.2 Flexural-dominated reinforced concrete filled steel tube

columns

Table 7.2 shows the test matrix for the RCFST columns tested in this research.
Main difference between pairs of identical columns was the amount and properties of the
longitudinal steel. While one pair of columns was reinforced with 8#9 bars having a yield
stress of 558 MPa (81 ksi), the other was reinforced with 8#7 bars with a yield stress of
442 MPa (64 ksi). Figures 7.3 and 7.4 show the average first cycle envelope along with
the calculated monotonic envelope. A detailed analysis of the experimental data was
presented in Chapter V. The effect of low temperatures on the seismic behavior of
RCFST columns was found to be similar to that described for ORC columns, i.e. the cold
specimens exhibited an increase in the initial stiffness and flexural strength when
compared to the room temperature units. Low temperature average flexural strength
increase on the RCFST columns was of 9%. Failure of the cold specimens was more
brittle as it involves fracture of the longitudinal reinforcement which was not observed in
the room temperature units. A significant reduction of the equivalent plastic hinge length
of the RCFST columns when compared to the values obtained for ORC columns was
detected. From the experimental results the following expression was proposed to

calculate the equivalent plastic hinge length in RCFST columns:
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L, =9.3d,

fSLI_I_
£t

y

(7.2)

Where dy, is the diameter of the bar and g the gap between the steel tube and the adjacent

member, both in mm; f, and fy, are the expected yield stress and expected tensile strength

of the reinforcing bar, respectively. As no change in L, was detected during the cold tests

of the RCFST specimens compared to the room temperature tests, assessment of the

behavior of this type of columns at low temperatures can be performed using the

equivalent plastic hinge length predicted by Equation 7.2 without any correction for

reduced temperatures. As for the flexural-dominated ORC columns, it is seen from

Figures 7.3 and 7.4 that the response of RCFST columns subjected to low temperatures

and lateral loads can be adequately predicted if the appropriate low temperature material

properties and equivalent plastic hinge length are utilized.

Table 7.2 Flexural dominated RCFST columns

UNIT | TEMP. | LONG. | TRANSV. STEEL/RATIO AXIAL
STEEL/ LOAD/
RATIO RATIO
RCFST 22°C 8#9 #3@60mm (2.4in) 231 kN
89A 72°F 3.1% 9.5mm (3/8in) th. steel tube | (51.9 kips)
(1.2+8.5)% 5.9%
RCFST | -36°C 8#9 #3@60mm (2.4in) 219 kN
89C -33°F 3.1% 9.5mm (3/8in) th. steel tube | (49.2 kips)
(1.2+8.5)% 3.3%
RCFST 22°C 8#7 #3@60mm (2.4in) 226 kN
87A 72°F 2.1% 9.5mm (3/8in) th. steel tube | (50.8 kips)
(1.2+8.5)% 5.7%
RCFST | -36°C 8#7 #3@60mm (2.4in) 231 kN
87C -33°F 2.1% 9.5mm (3/8in) th. steel tube | (51.9 kips)
(1.2+8.5)% 3.5%

*For all units: Diameter: 457mm (18in) Cantilever length: 1651mm (65in)
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Figure 7.3 Average first cycle envelopes and theoretical envelopes for units RCFST-89A and RCFST-
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Figure 7.4 Average first cycle envelopes and theoretical envelopes for units RCFST-87A and RCFST-
87C.

7.2.3 Shear-dominated reinforced concrete columns

The test matrix of the shear dominated columns tested in this research is displayed
in Table 7.3. The units were detailed to fail by shear at low levels of ductility (brittle
shear BSH units) and larger levels of ductility (ductile shear DSH units). Figure 7.5
shows the average first peak envelopes along with force-displacement prediction and the
theoretical shear strength envelope (Kowalsky and Priestley, 2000). The point of shear
failure (if any) is given by the intersection between the force-displacement response and

the shear strength envelope. In general, it was found that specimens tested at low
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temperatures exhibited an increase in its shear strength; the amount of this increase was
larger in the brittle shear units than in the ductile shear units. It was shown in Chapter VI
that the assessment shear model was generally underpredicting the contribution of the
concrete shear mechanism, presumably because the concrete tensile and fracture
properties are not taken directly into account by the method but through the compressive
strength; however, past research (see literary review in Chapter I) has show tensile
strength and fracture properties to improve at low temperatures at a proportion even
larger than it does for the compressive strength. It is important to notice that although it
has been shown that flexural strength increases at low temperatures, thus resulting in an
increased shear demand, the shear capacity increases at an even higher proportion, thus

delaying the onset of shear failure at low temperatures.

Table 7.3 Shear dominated reinforced concrete columns

UNIT | TEMP. LONG. TRANSVERSE AXIAL
STEEL/ STEEL/RATIO | LOAD/RATIO
RATIO
DSH | 22°C 847 #3@102mm (4in) 142 kN
87TA | T72°F 2.2% 0.8% 32 Kips
(3.7%)
DSH | -36°C 8#7 #3@102mm (4in) 130 kN
87C | -32°F 2.2% 0.8% 29 kips
(2.5%)
BSH | 22°C 8#9 #3@145mm (5.7in) 135 kN
89A | T72°F 3.8% 0.6% 30 kips
(3.5%)
BSH | -36°C 8#9 #3@145mm (5.7in) 135 kN
89C | -32°F 3.8% 0.6% 30 Kips
(2.6%)
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Figure 7.5 Average first cycle envelopes, theoretical force-displacement envelopes and theoretical

shear strength envelopes for the shear dominated units.
7.3 Finite element modeling of RC structures

Finite element modeling strategies for non-linear material response in beam-
columns members can be classified in two main categories: lumped and distributed
plasticity. In the lumped plasticity model the inelastic deformations are concentrated into
rotational springs at the ends of a linear elastic element. This approach provides an
efficient way of modeling and controlling plastic hinge formation. The drawback to
concentrated plasticity models is that axial force-moment interaction and axial-force

stiffness interaction are separate from the element behavior. Distributed plasticity models
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provide a more general framework for non-linear frame analysis which allow plastic
hinges to form at any location and account for axial force-moment interaction by
integrating the force-deformation response at sections along the element length (Scott and
Fenves, 2006). In distributed plasticity models the behavior at a section level is described
by a fiber model. In the case of modeling the inelastic response of reinforced concrete
members subjected to cyclic lateral loads, enhanced fiber beam-column elements have
been developed over the last several years (Spacone et al. 1996a, b). Figure 7.6 exposes

the differences abovementioned between lumped and distributed plasticity models.

non-linear spring
Spring moment - rotation

Lumped Plasticity Model

Longitudinal steel fibers

Unconfined concrete
cover fibers

~Confined concrete
core fibers

7 Section A-A Material stress - strain
Distributed Plasticity Model

Figure 7.6 Average first cycle envelopes

Distributed plasticity beam column elements can be defined following a
displacement or force based approach. Displacement-based elements followed the

standard finite element approach, where the displacement fields along the element are
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expressed as functions of the nodal displacements. As the assumed displacement field is
approximate several elements per member are required to obtain a good approximation,
especially in zones with high curvature gradients such as the potential plastic hinge zones
in reinforced concrete members. In the force-based formulation the internal force fields
are expressed as functions of the nodal force. It has been shown that force-based elements
are exact within the framework of classical beam theory (Spacone et al. 1996a, b).
Because of its precision, the main advantage of using force-based elements over
displacement-based elements is then the ability to use one force-based element per

structural member to simulate the non-linear behavior of a frame structure.
7.3.1 Fiber-based lumped plasticity model

It has been shown that both, force-based and displacement-based approaches
cause localization of the response when the structural members exhibit elastic-plastic or
strain-softening type behaviors, which is usually the case in RC members (Bazant and
Planas 1998; Coleman and Spacone 2001). In the displacement-based approach inelastic
curvatures are concentrated over a single displacement based element, in the case of
force-based element the inelastic curvatures are localized at a single integration point.
Figure 7.7 presents the response of a cantilever RC column to an increasing lateral
displacement at the top, the column was modeled using force-based elements (a, b) and
displacement-based elements (c, d). Shown in Figure 7.7 are the base shear and the base
curvature response as a function of the lateral displacement. With force-based elements
the column is modeled with a single element and increasing number of integration points
(3, 5 and 8 IP), in the case of displacement-based elements the column is modeled using
an increasing number of elements (3, 5 and 20 E). From Figure 7.7 it is seen that the
force-displacement responses obtained in all the cases are in relatively close agreement in
the elastic range and up to intermediate levels of ductility demand. However, at larger
levels of ductility, an undesirable trend becomes apparent, as the number of integration
points (in the case of force-based elements) or the number of elements (in the case of
displacement-based elements) increases, the strength degradation of the column starts
earlier. This can be explained by looking at the base curvature behavior in Figures 7.7 b

and d. As the number of integration points or the number of elements increases, the
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length of the first integration point or element (where the inelastic behavior is localized)
decreases and larger curvatures are required to achieve a given target displacement.
Larger strains are then imposed in the material fibers accelerating the material softening

or failure.

Base shear

Base curvature

Displacement at top Displacement at top

Figure 7.7 Strain localization problems in distributed plasticity models, force based elements with 3,

5 and 8 integration points (a, b) and displacement base elements with 3, 5 and 20 elements (c, d).

To address localization in force-based elements, Coleman and Spacone (2001)
developed a constant fracture energy localization technique to maintain objective
response for strain-softening behavior as the number of integration points changes. This
regularization method, however, requires a modification of the stress-strain properties of
the constitutive materials based on the number of integration points. Scott and Fenves
(2006) developed a new element integration method that confines nonlinear constitutive
behavior to plastic hinge regions of a specified length while maintaining numerical
accuracy and objectivity. The section response between hinges is assumed linear elastic.
The formulation utilizes the force-based fiber beam column element formulation and is
available in the OpenSees software framework system (McKenna et al. 2000) as the
BeamWithHinges element. As shown in Figure 7.8, the required inputs for this element

are the material fiber properties and the plastic hinge length (L,) for the distributed
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plasticity part of the element, and the modulus of elasticity (E), inertia (I) and cross

section area (A) for the elastic part.

In this research the force-based-fiber lumped plasticity model developed by Scott
and Fenves (2006) is used for the non-linear bridge bents simulations. The model is first
evaluated and calibrated using the experimental data presented in the previous chapters so
that it is capable to accurate predict the response of ORC and RCFST columns exposed to

cyclic lateral loads and low temperatures.

777
—Force-based-fiber sections- ((((((32%331»
N

E,A I =F

node j
W Linear Elastic W

Figure 7.8 Force-based-fiber lumped plasticity element (Scott and Fenves, 2006)
7.4 Material Constitutive Relationships

When a fiber approach is used, separate material rules need to be specified for the
reinforcing steel bars, unconfined concrete and confined concrete; material stress is
assumed constant between integration points along the fiber segment. No prior moment-
curvature analysis is required because the hysteretic response of the section is defined by
the material properties, and hence does not need to be specified. Material models used in

this research are described next; all models used are available in OpenSees.
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7.4.1 Confined and unconfined concrete

Confined and unconfined concrete are modeled with the OpenSees Concrete02

material. The input data required for this model: maximum compressive strength, strain at

maximum strength, crushing strength and strain at crushing, were calculated as proposed
by Mander at al. (1988) and previously described in Chapter Il. Figures 7.9 and 7.10

shows the hysteretic stress-strain relationship for Concrete02 and compares it with the

monotonic Mander envelope.

Stress [MPa]

Stress [MPa]

300
i Mander monotonic envelope
200 \‘ Concrete02
10- l
0 \ 0
0 0.005 0.01 0.015 0.02
Strain
Figure 7.9 Hysteretic model for the unconfined concrete.
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monotonic »”
30’envelopell
'I
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]
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0 0005 001 0015 0.2
Strain

Figure 7.10 Hysteretic model for the confined concrete.
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7.4.2 Reinforcing steel bars

Reinforcing steel bars are modeled using the ReinforcingSteel material (Mohle
and Kunnath, 2006) which was specially intended to be used in a reinforced concrete
fiber section as the steel reinforcing material. The Mohle and Kunnath (2006) steel
constitutive model is based on the steel model proposed by Chang and Mander (1994).
The model can be used to account for: isotropic hardening, diminishing yield plateau and
degrading strength and stiffness due to cyclic reversals. Minimum input data required for
this model are the yield and maximum stress, strain at maximum stress and the strain and
tangent at the on-set of hardening. Figure 7.11 shows the general hysteretic behavior of

the ReinforcingSteel material along with the monotonic envelope by Raynor (2002).

The degradation of strength and stiffness due to cycling is calculated according to
the Coffin and Manson fatigue model through the factors a, C; and Cq4. The damage strain
range constant, «, is used to relate damage from one strain range to an equivalent damage
at another strain range and is constant for a material type. The ductility constant, C;, is
used to adjust the number of cycles to failure. A higher value of C; translates to a larger
number of cycles to failure. The strength reduction constant, Cq, controls the amount of
degradation per cycle. A larger value for Cq4 will result in a lower reduction of strength
for each cycle. Suggested values by Mohle and Kunnath (2006) for bars with a
slenderness (ratio between the bar unsupported length and the bar diameter) of 6 are a =
0.506, C; = 0.26, C4 = 0.38. Berry (2006) calibrated the model constants using the
experimental results from 20 specimens of the bridge-column database (Berry et al. 2004)
in which bar fracture were reported, values recommended by Berry are a = 0.506, C; =
0.26, C4 = 0.45. In general these values are expected to change with the steel type, bar
diameter and the confinement provided to the section. The calibration of the Coffin-
Manson factors with the experimental data obtained in this research is presented in

section 7.5.
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Figure 7.11 Hysteretic model for the reinforcing steel.

7.4.3 Steel tube in RCFST columns

As mentioned earlier in Chapter V, the RCFST columns tested in this research
were designed to emulate typical bent columns of Alaska DOT bridges. As shown in
Figure 7.12 (Figure 5.1 in Chapter V), the tests simulate the part of the column from the
cap beam to the inflection point where the steel tube is providing only confining and
shear strength to the column. The behavior of in-ground hinges, where the steel tube is
providing flexural strength to the column, was not experimentally investigated in this
project (ongoing research at NCSU is dealing with this topic). As there is not sufficient
experimental data available to calibrate a material model that includes strength
degradation, the steel tube is modeled using the same ReinforcingSteel material used to

model the reinforcing bars but without including the strength degradation part.
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Figure 7.12 Prototype structure and its representative test model.
7.5 Calibration of the fiber based lumped plasticity model

The experimental results from the testing of the 8 flexural dominated units
described in section 7.2 are used to calibrate the parameters of the fiber based plasticity
model, more precisely the strength degradation parameters for the reinforcing steel.
Concrete and steel material properties (strains and strengths) used for the non-linear
cyclic simulation are the same used to generate the theoretical monotonic envelopes in
Chapters IV to VI. Plastic hinge lengths used for the distributed plasticity part of the
BeamWithHinges (Figure 7.8) element are those calculated from the experimental results
and used to develop Equations 7.1 and 7.2. The elastic part of the element is modeled
with the effective section inertia (Ele) which is calculated from the moment-curvature
response of the section as the slope of the line from the origin to the point of first yield of
the longitudinal steel. Table 7.4 summarizes the material properties and plastic hinge

length used for the simulations.

Optimal values obtained for the factors a, C; and Cq4 are displayed in Table 7.5.
Notice from this table that in the case of the ORC columns (SL-P20, SL-M40, FL 89A
and FL 89C), the values of a, C; and Cy4 were kept constant for each pair of identical
specimens. That is, for the ORC columns the effect of low temperatures was captured by
just incorporating the increase in the strength of the constitutive materials and the
reduction in the plastic hinge length. However, in the case of the RCFST columns where
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no reduction in the plastic hinge length at low temperatures was incorporated, the values
of a, C; and C4 were needed to be change within identical columns to capture the brittle
behavior of the cold specimens. In general the factor’s values vary with the steel type, bar
diameter and column transverse detailing. To limit the number of variables, the steel
degradation factors are kept constant for all the simulations. The values used are those
proposed by Berry (2006) o = 0.506, C; = 0.260 and Cy4 = 0.45.

The results obtained from the simulations are presented in Figures 7.13 to 7.20.
For each unit the force-displacement hysteretic response, the average force-displacement
first cycle envelope, the area-based hysteretic damping and the base curvature response
were calculated and compared with the experimental results. It is noticed that both the
global response (force-displacement) and the local response (base curvatures) obtained
from the finite element model, are in close agreement with the experimental results.
Regarding the dissipative properties, which were analyzed via area-based hysteretic
damping, it is seen that they are generally overpredicted by the finite element model. The
predicted hysteretic loops are fatter than the actual loops mainly because the model used
does not capture the pinching due to bar slipping at the base. In flexural concrete
members, strain penetration occurs along longitudinal reinforcing bars that are fully
anchored into connecting concrete members, causing bar slips along a partial anchoring
length and thus end rotations to the flexural members at the connection intersections.
Ignoring the strain penetration in linear and nonlinear analyses of concrete structures may
underestimate the member deflections and overestimate the stiffness, hysteretic energy
dissipation capacities and section curvature (Zhao and Sritharan, 2007). Although a
hysteretic model has been proposed to account for the strain penetration effect (Zhao and
Sritharan, 2007), the implementation of this model in OpenSees still presents serious
numerical instabilities and for such reason was not used in the simulations. The strain
penetration effects on deflections, stiffness and curvature were accounted for by
including the strain penetration length in the plastic hinge length used.
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Table 7.4. Material properties and plastic hinge lengths used for the simulations

CONCRETE LONG. BAR LONG. BAR PLASTIC
UNIT TEMP. COMPRESSIVE YIELDING ULTIMATE HINGE
STRENGTH (') | STRESS(f,) | STRENGTH (f,) | LENGHT (L,)
0 39.2 MPa 503 MPa 689 MPa 351 mm
SL-P20 23 C
T74°F 5.7 ksi 73 ksi 100 ksi 13.8in
o 64.8 MPa 565 MPa 772 MPa 226 mm
SL-M40 40 C
-40°F 9.4 ksi 82 ksi 112 ksi 8.9in
o 21.4 MPa 558 MPa 703 MPa 411 mm
FLgoA | T22C
+72°F 3.1 ksi 81 ksi 102 ksi 16.2 in
o 27.6 MPa 627 MPa 778 MPa 264 mm
FLsoc | 30C
-33°F 4 Kksi 91 ksi 113 ksi 10.4 in
RCEST 99°C 26.2 MPa 558 MPa 703 MPa 226 mm
89A 72°F 3.8 ksi 81 ksi 102 ksi 8.9in
RCEST | -36°C 44 MPa 627 MPa 778 MPa 226 mm
89C -33°F 6.4 Kksi 91 ksi 113 ksi 8.9in
RCEST 99°C 26.2 MPa 442MPa 675MPa 190 mm
87A 72°F 3.8 ksi 64ksi 98ksi 75in
RCEST | -36°C 44 MPa 490 Mpa 741 MPa 190 mm
87C -33°F 6.4 ksi 71 ksi 108 ksi 75in
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Table 7.5. Coffin-Manson fatigue model factors obtained from calibration of the experimental results

Bar #9 fy = 558 MPa #7 fy =442 MPa | #5 fy = 503 MPa
type ASTM A615 ASTM A615 ASTM A706
. FL FL | RCEST | RCFST | RCEST | RCFST
Unit | g9 | goc | 89A 89C 87A g7c | St P20 | SLM4O
C; | 034 | 034 | 037 0.3 0.37 0.3 0.22 0.22
a 051 | 051 | 051 0.51 0.48 0.48 0.48 0.48
C, | 045 | 045 | 045 0.36 0.45 0.36 0.30 0.30
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Figure 7.13 Experimental vs. simulated: (a) hysteretic response, (b) average first cycle envelope, (¢)

area based hysteretic damping and (d) base curvature ductility for SL-P20.
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Figure 7.14 Experimental vs. simulated: (a) hysteretic response, (b) average first cycle envelope, (c)

area based hysteretic damping and (d) base curvature ductility for SL-M40.
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Figure 7.15 Experimental vs. simulated: (a) hysteretic response, (b) average first cycle envelope, (c)

area based hysteretic damping and (d) base curvature ductility for FL 89A.
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Figure 7.16 Experimental vs. simulated: (a) hysteretic response, (b) average first cycle envelope, (c)

area based hysteretic damping and (d) base curvature ductility for FL 89C.
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Figure 7.17 Experimental vs. simulated: (a) hysteretic response, (b) average first cycle envelope, (c)

area based hysteretic damping and (d) base curvature ductility for RCFST 87A.
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Figure 7.18 Experimental vs. simulated: (a) hysteretic response, (b) average first cycle envelope, (c)

area based hysteretic damping and (d) base curvature ductility for RCFST 87C.
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Figure 7.19 Experimental vs. simulated: (a) hysteretic response, (b) average first cycle envelope, (c)

area based hysteretic damping and (d) base curvature ductility for RCFST 89A.
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Figure 7.20 Experimental vs. simulated: (a) hysteretic response, (b) average first cycle envelope, (c)

area based hysteretic damping and (d) base curvature ductility for RCFST 89C.
7.6 Equivalent plastic hinge lengths for RCFST columns

As mentioned in section 7.3.1 (Figure 7.8), the beamWithHinges element (Scott
and Fenves, 2006) selected to model the bridge bent columns required the definition of an
equivalent plastic hinge length (L,) over which the inelastic deformations are
concentrated. In the case of ordinary reinforced concrete columns (ORC), the value of L,
for warm or sub-freezing conditions can be obtained from Equation 7.1. When reinforced
concrete filled steel tube columns (RCFST) are used, Equation 7.2 was obtained from
experimental results of this research to define L, in the top hinge (Figure 7.12), where a
gap is left between the steel tube and the adjacent member. However, to the authors
knowledge there is no expression available to define L, when the steel tube is providing
flexural strength to the column. This situation can occur in two different scenarios: (1) in-
ground hinges of RCFST columns used as pile/columns (Figure 7.12) and (2) when the
steel tube is specially connected to the adjacent member so it can develop its flexural

capacity.
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7.6.1 Equivalent plastic hinge length and depth to fixity of RCFST

pile/columns

Reinforced concrete pile or drilled shaft bents are a type of bridge substructure in
which the piles or columns are extended from the superstructure continuously below
grade (Figure 7.12). Under lateral seismic loading, the location of the maximum moment
and formation of the in-ground plastic hinge depend on the relative lateral stiffness of the
pile to the soil and are expected at depth ranging from 1.5 to 4.5 times the diameter of the
pile/column (Priestley et al. 1996, Chai 2002). The common seismic design practice is to
simplify the soil-structure interaction problem by considering the piles or shafts within
each bent to be fixed at an estimated depth below the ground surface. This simplification
is made in an attempt to account for the flexibility that the soil adds to the bent while
avoiding difficult soil modeling issues. Several procedures have been proposed for the
estimation of an equivalent length to fixity, plastic hinge length, yield displacement and
equivalent viscous damping (Davison and Robinson 1965, Chen 1997, Budek et al. 2000,
Chai 2002, Suarez and Kowalsky 2007). However, all of these studies are based on
experimental results or computer simulations of ordinary reinforced concrete
columns/piles and no expressions or procedures to define the properties of the equivalent
cantilever model are available in the case of RCFST columns/piles. To overcome this
limitation an expression to define the diameter (Deg) of an equivalent ORC column
capable of replicate the behavior of a given RCFST column is developed in this research.
Once the equivalent diameter is obtained any of the existing procedures can be used to
determine the length to fixity, plastic hinge length, yield displacement and equivalent

viscous damping.

As shown in Table 7.6, six different pile configurations were analyzed.
Differences between each configuration included section diameter, height - diameter ratio
(H/D), diameter - steel pipe thickness ratio (D/t), axial load ratio (ALR) and longitudinal
reinforcement ratio (p). Non-linear pushover analyses were performed using OpenSees
(McKenna et al. 2000), the columns were modeled using fiber-based distributed plasticity

elements and the non-linear response of the soil was modeled using lateral springs with
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appropriate p-y curves. Two different types of soils were used in the analyses: (1) Sand,
with a unit weight of. 16.7 kN/m* and a friction angle of 30 degrees, and (2) Clay, with a
unit weight of 17 kN/m?® and undrained shear strength of 40 kPa. An iterative procedure
was implemented to obtain the equivalent diameter: First, the responses (lateral
deflections and moments profiles) of a RCFST pile/column and an ORC pile/column with
the same section diameter and reinforcing steel are normalized to the maximum absolute
value and compared. The diameter of the ORC pile/column is then increased (while
keeping the soil springs stiffness constant) until an acceptable match with the normalized
response of RCFST pile/column is reached. Comparisons of the responses is done at the
same level of ductility demand (x=1), determined by the stage of lateral displacement at
which the maximum curvature in the column reaches the section yield curvature. It was
found that the equivalent diameter (Deg) is directly related to the ratio of the effective
stiffness (Eles) of the RCFST column and the ORC column of equal diameter as shown in
Equation 7.3. It is seen from Equation 7.3 that the effective stiffness of the ORC pile was
needed to be increased by a factor of 1.4, in part, to account for additional confinement
provided by the soil to the cover concrete. The values of effective stiffness are calculated
from the moment-curvature response of the sections as the slope of the line from the
origin to the point of first yield of the longitudinal steel, in ORC columns, or first yield of
the steel tube, in RCFST columns. Figures 7.21 to 7.26 show the results obtained for each
of the cases presented in Table 7.6. Note that in the RCFST pile/columns the maximum
moment location is deeper and the curvature is flatter than the exhibited by the ORC
pile/columns, thus ultimate displacement capacity will be larger for RCFST than for ORC

pile/columns.

(7.3)

€q

(El),; RCFST %
1.4(El),, ORC
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Table 7.6. RCFST column/pile configurations for inelastic pushover analyses

Case# Soil Diameter D/t H/D ALR P
1 Sand 610mm(24in) 68 49 6.7% 33%
2 Clay 610mm(24in) 68 49 67% 33%
3 Sand 914mm (36in) 48 6.6 38% 14%
4 Clay 914mm(36in) 48 66 38% 14%
5 Sand 1067 mm (42in) 48 28 31% 27%
6 Clay 1067 mm (42in) 48 28 31% 27%
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Figure 7.21 Normalized displacement, shear and bending moment diagrams for case 1 (Table 7.6)
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Figure 7.22 Normalized displacement, shear and bending moment diagrams for case 2 (Table 7.6)
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Figure 7.23 Normalized displacement, shear and bending moment diagrams for case 3 (Table 7.6)
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Figure 7.24 Normalized displacement, shear and bending moment diagrams for case 4 (Table 7.6)
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Figure 7.26 Normalized displacement, shear and bending moment diagrams for case 6 (Table 7.6)

7.6.2 Equivalent plastic hinge length of RCFST columns having
fixed-based detail

When the pier is supported on a spread footing, the steel tube can be specially
connected to the footing so it can develop its flexural capacity (Figure 7.27). Similar to
the ORC columns (Equation 7.1), the equivalent plastic hinge length can be decomposed
in two parts as shown in Equation 7.4. One is related to the strain penetration Lg, of the
reinforcing bars into the footing and can be obtained using Equation 7.5 where fy;, is the
yield stress of the longitudinal bars (Priestley et al. 2007). The other portion kL is
function of the cantilever length of the column L and was found from a moment-
curvature parametric study of different RCFST sections. Knowing the moment
distribution along the column (Figure 7.27), the curvatures at all heights could then be
read from the moment-curvature relationship of the section to produce the curvature
distribution of the column, which is then integrated to provide the top displacement. The

value of kL is obtained as the length over which the base curvature needs to be
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concentrated (idealized curvature distribution in Figure 7.27) to obtain the previously

calculated top displacement.

The variables analyzed in the parametric study were the amount and strain
hardening ratio of the reinforcing bars fu/fyb, the ratio between column diameter and steel
tube thickness D/t and the strain hardening ratio of the steel tube fus/fyst. Figures 7.28 to
7.30 show the results obtained, it is seen that the strain hardening ratio of the steel tube
dominates the equivalent plastic hinge length of the column. Equation 7.6 was obtained

from the data presented in Figure 7.30.
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L (W)
steel tube | actual
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RCFST with fixed based detail moment and curvature profiles displacements

Figure 7.27 Equivalent plastic hinge length for RCFST columns having a fixed based detail

L, =kL+L, >2L (7.4)

L, =0.022f,d,  (MPa) (7.5)

k = o.04(2.3fust —1] (MPa) (7.6)
yst
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Figure 7.28 Effect of the amount and strain hardening ratio of the longitudinal reinforcement on the

equivalent plastic hinge length of RCFST columns with steel tube fixed at the base
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Figure 7.29 Effect of the column diameter - steel tube thickness ratio D/t on the equivalent plastic

hinge length of RCFST columns with steel tube fixed at the base
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Figure 7.30 Effect of the strain hardening ratio of the steel tube on the equivalent plastic hinge length
of RCFST columns with steel tube fixed at the base
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7.7 Static and dynamic analyses generalities

The effect of sub-freezing temperatures on the seismic response of RC bridge
bents will be analyzed by means of inelastic static pushover analyses and inelastic time-
history analyses. Pushover analysis is used to track levels of strain and formation of
plastic hinges to determine displacement limit states, which are initially given in terms of
material strain. The limit strain definitions used in this research (Table 7.7) are those
recommended by Kowalsky (2000) for ORC columns. In the case of RCFST the strain
limits are adapted from the POLA (Port of Los Angeles) seismic design code (2004).
Once the deformation limit states are obtained from the pushover analysis, an incremental
non-linear time history analysis is performed to determine the seismic level of intensity
required to reach each limit state. The elastic damping in all the dynamic simulations is

represented by 0.5% tangent-stiffness proportional damping (Priestley et al. 2007).

Note that effect of seasonal freezing on the lateral response of continuous
column/pile members has been already addressed in Suleiman et al. (2006) and Sritharan
et al. (2007). Results obtained showed that the freezing soil incites a migration of the
plastic hinge towards the surface, accompanied by a significant increase in the effective
elastic stiffness and shear demand and a reduction in the displacement capacity. In this
research we focused on the effect of the variation on the material properties and spread of
plasticity at low temperatures on the seismic response of the piers. To avoid the soil-
interaction effects, pier columns are assumed to be fixed at the base. Which may
represent the case of columns supported by a spread footing or and oversized shaft, or

column/pile columns if the height used is assumed to be the equivalent depth to fixity.
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Table 7.7. Limit states definitions

Limit state Concrete strain Concrete strain Steel strain limit
limit (ORC) limit (RCFST) (rebar and tube)
Serviceability -0.004 -0.008 0.015
Damage control -0.018 -0.027 0.07

7.7.1 Seismic input

The seismic input for the non-linear time history analysis consists of 7 spectrum
compatible records generated through adjustments of recorded accelerograms using
wavelet theory (Suarez and Montejo, 2003, 2005). The seed accelerograms were selected
from the 3551 records of the PEER NGA dataset (PEER 2006). Initial selection is
conducted based on an approximate match to the spectral shape using the RMS of the

difference in normalized spectral accelerations (Hancock et al. 2006) as shown in

Equation 7.7.
ASA,, = \/1§(P8Aocr.)PSAscr.)j _—
N, S\ PGA,  PGA

where N, is the number of periods, PSA.(T;) is the pseudo spectral acceleration from the
record at period T;, PSAs(T;) is the target pseudo spectral acceleration at the same period;
and PGA, and PGA are the peak ground acceleration of the accelerogram and the zero-
period anchor point of the target spectrum, respectively. The target spectrum is obtained
from the 2003 NEHRP seismic design provisions (FEMA 450) for a soil type C in
Caribou Creek, Alaska — 99676. The records selected are presented in Table 7.8.
Displacement and pseudo-acceleration response spectra are displayed in Figure 7.31 for
the original linearly scaled records and in Figure 7.32 for the compatible records along
with the target spectrum. Additional ground motion parameters for the compatible

records are shown in Table 7.9.
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Table 7.8. Earthquake records used to generate the spectrum-compatible accelerograms

Earthquake Station NI%A /I (Era) t?/ (:)'é
EQ1 Chi-Chi, Taiwan 1999 HWAO058 2962 6.20 100.1 D
EQ2 Nenana Mountain, AK 2002 TAPS PumpStation#09 2093 6.70 104.7 D
EQ3 Imperial Valley, CA 1979 El Centro Array #5 0180 6.53 395 D
EQ4 Superstition Hills, CA 1987 CDMG 135 0721 654 182 D
EQ5 Northridge, CA 1994 Bell Gardens-Jaboneria 0951 6.69 441 D
EQ6 Northridge, CA 1994 Canoga Park-Topanga 0959 6.69 157 D
EQ7 Whittier Narrows, CA 1987  Playa Del Rey-Saran 0684 599 328 D

M,: moment magnitude, CD: Closest distance
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Figure 7.31 Displacement and pseudo-acceleration response spectra for the original records (scaled

to match the target spectral amplitude at T=0.5 s) and the target spectrum
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Figure 7.32 Displacement and pseudo-acceleration response spectra for the spectrum-compatible

records and the target spectrum
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Table 7.9. Ground motion parameters of the compatible records

PGA PGV PGD  Tm Du Ds
(@  (misH)  (cm) (8) (8) (8)

Record

EQ1 0.35 39.5 9.5 0.53 45.3 40.7
EQ2 0.35 32.0 8.3 0.48 37.3 31.8
EQ3 0.35 36.4 11.9 0.58 14.6 10.6
EQ4 0.35 39.1 11.6 0.49 23.3 17.6
EQ5 0.35 32.5 10.9 0.45 25.7 20.2
EQ6 0.35 32.8 9.8 0.51 18.0 13.9

EQ7 0.35 29.1 9.1 0.44 25.9 24.7

In table 7.9 PGA, PGV and PGD are the peak ground acceleration, velocity and
displacement respectively. Tm=Y(Ci%/f;)/>Ci* is the mean period, where C; are the
Fourier amplitudes, and f; represent the discrete Fourier transform frequencies between
0.25 and 20 Hz. Du is the uniform duration calculated as the total time during which the
acceleration is larger than 5% of PGA. Ds is the significant duration calculated as the
interval of time over which 5% and 95% of the total Arias Intensity (Al) is accumulated.
The Arias intensity is a measured of the accumulation of energy in the accelerogram

represented by the integral of the square of the ground acceleration Al=(n/2g)Ja’(t)dt.

7.8 Seismic behavior of single column bridge bents at low

temperatures

Two different types of columns are analyzed, ordinary reinforced concrete
columns (ORC) and reinforced concrete filled steel tube columns (RCFST). The columns
are assumed to be in single bending, geometric properties of each configuration are
displayed in Figures 7.33 and 7.34. Both columns have an outside diameter of 2.44 m (96
in) and are reinforced with 40#18 steel bars (p=2.2%). The only difference between the
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two models is the presence of a 32 mm (1.25 in) steel tube in the RCFST column
(D/t=76.8). Two different cantilever lengths are examined, L=12 m (L/D=4.9) and L=8m
(L/D=3.3), axial load applied in all cases is 6675 kN (ALR=3.9%), calculated using room
temperature concrete compressive strength). Two different scenarios are considered for
each type of column, regular room temperature conditions (20°C) and sub-freezing
conditions (-40°C). Material properties and plastic hinge lengths used for each scenario
are summarized in Table 7.10. The concrete compressive strength for the cold specimens
is obtained from Equation 7.8 (previous Equation 1.3 - Browne and Bamforth, 1981) for
an average moisture content w of 4.3%. Yield and ultimate tensile stresses for steel bars
and steel tube in the cold specimens are assumed to be 10% larger than for the room
temperature units. Plastic hinge lengths are obtained using Equation 7.1 for ORC
columns and Equation 7.4 for RCFST columns. Note that there is not an expression
available to calculate the equivalent plastic hinge length at low temperatures of RCFST
with fixed based detail. An ongoing research program at NCSU will shed some light on
this aspect. However, as the response of this type of specimens is mainly controlled by
the steel tube, no major change in the plastic hinge length is anticipated due to the low
temperature effect. The analyses were performed keeping the same plastic hinge length

used for the corresponding room temperature units.

o, (T)=0,(Ty)-Tw/12 0°C>T >-120°C (7.8)
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Table 7.10. Material properties and plastic hinge lengths for the two different scenarios (Single-

column pier)
Property \ Scenario | +20°C (+68°F) -40°C (-40°F)
f’c (MPa) 36.4 50.9
fyb (MPa) 455.4 500.9
fun (MPa) 637.56 701.3
fyp (MPa) 394.1 4335
fup (MPa) 492.6 541.9
L, ORC (mm) 1531 (L=12m) 905 (L=12m)
1211 (L=8m) 722 (L=8m)
Ly, RCFST 1op (Mmm) N.A N.A
L, RCFST gor. (mm) | 1471 (L=12m) 1471 (L=12m)
1171 (L=8m) 1171 (L=8m)

7.8.1 Single ORC column bridge bents

Figure 7.35 shows the results of the static-non-linear pushover analyses for the
single ORC column bridge bent for the warm and sub-freezing conditions when L/D=4.9.
The deformation limit states presented in Table 7.11 were obtained from the strain limit
states (Table 7.7) by tracking the concrete and steel strains during the pushover analyses.
It is seen that at the sub-freezing condition the column exhibit an increase of ~15% on the
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flexural strength and also a reduction in the deformation capacity. The serviceability and
damage control limit states at low temperatures are reached at lateral displacements 87%
and 73% the displacements required to reach the same limit states at room temperature
conditions, respectively. At room temperature both limit states are controlled by the
compressive strain in the concrete, while at low temperature the serviceability limit is

controlled by the concrete and the damage control limit by the tensile strain in the steel

bars.
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Figure 7.35 Single ORC column bent pushover results at warm and freezing conditions (L/D=4.9)

Table 7.11. Deformation limit states - single ORC bent at warm and freezing conditions (L/D=4.9)

+20°C (+68°F) -40°C (-40°F)

Limit state drift limit/ drift limit/
required PGA required PGA

Serviceability 1.48% / 0.64g 1.30% / 0.61g

Damage
6.06% / not reached 4.40% / not reached
control

In order to analyze the effect of low temperatures at several levels of lateral

demand, the bents are subjected to spectral matched records (Tables 7.8 and 7.9) scaled
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to various levels of intensity. This procedure is commonly known as incremental
dynamic analysis IDA (Vamvatsikos and Cornell, 2002). The demand parameter and
intensity measure selected are maximum absolute lateral drift (defined as the ratio
between maximum displacement reached by the structure and the bent height) and peak
ground acceleration (since the records were generated to match the same target spectrum,
this intensity measure is representative of any spectral acceleration). Figures 7.36 to 7.38
show the results of the IDA analysis for L/D=4.9. It is seen from figure 7.38 that the
average responses at both conditions is almost identical up to a PGA~0.6, where the
serviceability limit is reached in both scenarios (Figures 7.36 and 7.37, Table 7.11). After
this point, the structure behaves slightly more flexible in the warm condition. The
structure was closer to reaching the serviceability limit at the freezing condition than at
the room temperature condition; mainly because the drift required to reach this limit state

is smaller in the freezing condition.
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Figure 7.36 IDA curve for the single ORC column bent at warm conditions (L/D=4.9)
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Figure 7.37 IDA curve for the single ORC column bent at freezing conditions (L/D=4.9)
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Figure 7.38 Average IDA curves for the single ORC column bent at warm and freezing conditions
(L/D=4.9)

Results obtained when L/D=3.3 are presented in Figures 7.39 to 7.42 and in Table
7.12. From the pushover analysis (Figure 7.39, Table 7.12) it seen that the average
increase in flexural strength at low temperature is ~12%. The lateral displacements
demand required to reach the serviceability and damage control limit states at freezing
conditions are 85% and 72% the displacements required to reach the same limit states at
room temperature conditions, respectively. It was also noticed that the damage control
limit changed from being controlled by the concrete strain for the bent at room
temperatures to be controlled by the steel strain for the bent at low temperatures. Results
obtained from the IDA analysis are quit similar to the results obtained for L/D=4.9.
Maximum lateral responses are almost identical up to PGA~0.5 where the serviceability
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limit is reached in both scenarios, after this point lateral displacements are slightly larger

at the room temperature condition.

11798

11348

(kips]

1899

Force [KN]

—: +20°C

===-:-40°C
V : serviceability
O : dam. control

1449

Lateral drift

0 002 004 006 008

01

Figure 7.39 Single ORC column bent pushover results at warm and freezing conditions (L/D=3.3)

Table 7.12. Deformation limit states - single ORC bent at warm and freezing conditions (L/D=3.3)

+20°C (+68°F)
Limit state drift limit/
required PGA

-40°C (-40°F)
drift limit/
required PGA

Serviceability 1.07% / 0.57g

Damage control  4.68% / not reached

0.92% / 0.48g

3.37% / not reached
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Figure 7.40 IDA curve for the single ORC column bent at warm conditions (L/D=3.3)
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Figure 7.41 IDA curve for the single ORC column bent at freezing conditions (L/D=3.3)
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Figure 7.42 Average IDA curves for the single ORC column bent at warm and freezing conditions
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7.8.2 Single RCFST column bridge bents

Figure 7.43 and Table 7.13 show the results obtained from the pushover analysis

of the single RCFST column bridge with L/D=4.9. The column exposed to low

temperatures exhibits an increase in the flexural strength of 10%. Opposite to the ORC

columns, in the case of RCFST columns the lateral deformations at which the limit states

are reached did not change with the low temperatures, mainly because the plastic hinge

length was kept constant for both scenarios. The serviceability and damage control limit

states were controlled by the strain in the steel tube in all the single RCFST column bents

analyzed in this research. Figure 7.44 to 7.46 show the results of the IDA analysis, it is

seen that the dynamic response of this type of pier is not affected by the low temperatures

and that the serviceability limit is barely reached.
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Figure 7.43 Single RCFST column bent pushover results at warm and freezing conditions (L/D=4.9)

332



Table 7.13. Deformation limit states - single RCFST bent at warm and freezing conditions (L/D=4.9)

+20°C (+68°F) -40°C (-40°F)

Limit state drift limit / drift limit /
required PGA required PGA

Serviceability 1.92% / ~1.5g 1.94% / ~1.5¢

Damage control  6.72% / not reached  6.62% / not reached

damage control = Average

—: Eq. records |
0.05} 8

0.06

0.04 1
0.03} 1

Lateral drift

0.02

I serviceability
0.01} 1

0 0.5 1 15
Peak ground acceleration [g]

Figure 7.44 IDA curve for the single RCFST column bent at warm conditions (L/D=4.9)
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Figure 7.45 IDA curve for the single RCFST column bent at freezing conditions (L/D=4.9)
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Figure 7.46 Average IDA curves for the single RCFST column bent at warm and freezing conditions
(L/D=4.9)

Figures 7.47 and 7.50 and Table 7.14 show the results obtained from the static
and dynamic analyses for the single RCFST column bridge with L/D=3.3. As for the
column with L/D=3.3, it is seen that the only effect of the low temperatures in the
behavior of the column is the increase on the flexural strength of the column (~10%) - no

effect on the displacement capacity and dynamic response was identified.
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Figure 7.47 Single RCFST column bent pushover results at warm and freezing conditions (L/D=3.3)

334



Table 7.14. Deformation limit states - single RCFST bent at warm and freezing conditions (L/D=3.3)

+20°C (+68°F) -40°C (-40°F)

Limit state drift limit /
required PGA

drift limit/
required PGA

Serviceability ~ 1.42% / not reached  1.42% / not reached

Damage control  5.22% / not reached  5.13% / not reached

0.05r damage control
0.04¢
0.03¢

0.02¢

Lateral drift

= Average
—: Eq. records

0.01l serviceability

0 05

1 1.5

Peak ground acceleration [g]

Figure 7.48 IDA curve for the single RCFST column bent at warm conditions (L/D=3.3)
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Figure 7.49 IDA curve for the single RCFST column bent at freezing conditions (L/D=3.3)
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Figure 7.50 Average IDA curves for the single RCFST column bent at warm and freezing conditions
(L/D=3.3)

7.9 Low temperature effect on the seismic behavior of multi-

column RC piers

The Multi-column bents analyzed are shown in Figure 7.51 and 7.52. As for the
single column piers, two different types of columns are used: ORC columns and RCFST
columns. Four pile/columns with diameter 1.067 m (42 in) and reinforced with 30#10
bars (p=2.1%) compose the bridge bent, steel tube thickness in RCFST columns is 22
mm (7/8 in, D/t=48). A total dead load of 5300 kN (1191 kips) is distributed on the cap
beam, the axial load in each column is then ~1325 kN (298 kips, ALR=4.1%). Two
different column lengths are analyzed L=5.7 m (L/D=5.3) and L=7.5 m (L/D=7).
Material properties values for the freezing and normal temperature values are the same
used for the single column and are presented again in Table 7.15 along with plastic hinge
lengths used in the simulations. Plastic hinge lengths on the bottom (in-ground hinges) of
column/piles at room temperatures are usually calculated using the following equation,
based on analysis by Chai (2002):

Lp +O.1(H _HCP)

<16 7.9
5 5 (7.9)

where H is the clear length of the column and Hcp is the distance from the top hinge to

the point of contraflexure. In the case of steel piles POLA (2004) recommends L,=2D.
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Although experimental results by Sritharan et al. (2007) show the spread of plasticity to
reduce at low temperatures, no expression is yet available to calculate the plastic hinge
length at sub-freezing temperatures. It has been shown that in fixed-head pile columns the
in-ground hinge will rarely govern the design since the column—top hinge typically forms
first and has a shorter plastic hinge length (Priestley et al. 2007). Therefore, it was
decided to use an average value of L,=1.2D for the in-ground plastic hinge length of
ORC pile/columns and L,=2D for RCFST pile/columns.

The cap beam was initially modeled as a fiber-force-based element, analysis of
the results obtained showed that the beam barely reach the moment required for first
yield. It was then decided to model the cap beam as an elastic member with appropriate

effective stiffness to reduce the computational effort.
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Figure 7.51 Multiple ORC columns bridge bent
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Figure 7.51 Multiple RCFST columns bridge bent
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Table 7.15. Material properties and plastic hinge lengths for the two different scenarios (Multi-

column pier)
Property \ Scenario | +20°C (+68°F) | -40°C (-40°F)
£ (MPa) 36.4 50.9
f,5 (MPa) 455.4 500.9
fu (MPa) 637.56 701.3
f,, (MPa) 304.1 4335
f,o (MPa) 492.6 541.9
L, ORC top (Mm) 641 402
L, RCFST Top (Mm) 467 467
L, ORC got. (Mm) 1280 1280
L, RCFST gor. (mm) 2134 2134

7.9.1 Multi-ORC-column bridge bents

The results obtained from the pushover analyses of the multi-ORC-column bridge
bents with L/D=5.3 are presented in Figure 7.52 and Table 7.16. The displacement

required to reach the serviceability and damage control limit states at sub-freezing
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temperatures are 94% and 76% the lateral displacements required to reach the same limit
states at room temperatures, respectively. The increase in the flexural strength at low
temperatures is ~12%. Serviceability and damage control limits were controlled by the
concrete compressive strain in the top hinges for all the multi-ORC-columns analyzed in

this research.

Results of the incremental non-linear dynamic analyses are display in Figures
7.53 to 7.55. As for the single column bents, it is seen that the dynamic behavior is
practically the same at room and low temperatures up to the serviceability limit after
which the room temperature bent behaves slightly more flexible. The damage control
limit is not reach in any of the scenarios; however it is closer to being reached at low

temperatures because the damage control lateral displacement is smaller than it is at room

temperatures.
8000+ 11798
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Figure 7.52 Multi ORC column bent pushover results at warm and freezing conditions (L/D=5.3)
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Table 7.16. Deformation limit states - Multi ORC column bent at warm and freezing conditions

(L/D=5.3)
+20°C (+68°F) -40°C (-40°F)
Limit state drift limit/ drift limit/
required PGA required PGA
Serviceability 1.13% / 0.68g 1.07% / 0.69¢

Damage control  5.11% / not reached  3.91% / not reached

0.05 T Average damage control |

—: Eq. records
0.04} 8

0.03} ,

0.02+ 1

Lateral drift

0.017 serviceability

0 0.5 1 15
Peak ground acceleration [g]

Figure 7.53 IDA curve for the multi ORC column bent at warm conditions (L/D=5.3)
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Figure 7.54 IDA curve for the multi ORC column bent at cold conditions (L/D=5.3)
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Figure 7.55 Average IDA curves for the multi ORC column bent at warm and freezing conditions

(L/D=5.3)

Figures 7.56 to 7.59 and Table 7.17 present the results obtained form the static

and dynamic analyses of the multi-ORC-column bent with L/D=7. It is seen that the

results obtained follow the same trends discussed earlier for the bent with L/D=5.3.
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Figure 7.56 Multi ORC column bent pushover results at warm and freezing conditions (L/D=7)
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Table 7.17. Deformation limit states - Multi ORC column bent at warm and freezing conditions

(L/D=7)
+20°C (+68°F) -40°C (-40°F)
Limit state drift limit/ drift limit/
required PGA required PGA
Serviceability 1.31% / 0.64g 1.26% / 0.59¢

Damage control  5.33% / not reached  4.15% / not reached

0.05}| = Average damage control |
—: Eq. records

0.04+

0.03}

Lateral drift

0.02}

0.01+ serviceability -

0 0.5 1 15
Peak ground acceleration [g]

Figure 7.57 IDA curve for the multi ORC column bent at warm conditions (L/D=7)
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Figure 7.58 IDA curve for the multi ORC column bent at warm conditions (L/D=7)
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Figure 7.59 Average IDA curves for the multi ORC column bent at warm and freezing conditions
(L/D=7)

7.9.2 Multi-RCFST-column bridge bents

Figure 7.60 and Table 7.18 show the results from the pushover analysis performed
to the multi-RCFST-column bent with L/D= 5.3. It is seen that the bent exposed to low
temperatures exhibits an increase in the flexural strength of ~9% when compared to the
room temperature case. No effect of the low temperatures in the deformation limit states
is identified. Both limit states are controlled by the steel bar tensile strain in the top
hinges of the bent. Figures 7.61 to 7.63 show the results of the incremental dynamic
analyses, it is seen that the dynamic response is practically the same at room and sub-
freezing temperatures.
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Figure 7.60 Multi RCFST column bent pushover results at warm and freezing conditions (L/D=5.3)
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Table 7.18. Deformation limit states - Multi RCFST column bent at warm and freezing conditions

(L/D=5.3)
+20°C (+68°F) -40°C (-40°F)
Limit state drift limit/ drift limit/
required PGA required PGA
Serviceability 0.90% / 1.12¢g 0.90% / 1.12¢g

Damage control  4.21% / not reached  4.18% / not reached

0.0al™ Average

damage control -
—: Eq. records

0.03} ,

0.02} 1

Lateral drift

0.01. Serviceability

0 0.5 1 15
Peak ground acceleration [g]

Figure 7.61 IDA curve for the multi RCFST column bent at warm conditions (L/D=5.3)
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Figure 7.62 IDA curve for the multi RCFST column bent at freezing conditions (L/D=5.3)
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Figure 7.63 Average IDA curves for the multi RCFST column bent at warm and freezing conditions
(L/D=5.3)

Figures 7.64 to 7.67 and Table 7.19 present the results obtained form the static
and dynamic analyses of the multi-RCFST-column bent with L/D=7. It is seen that the

results obtained follow the same trends discussed earlier for the bent with L/D=5.3.
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Figure 7.64 Multi RCFST column bent pushover results at warm and freezing conditions (L/D=7)
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Table 7.19. Deformation limit states - Multi RCFST column bent at warm and freezing conditions

(L/D=7)
+20°C (+68°F) -40°C (-40°F)
Limit state drift limit/ drift limit/
required PGA required PGA
Serviceability 0.91% / 0.80g 0.80% /g

Damage control  4.18% / not reached  4.14% / not reached

0.04f| —: Average damage control
—: Eq. records
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Figure 7.65 IDA curve for the multi RCFST column bent at warm conditions (L/D=7)
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Figure 7.66 IDA curve for the multi RCFST column bent at cold conditions (L/D=7)
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Figure 7.67 Average IDA curves for the multi RCFST column bent at warm and freezing conditions
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7.10 Parametric study

It has been shown that the response of reinforced concrete columns subjected to
the combined effect of low temperatures and lateral loads can be properly estimated using
moment curvature analysis along with the equivalent plastic hinge method if the
appropriate temperature dependent material properties and plastic hinge length are used.
A parametric study was performed with the aim of discovering trends that can assist with
the seismic design of RC bridge columns in cold regions. The main objective was to find
a simple way to calculate the reduction in ductility capacity and increase in strength

observed at low temperatures.

In order to quantify the increase of flexural strength at low temperatures a series
of moment curvatures analysis were performed. Three different section diameters were
analyzed 457 mm (18 in), 914 mm (36 in) and 2440 mm (96 in). For each section
diameter the axial load ratio was varied between 0% and 30%, and the longitudinal
reinforcement ratio between 1% and 4%. A total of 95 section configurations were
analyzed, for each configuration two moment-curvature analysis are performed, one with
warm temperature (+20°C, +68°F) material properties and the other with low temperature
(-40°C, -40°F) material properties. The low temperature overstrength is then defined as

the ratio between the low and room temperature nominal moments (defined at a cover
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concrete strain of 0.004). Concrete compressive strength and steel tensile strength were
assumed to be, respectively, 40% and 10% larger than the employed for the room
temperature condition. It is seen from Figures 7.68 and 7.69 that the low temperature
flexural overstrength is not influenced by the amount of longitudinal steel or axial load.
Figure 7.70 shows the overstrengths (sorted on ascending order) for all the 95 section
configurations along with the overstrengths obtained from the flexural units tested in this
research, it is seen that a low temperature flexural overstrength factor of 1.15 seems

appropriate for the seismic design of RC columns exposed to sub-freezing temperatures.

Calculation of the reduction in displacement ductility capacity due to low
temperatures requires the calculation of the force-displacement response of the member,
which is extrapolated from the section (moment-curvature) analysis using the equivalent
plastic hinge method. Material properties are the same as used for the overstrength factor
analysis. Temperature dependent equivalent plastic hinge lengths are calculated using
Equation 7.1. Two different section diameters were analyzed 914 mm (36 in) and 2440
mm (96 in). Other variables analyzed include: axial load ratio [0%-20%], longitudinal
reinforcement ratio [1%-4%], transverse reinforcement ratio [0.4%-1.3%] and aspect
ratio [L/D = 3-11]. For each member configuration the force-displacement response is
calculated for room and low temperature conditions. The reduction in the ductility
capacity at low temperatures is characterized by the ratio between the displacement
ductilities at low and room temperatures at a given level of strain. Figures 7.71 and 7.72
show the reduction of displacement ductility at low temperatures as a function of
concrete and steel strain, respectively. It is seen from these graphs that the reduction in
ductility increases with the lateral demand. Equations 7.10 and 7.11 were obtained from
the data presented in Figures 7.71 and 7.72 and can be used to estimate the low
temperature ductility capacity reduction for a given concrete (&) or steel strain (). For
example, if concrete strains of 0.004 and 0.018 are specified as the strain limits for the
serviceability and damage control limit states, using Equation 7.10 it is obtained that the
displacement ductility at low temperatures at each limit state is, respectively, 84% and
70% the room temperature ductility. Alternatively, if the limit states are defined in terms

of ductility instead of strains, Equation 7.12 (Figure 7.73) can be used.
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Figure 7.70 Proposed low temperature flexural overstrength for RC columns

Figure 7.71 Reduced ductility at low temperatures as a function of the concrete strain

Figure 7.72 Reduced ductility at low temperatures as a function of the steel strain
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Figure 7.73 Reduced ductility at low temperatures as a function of the room temperature ductility
7.11 Final discussion and concluding remarks

With the objective of identifying the effect of low temperatures in the seismic
response of RC bridge bents, this chapter presented the non-linear static and dynamic
analysis of typical Alaska DOT RC bridge bents. To avoid strain localization problems,
the bents were modeled using the fiber-based lumped plasticity elements developed by
Scott and Fenves (2006) as implemented in OpenSees (McKenna et al. 2000). The model
variables were calibrated using the experimental results previously presented in Chapters
IV to VI.

Types of bents analyzed included single and multi column bents composed of
ordinary reinforced concrete (ORC) columns and reinforced concrete filled steel tube
(RCFST) columns. Each bent was analyzed under two different scenarios: room
temperature conditions (+20°C, +68°F) and sub-freezing conditions (-40°C, -40°F). Each
condition was simulated by changing the constituent material properties and the plastic
hinge lengths. The columns were modeled fixed at the base to avoid the soil-structure
interaction effect which has been already been shown by other researchers (Suleiman et
al. 2006, Sritharan 2007) to largely affect the behavior of drilled shaft bents.

The results from the numerical simulations performed in this section can be

summarized as follows:
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Bridge bents composed of one (single bending) or multiple ORC columns (double
bending): the effect of low temperature was to increase the flexural strength of the
bent by ~13% when compared to the strength exhibited at room temperature
conditions. The serviceability limit at low temperatures was reached at
approximately 86% of the level of lateral demand required to reach the same limit
at room temperatures. The lateral displacement required to reach the damage
control limit at low temperatures is ~73% of the lateral displacement required to
reach the same limit at room temperatures. However, from the incremental
dynamic analyses (IDA) it is seen that the level of seismic intensity required to
reach the serviceability limit at low temperatures is only 8% smaller than the
intensity needed to attain the same limit at room temperature. It is also noticed

that the damage control limit is hardly reached in both scenarios.

Bridge bents composed of a single RCFST column: An average increase of 10%
in the flexural strength was identified in the bent exposed to low temperatures;
however the deformation limit states remained constant. Note that it was assumed
that no reduction in the plastic hinge length occurred in this type of configuration.
This stills need to be corroborated by an ongoing experimental research at NCSU.
Results from the IDA analyses show that this type of element will tend to remain

almost elastic during a seismic event.

Bridge bents composed of multiple RCFST columns: The bents exposed to low
temperatures presented an increase of 9% on the flexural strength. Serviceability
and damage control limit states are reached at the same level of lateral
displacements. From the IDA analyses it is seen that the damage control limit
state is not likely to be reached and that the serviceability limit is reached only at
high levels of seismic intensity (PGA>1g). The limit states in this type of bents
are largely controlled by the top hinges, specifically by the tensile strain in the
steel longitudinal bars (as the concrete is very well confined by the steel tube). In
any fixed-head pile column the in-ground hinge will rarely govern the design
since the column top hinge typically form first, and has a shorter plastic hinge

length. This situation is more pronounced in the case of RCFST pile/columns,
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where the in-ground hinge has a moment capacity ~3-4 times the moment
capacity of the top hinge (due to the direct contribution of the steel tube in the
flexural strength of the in-ground hinge and not in the top hinge were a gap is left
between the tube and the cap beam). Figure 7.74 shows the normalized moment-
curvature response of the top and in-ground hinge of the multi RCFST column
with L/D=5.3 when it is excited by one of the compatible records scaled to 1.2g
(intensity at which the bent is expected to reach the serviceability limit, Table
7.18). It is seen that at this point the in-ground hinge remain almost elastic while
the top hinge has already undergo several inelastic cycles. Elastic response below

ground would help preclude the need for inspection of below ground hinges.

----- : in-ground hinge
||—: top hinge

Normalized moment

1 0.5 0 0.5 1
Normalized curvature

Figure 7.74 Behavior of in-ground and top hinges in fixed head RCFST pile columns

Finally, the chapter concludes with a parametric study that allowed generation of
simple equations than can be used to estimate the reduction in ductility and flexural
overstrength at low temperatures. The analysis model used in the parametric study was
calibrated from the experimental tests conducted as part of this research.
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CHAPTER VIII

CONCLUSIONS AND
RECOMMENDATIONS

8.1 Summary and conclusions

An experimental and analytical study was undertaken to investigate the influence
of sub-freezing temperatures on the seismic behavior of reinforced concrete bridge

columns. The results obtained can be summarized as follows:

Low temperature effects on plain concrete and reinforcing steel: An extensive
literary search presented in Chapter | identified a lack of information on the effects of
sub-freezing temperatures on reinforced concrete structures with most of the research
focused at the material level. Data extracted from previous research complemented with
physical testing performed as part of this research provided trends in the mechanical
properties of reinforcing steel and plain concrete. In general, it can be said that plain
concrete and reinforcing steel exhibited a desirable behavior at low temperatures: a
remarkable increase in strength without any loss in the deformation capacity. It was
found that that the concrete compressive strength (f’c) at low temperatures can be
properly estimated using Equation 8.1 (previous Equation 1.3 - Browne and Bamforth,
1981) and depends on the moisture content (w). Concrete moisture content is related to
the concrete pore volume which is governed by the age of the material, curing conditions,
water/cement ratio and aggregates gradation. Moisture content of in-situ air dried
concrete is usually in the range 2-5% and it will increase depending on the grade of
exposure. According to Equation 8.1 for a concrete with room temperature compressive

strength of 36 MPa (5.2 ksi) and 4.4% moisture content, the expected concrete
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compressive strength at -40°C (-40°F) is 40% larger than the room temperature
compressive strength.

£.(T)=f.(20°C)-Tw/12 0°C>T >-120°C 8.1)

c

Regarding the effect on reinforcing steel, it was found that the increase in yield
(fy) and maximum tensile strength (f,) at low temperature can be estimated using
Equation 8.2 (see Figure 1.9 on Chapter I). According to Equation 8.2, the reinforcing
steel tensile strength at -40°C (-40°F) is 10% larger than the room temperature tensile
strength. No significant effect of low temperatures on the deformation capacity of
reinforcing steel or plain concrete was found. The reader is referred to Chapter | for
information regarding the effect of low temperatures on additional material properties

such as modulus of elasticity, fracture properties, concrete tensile strength and steel bond.

f.(T)=(1—0.004T)f, (20°C) 0°C>T >-25°C

8.2
f.(T)=1.1f (20°C) ~25°C>T >-40°C (82)

Low temperature effects on flexural dominated RC members: Six half-scale
circular reinforced concrete columns, designed to be flexural dominated, were tested
under reversed cyclic loading while subjected to temperatures ranging from -36°C (-
33°F) to 22°C (72°F). Four of the units tested were reinforced concreted filled steel tube
(RCFST) columns and the other two were ordinary reinforced concrete (ORC) columns.
Average axial load ratio applied to the units was 6% and the longitudinal reinforcement
varied between 2% and 3%. In RCFST columns a steel tube is used as the formwork
during casting of the concrete. In practice, a gap is left between the steel tube end and the
beam—column joint or footing (if present); so that the steel tube is only providing shear
and confinement strength to the column, and not (in a direct way) flexural or axial
strength (which are provided by the concrete and the longitudinal reinforcement). In
addition, three other columns tested at -40°C (-40°F), -20°C (-4°F) and 20°C (68°F) in a
previous research at NCSU (Sloan, 2005) were reanalyzed, these units were lightly
reinforced (p=1%) and tested without axial load. Detailed information on the flexural

units tested, test setup and results obtained are presented on Chapters I11 to V.
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Results obtained from the experimental program indicated that ORC columns
exposed to the combined effect of cyclic reversals and low temperatures exhibit an
increase in the flexural strength accompanied by a reduction in the spread of plasticity; no
effect of temperature on the energy dissipation properties were found. The increase in the
flexural strength of the columns was expected from the enhancement of the mechanical
properties of plain concrete and steel reinforcement when exposed to sub-zero
temperatures. The average increase in strength was about 15%. The reduction on the
spread of plasticity with low temperatures was evident from the condition of the
specimens after the test and confirmed with the curvature profiles obtained during the
tests and the calculation of equivalent plastic hinge lengths. This reduction in the plastic
hinge length caused an increase in the elastic stiffness and a reduction in the displacement
capacity of the cold specimens. The effect of low temperatures was more notorious on the
lightly reinforced columns tested without axial load. Based on the experimental results it
was proposed (Chapter 1V) to reduce the equivalent plastic hinge length by a factor of
0.57 as shown in Equation 8.3

L, =kL+Lg, >2L room temperatures

L, = 0.57(kL +L, > 2L5p) subfreezing temperatures

sp —

(8.3)

where:

< fy (MPa)

S

L, =0.022f.d, f

k= O.Z(% —1} <0.08

y

In the above equations, L is the distance from the base to the inflection point, f, is
the expected longitudinal bar yield stress, fy, is the expected longitudinal bar maximum
tensile stress, fs is the tensile stress in the longitudinal bars and dy, is the diameter of the

longitudinal bar.

Analysis of the results obtained during testing of the RCFST specimens revealed a

significant reduction of the equivalent plastic hinge length when compared to ORC
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columns. The plastic hinge length plays a key role in the inelastic response of a column
as it is where the inelastic rotation required to reach a target displacement (beyond yield)
is accommodated. Thus, a short hinge length will imply larger inelastic demands in the
hinge region that may compromise the displacement capacity of the column. Based on the
experimental results obtained in this investigation, Equation 8.4 (previous Equation 5.2)
was proposed to determine the equivalent plastic hinge length in reinforced concrete
filled steel tube columns:

f
L, =9.3dy —*+ (8.4)

y

where f, is the ultimate stress of the longitudinal bar. As no change in L, was detected

during the cold tests of the RCFST specimens compared to the room temperature tests,
assessment of the behavior of this type of columns at low temperatures can be performed
using the equivalent plastic hinge length predicted by Equation 8.4 without any
correction for reduced temperatures. The average increase of the flexural strength at low

temperatures in RCFST columns was about 9%.

It was shown that the equivalent plastic hinge method can be used to estimate the
response of members exposed to very low temperatures (Chapters 1V and V) if the
appropriate low temperature material properties (Equations 8.1 and 8.2) and equivalent

plastic hinge lengths (Equations 8.3 and 8.4) are used .

Low temperature effects on shear dominated RC members: In order to determine
the effect of low temperatures on the seismic behavior of shear dominated RC columns,
two pairs of squat columns where tested under reversed cyclic loading. The only variable
between columns of the same pair was the temperature of the specimen during testing:
one of the columns was tested at room temperature 22°C (72°F) while the other was
tested at -36°C (-33°F). Differences between each pair of identical columns were the
ratios of transverse and longitudinal reinforcement which were designed with the aim of
achieving shear failures at low ductility (brittle shear failure) and high ductility (ductile

shear failure). Specimens tested at low temperatures exhibited an increase in its shear
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strength; the amount of this increase was larger in the brittle shear units (32%) than in the
ductile shear units (20%). Although flexural strength increases at low temperatures, thus
resulting in an increased shear demand, the shear capacity increases at an even higher
proportion, thus delaying the onset of shear failure at low temperatures. Current available
models for assessment and design of shear strength in RC columns under seismic actions
were evaluated (Kowalsky and Priestley 2000, AASHTO 2007) and found to be
conservative when the columns are exposed to sub-freezing temperatures even if the
increase in concrete compressive strength and steel yield stress due to low temperatures
are taking into account. The reader is referred to Chapter IV for a more detailed

presentation of the results obtained from the testing of the shear columns.

Low temperature effects on the dynamic behavior of RC bridge bents: In
Chapter VII the results obtained from the experimental tests were used to calibrate a
fiber-based lumped plasticity model capable of simulating the response of RC columns to
cyclic load reversals while subjected to sub-freezing temperatures. Once the model was
calibrated with the experimental results, it was used to model typical bridge bents used by
the Alaska DOT. Types of bents analyzed included single and multi column bents
composed of ordinary reinforced concrete (ORC) columns reinforced concrete filled steel
tube (RCFST) columns. Each bent was analyzed under two different scenarios: room
temperature conditions (+20°C, +68°F) and sub-freezing conditions (-40°C, -40°F). Each
condition was simulated by changing the constituent material properties and the plastic
hinge lengths. Performance limit states were initially established in terms of material
strain and an inelastic pushover analysis were performed in each model to determine the
corresponding displacement limit states. Once the deformation limit states are calculated,
an incremental non-linear time history analysis using spectrum compatible records is

performed to determine the seismic level of intensity required to reach each limit state.

In the case on bents composed of ORC columns it was found that the
serviceability limit at low temperatures is reached at ~86% the level of lateral demand
required to reach the same limit at room temperatures in the case of single column bents
and 95% in the case on multi-column bents. The lateral displacement required to reach

the damage control limit at low temperatures is ~73% the lateral displacement required to
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reach the same limit at room temperatures for single and multi-column bents. The seismic
behavior at room and low temperatures was almost identical until the serviceability limit

is reached, after this point the bent at room temperatures behaves slightly more flexible.

No reduction in the displacement capacity was noticed in the bents composed of
RCFST columns. However, it was noticed that in multi-RCFST-column bents the limit
states are largely controlled by the reinforcing bar strain in the top hinge with the in-

ground hinge remaining almost elastic.
8.2 Design recommendations

Seismic design of reinforced concrete bridges is generally based on the principles
of capacity design, where a strength hierarchy is established in the bridge to ensure that
damage is controllable, and occurs only where the designer intends (Priestley et al.,
1996). Special importance is then placed on the ductility of the structural members
selected to develop plastic hinges, which should be specially detailed in order to sustain
large inelastic deformations. All other members should be design to remain elastic while
resisting the overstrength moments coming from adjacent members. It has been shown
that RC members exposed to low temperatures and cyclic loads exhibit an increase in
strength and a reduction in the ductility capacity, in Chapter VII (section 7.10) a
parametric study was performed in order to quantify those effects. The following
recommendations are based on the results obtained from the parametric study, the

inelastic pushovers and the cyclic tests performed in this research:

Low temperature flexural overstrength: It is recommended to use a low
temperature overstrength factor (LTOF) of 1.15. This factor must be applied when
determining the moment that the column will transmit to the cap beam or footing (if
present) and to calculate the design shear force in the column. The LTOF should be

applied in addition to any material overstrength conventionally used.

Low temperature reduction in ductility capacity: It was found that the reduction
in ductility due to low temperatures increases with the lateral demand. Equations 8.5 and
8.6 (previous Equations 7.10 and 7.11) can be used to estimate the low temperature
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ductility capacity reduction for a given concrete (&) or steel strain (). For example, if a
steel strain of 0.01 is specified as the strain limit for the serviceability condition, using
Equation 8.6 it is obtained that the low temperature displacement ductility at the
serviceability condition is 80% the room temperature ductility. Alternatively, if the limit
states are defined in terms of ductility instead of strains, Equation 8.7 (previous Equation
7.12) can be used.

Hare _ 430,00 (85)
’u+20°C
H _4poc =0.46€570'12 (8.6)
’u+20°C
H _gpoc :0-88(/“‘&00(;)70.17 (8.7)
’u+20°C

If a displacement based design approach (Priestley et al. 2007) is used, the effect
of low temperatures can be directly taken into account by using the appropriate
temperature-dependent material properties (Equations 8.1 and 8.2) and equivalent plastic
hinge lengths (Equation 8.3).

Note that all the design recommendations are given based on a low temperature of
-40°C (-40°F), as all of the tests were performed at approximately this temperature. The
proposed equations can be conservatively used for the design of RC columns exposed to
temperatures between 0 and -40°C.

8.3 Suggestions for further studies

e In most of the specimens tested in this research the length of the equivalent plastic
hinge was controlled by the strain penetration length. Larger specimens need to be
tested at freezing conditions to verify and to calibrate the proposed reduction in the

equivalent plastic hinge length
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More low temperature tests at a material level are needed. Notice that most of the
specimens tested failed by buckling and then rupture of the reinforcing steel due to
low cycle fatigue. Other researchers have indicated that when employing detailing
practices for potential plastic hinge regions to ensure large displacement capacities,
the critical failure mode is likely to be caused by low cycle fatigue of the longitudinal
reinforcing bars (Mander et al. 1994, EI-Bahy et al. 1999, Brown and Kunnath 2004).
No studies that explicitly examine the effect of low temperature on the low-cycle

fatigue behavior of reinforcing bars were identified during the literature search.

An experimental research is required to completely characterize the seismic behavior
of RCFST pile/columns. The tests performed in this research evaluate only the
behavior of the top hinge (gap region adjacent to the cap beam), although this hinge
will form first and control the limit states when a multi-column bent is subjected to
in-plane excitation, in ground hinges can be developed in the case of single-column
bents or out-of-plane excitation of multi-column bents. An on-going experimental
research at NCSU will shed some light on this respect. However, the soil-structure
interaction of this type of columns still needs to be addressed. To the author
knowledge, all of the studies addressing the seismic/non-linear soil-structure
interaction problem are based on experimental results or computer simulations of
ordinary reinforced concrete columns/piles and no expressions or procedures to
define, for example, the properties of the equivalent cantilever model are available in
the case of RCFST columns/piles. An analytical approach was developed in this
research (section 7.6.1) to determine the equivalent diameter for an ORC pile/column
capable of replicate the behavior of a given RCFST pile/column. The proposed
methodology needs to be verified by experimental tests. Furthermore, the effect of
seasonal freezing that has been shown to largely impact the soil-structure interaction

of ORC pile/column (Sritharan, 2007) needs to be evaluated for this type of bents.
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