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Abstract

Exposed column bases are extensively used in low-to-medium rise steel structures. As a
connection type between steel column and reinforced concrete foundation, they can
transfer weight, seismic load, and wind loads from the superstructure to the sub-system,
which makes exposed column bases in the most severe stress state. Moreover, the stress
transfer mechanism in the column base is extremely complicated at various failure modes.
Among all of the failure modes, one of them stated in the Japanese design
recommendations is the yielding of anchor rods, with corresponding demands for the
design of superstructures fully established. However, when considering the yielding of
anchor rods, the anchorage of anchor rods must be kept. In other words, concrete breakout
failure owing to the pull-out of anchor rods must be prevented. Also, with the tensile
yielding of the anchor rods, in the compression side of exposed column bases, the bearing
failure of the foundation concrete must be prevented. While in the current design
recommendations in Japan, the statement of the calculation of concrete breakout failure
strength and bearing stress was not clear. Furthermore, the experimental studies on them
were limited in number. Thus, an experimental study was conducted with full-scaled
exposed column base specimens. By analyzing the experiment results, the design
approaches of concrete breakout failure strength and bearing stress are proposed.

In Chapter 2, experiment plan and results are introduced. There are ten full-scaled
exposed column base specimens in total. Experiment parameters include the number of
column longitudinal rebar, embedded length of anchor rods, type of anchor rods, strength
of concrete foundation, etc. In the loading process, significant concrete breakout failure
cracks were observed, which also caused the deterioration of strength. As a result, the
concrete breakout failure strength calculated by the current design recommendation in
Japan is higher than the experiment result about twice. As for the full-plastic moment, the
calculation value using the current design recommendation fits the experiment result well.
Furthermore, the influences of the parameters on the concrete breakout failure strength

and bearing stress were clarified.



In Chapter 3, the design approach of concrete breakout failure is introduced. Based on the
analysis of experiment results, the contribution of column rebar and the timing of concrete
breakout failure are clarified. The current Column Base Recommendation in Japan
overestimates the number of effective column rebar in the evaluation of concrete breakout
failure strength. Not all of the column rebar in the concrete breakout failure area is
contributed to the strength. Furthermore, in the case of exterior column-type column bases,
the number of effective column rebar is related to the number of foundation beams. With
the proposed consideration of effective column rebar number, in the calculation of
maximum strength, using the current reduction factor 0.7 applying to the strength of
column rebar fit experiment results well. Regarding the contribution of concrete, the
strength at the instant when conical cracks occurred is experimentally obtained, after the
crack occurred, the strength decreased and stabilized till the ultimate state. In the design
of anchor rods considering the concrete breakout failure, to prevent the occurrence of
conical cracks, it is proposed that only the contribution of concrete should be counted.
After the crack occurred, the strength of effective column rebar can be added to calculate
the ultimate strength. This proposal is proved available by the database containing
previous experiment results related to concrete breakout failure.

In Chapter 4, the design approach of concrete bearing stress is introduced. The
applicability and accuracy of current evaluation methods of bearing stress in the case of
exposed column bases are discussed. Previous experiment data relate to exposed column
base and anchor rods yielding are collected and analyzed. A method to normalize the
experiment data is proposed. As for the evaluation result, the method stated in a
recommendation of Architectural Institute of Japan can evaluate the strength most
conservatively. About the method stated in a recommendation of American Concrete
Institute and Kutani & Masuda’s equation, they fit the LRFD design philosophy well.
While considering the design philosophy in Japan, a relatively more conservative
equation was proposed and it could reduce the number of overestimated specimens to
approximately 19.3%.

In all, by conducting the experiments and analyzing the experiment results, the



component design approaches are proposed to prevent concrete breakout failure and
bearing failure in the exposed column bases. Following the design route of exposed
column bases in Japan, considering the proposed calculation methods of concrete

breakout failure and bearing stress, the yielding of anchor rod could be ensured.
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Chapter 1.

Introduction



1. Introduction

Exposed column bases are extensively used in low-to-medium rise steel structures.
As shown in Figure 1-1, exposed column bases are composed of the steel column welded
with steel base plate, and fixed with the foundation concrete by the steel anchor rods.
They serve as a connection type between steel column and reinforced concrete (RC)
foundation. Exposed column bases could transfer weight, seismic load, and wind load
from the superstructure to the sub-system. However, the stress transfer mechanism in the
column base is extremely complicated at various failure modes. One of the failure modes
mentioned in the Japanese design recommendations [1-1] involves the yielding and
fracture of anchor rods. To ensure this failure mode, the pull-out failure of the anchor
rods—one of the reasons responsible for the concrete breakout failure—and bearing
failure of foundation concrete must be prevented. However, in Japan, the current design
recommendation regarding the concrete breakout failure and bearing strength in the case
of exposed column bases is not clear, and the studies that have focused on these topics
are limited in number. Thus, an experimental study was conducted with full-scaled

exposed column bases applied to cyclic loading to clarify the problems mentioned above.
| Steel column

|
: | Anchor rod
|
|

|
I a(/ Base plate

| Foundation

i
1
: K‘/ concrete
i

Figure 1-1 Component of exposed column bases
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1.1 Research background and literature review

As exposed column bases transfer all the loads from the superstructure to the
foundations, the stress state of exposed column bases is the most severe. In previous
earthquakes, significant failure of exposed column base was observed. In the 2011

Tohoku earthquake, as illustrated in Photo 1-1 [1-2], fracture of anchor rods was observed.

st il
Photo 1-1 Anchor rods fracture in 2011 Tohoku earthquake [1-2]
For the failure modes of the exposed column bases, based on the energy dissipation ability,
the failure modes could be summarized into two types: brittle failure and ductile failure.
In the design of exposed column bases, brittle failure should be strictly prohibited due to
the sudden loss of strength and energy dissipation capacity. Several typical brittle modes
in exposed column bases were summarized as shown in Figure 1-2. They contained the
fracture of anchor rods, bearing failure of foundation concrete, concrete breakout failure,
and bearing failure in the anchorage parts. On the other hand, several ductile failure
modes are permitted in the design of exposed column bases. As shown in Figure 1-3,

ductile failure modes contained the yielding of base plates, yielding of steel column, and

] ] [ TR
Anchor rods Bearing failure of Concrete breakout Anchorage
fracture concrete failure bearing failure

Figure 1-2 Brittle failure modes in exposed column bases
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Base plate yielding Column yielding Anchor rods yielding

Figure 1-3 Ductile failure modes in exposed column bases

yielding of anchor rods. Due to the better energy dissipation ability compared to the brittle
failure modes, there is relatively more research conducted to figure out the behavior
related to the ductile failure modes. About the failure mode of yielding of base plates, the
thickness of base plates will determine the strength, stiffness, and consequently the failure
mode of exposed column bases. The thickness of base plates is associated with the
ductility and hysteretic behavior of the exposed column bases [ 1-3]. Further, the thickness
of base plate is also related to the distance from the edge of steel column to base plate.
When the ratio of thickness to the distance becomes larger, the bending of base plate
becomes less significant in the stress distribution[1-4]. The size of base plates will also
influence the structural behavior. An experimental study on exposed column bases with
different sizes of base plates was conducted. The size had a slight influence on the
ductility of the connection and ultimate strength [1-5]. Related to the yielding of anchor
rods, in the previous studies, the initial stiffness, ultimate strength, and post-yield
behavior of the exposed column base, which influence the connection performance and
affect the structural behavior, have been also documented in [1-6]-[1-9].

However, in the different design recommendations, the permittable ductile failure modes
are also different. Thus, the exposed column base design recommendations were
summarized and discussed by the different failure modes and further demands to ensure

these failure modes.
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1.2 Design recommendations about exposed column base

As there are many ductile failure modes of exposed column bases, in the current
design recommendation of exposed column bases, permittable failure modes are different
inthe US [1-10], [1-11], EU [1-12], and Japan. In the design recommendations of exposed
column bases in the US and EU, the yielding of base plates was also stated as a permittable
failure mode of exposed column bases. However, in Japan, the design based on the
yielding of base plates was not stated.

In Japan, a design process of exposed column bases is presented in the AIJ Guidebook
on Design and Fabrication of Column Base in Steel Structure (Column Base
Recommendation) [1-1]. Figure 1-4 shows the current design process of column bases
used in Japan. From the frame view, plastic hinges are allowed in the column base, and
the anchor rods applied in the column base should be ductile (with guaranteed and
sufficient elongation ability). If this requirement is not satisfied, the column base must be
designed to remain elastic under severe earthquakes (case C). The strength of the steel
column M, is ensured with the appropriate choice of the connection factor a, which
guarantees the energy dissipation of seismic members by preventing early fracture at the
connection. The connection factor a is usually set to values between 1.3 and 1.5 as
indicated by the Japanese instruction manual of technical standards on building structures
related to the Building Standards Law (Instruction Manual) [1-13]. The relation of the
maximum strength between the column base M, and the steel column (o-cMpc) 1s
considered as a premise in the design. Regarding the evaluation of c»M,,, it is assumed to
be equal to the full plastic moment of column base M,. In the Column Base
Recommendation [1-1], M, is calculated by accumulating the strength by considering
the influence of axial force on the column base. As indicated in mode C of Figure 1-4, if
the maximum strength of the column base »M, is smaller than M), then there would be
no plastic hinge allowed in the column base. Both the lower part of steel column and
column base must be kept elastic in the ultimate state. This mode is not recommended in

practice because of the difficulty in the design of structures. Regardless of the ductility of
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the anchor rods, if «»M, is greater than (a--M,.), the plastic hinge will form in the steel
column as indicated in Figure 1-4 (modes B-1 and B-2). By limiting the width-to-
thickness ratio of the steel column, local buckling could be prevented with guaranteed
sufficient plastic deformation at the bottom of the steel column. The last type is the

column base hinged mode (mode A) as indicated in Figure 1-4. If ductile anchor rods are

My :Full plastic moment of column
c»My, :Maximum bending strength of

Plastic hinge
. column base
in column base )
oM, :Full plastic moment of column
base
T, :Axial yield strength of anchor
rods group

Ductile anchor wit
confirmed elongation abilit
is applied

Column base must be designed
to maintain elastic response.
(anchor rods are brittle steel

elements)

* Full plastic moment of column
base .,Mp is considered as its
maximum bending strength ., M,,

YES

NO

oMy = a - My, oMy = a - My

N

is satisfied* is satisfied !

:

1

1

1

1

1

-A B-1 B-2 -C

e R ,
Plastic hinge occurs in Plastic hinge occurs in ' Strength guaranteed
column base column 1 (No hinge occurs) :

Plasticization
of the lower
part of column

Column base hinged mode Column hinged mode Elastic mode

Figure 1-4 Failure mode of column base in a frame with the plastic hinge formed according to the

recommendations of Architectural Institute of Japan [1-1]
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Table 1-1 Relations between the column and anchor’s strength, hysteresis curve,

and yielding position

Mode Column Anchor Hysteresis curve Yielding position
M M M I N |
chc -
1 M
cbVlp cb™'p
R R R
Ductile anchor h i
Anchor yield
M M
chc """""""""""""""" o
B-1 R R
Ductile anchor
M ><Fracture M
M ...............................
c'Vipe
B-2 R
Brittle anchor
M M
Fracture Fracture
X X
R R |/ R
Brittle anchor | i o |
Elastic state

applied, and the maximum strength of column base .,M, is less than (a-cM).), the plastic
hinge will occur in the column base and the anchor rods will yield. A summary of the
relations between the column and anchor strength, hysteresis curve, and yielding
positions of these modes is outlined in Table 1-1.

To consider the effect of plastic deformation capacity on demanded horizontal
strength of structures, in the current Building Standard Law of Japan, a coefficient of
structural characteristics Dy (0.25-0.50 for steel structures) was set. The coefficient Dy is
a reduction factor in the calculation of the demanded horizontal strength. Smaller Dj
values indicate that the structure undergoes a larger plastic deformation capacity. In the
case of anchor rods yielding, slip behavior will occur owing to the elongation of the
anchor rods. Furthermore, the inflection point will shift downward, which will cause the

damage concentration on the top of the column and the beam of the 2™ floor. In that way,
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an increase of 0.05 in the coefficient of structural characteristics Ds is necessary. In
addition, to attain the rotation capacity of the column base, it is necessary to ensure that
the elongation capacity of anchor rods is attained. It is required that the threaded part will
not fracture before a sufficient plastic deformation develops on the shaft part. In this way,
the section area ratio of the threaded part to the shaft part is strictly controlled to be greater
than the yield ratio of material. The upper limit of yield ratio of the anchor rods is
controlled to be 80% [1-14]. Generally, there are two fabrication methods of thread in the
anchor rods, namely, rolled threads (ABR), and machined threads (ABM) [1-15]. For
ABR, the strength of thread increases owing to the roll threading. Additionally, the section
area of the threaded part, 4., is similar to the shaft part 45 (4./4»= 0.95); accordingly, the
threaded and shaft parts could yield at almost the same time. Until a complete plastic
deformation occurs on the shaft part, a fracture will not occur on the anchor rods. In this
respect, elongation of the anchor rods is close to the material (approximately equal to
20%). For ABM, the section area of threaded part is smaller than that of shaft part owing
to the machine threading effect. To ensure that section area ratio of the threaded to the
shaft part, metric fine thread was adopted, the upper limit of yield ratio of the anchor rods
was controlled to 75%.

In Japan, the yielding of anchor rods is specially permitted in the design of exposed

column bases. Generally, in the design of connections of steel structures, the strength of

N N
Column < Column N Column > Column
base — base
—>
&

Constant _|_____Ng g ---- Varying of axial force due .l

axial force % Y to the bending moment

I I B I I B
Column Column base Column Column base
strength strength strength strength

(a) Constant axial force (b) Varying axial force

Figure 1-5 Strength relation of steel column and column bases in different axial froce

states
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connections should be designed larger than the corresponding structural component. For
example, in the beam-to-column connections, the strength of welding should be larger
than the strength of beams. Damage must be prevented on the connections. However, the
reason exposed column bases become an exception is that it is difficult to ensure the
yielding of column for the edge columns due to the variance of axial force caused by
bending moment. As shown in Figure 1-5, the full-plastic strength of exposed column
base and steel column is correlated with the axial force. When there is no lateral force on
the structures (no bending moment influencing the axial force on the column/column
base), the axial force is constant. In this state, with the special design, the strength of steel
column could be designed to be smaller than exposed column bases as illustrated in Figure
1-5(a). However, when the lateral force occurred, owing to the bending moment, the axial
force on the column and column base will change. It will further influence the strength
relation between the steel column and column base, in some cases, the strength relation
of steel column and column base might be reversed, as illustrated in Figure 1-5(b). As it
is hard to predict the varying range of axial force in earthquakes, in the design of exposed
column base, even the yielding of steel column was designed to be the expected failure
mode, ductile anchor rods are still recommended to be used in the column base in case of
the above situation, to prevent the brittle fracture of anchor rods.

With the above consideration, the exposed column base could be designed as the
failure mode of anchor rods yielding. However, to ensure the yielding of anchor rods, the
concrete breakout failure and bearing failure of the foundation concrete must be prevented.
Due to the insufficient statement of these two failure modes, an experimental study was

conducted to clarify them to ensure the yielding of anchor rods.
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1.3 Scope of thesis

In chapter 2, the experiment plan and results of ten full-scale exposed column base
specimens are introduced. The experiment results are discussed by different parameters.
Results related to the concrete breakout failure and bearing stress were also summarized.
In chapter 3, a design approach of concrete breakout failure is proposed. Experiment
results related to the concrete breakout failure are analyzed to clarify the contribution of
column longitudinal rebar and concrete in the strength of concrete breakout failure in
exposed column bases. Based on the experiment results, the mechanism of concrete
breakout failure was proposed and confirmed available by a database containing previous
experiments about concrete breakout failure.

In chapter 4, a design approach of concrete bearing stress is proposed. Current calculation
methods of bearing stress in exposed column bases are summarized. A database of
exposed column bases experiments is established. By normalizing and analyzing the
experiment results in the database, the accuracy and applicability of current bearing stress
design approaches are evaluated, furthermore, considering the design philosophy in Japan,
a more conservative design approach is proposed.

In chapter 5, the conclusions of each chapter are summarized. Following the design flow
of exposed column bases in Japan, with the proposed component design approaches of
concrete breakout failure and bearing failure, the exposed column base could be designed

with the failure mode of anchor rods yielding.
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Chapter 2.
Experimental study on

exposed column bases



2. Experimental study on exposed column bases

To ensure the anchor rods yielding in the exposed column base, the pull-out of anchor
rods and bearing failure of foundation concrete must be prevented. However, the current
design recommendation did not state the calculation methods clearly. To clarify the
concrete breakout failure mechanism and bearing stress in the case of exposed column
bases, ten full-scale specimens of exposed column bases with foundation beam were

specially designed and tested. In this chapter, the experiment plan and results were listed.

2.1 Experiment plan
2.1.1 Specimens and parameters

To clarify the concrete breakout failure mechanism and bearing stress in the case of
exposed column bases, totally ten column base specimens were designed. They were
divided into three series (A, B, C) owing to the different sizes of their structural
components. The specimen consisted of a square hollow section (SHS) column, RC
column, footing, and RC foundation beam. The shape of the B-series specimens was taken
as an example as illustrated in Figure 2-1. Overview and dimension of test specimens are

illustrated in Figure 2-2 and 2-3. The matrix of the parameters is listed in Table 2-1. The

Steel column

Anchor rods

y RC column

Footing

RC foundation beam

Figure 2-1 Shape and component of B-series specimens
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parameters include the number of column rebars, embedded depth of anchor rods,
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Figure 2-2 Details of A-series specimens
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Figure 2-3 Details of B and C-series specimens
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Table 2-1 Parameter matrix

Ep Ry Grade of Ob E, [mm] Dy Anchor rods’ grade
Specimen [mm] [mm] beam [N'mm?] (Ew/Re) [mm] (Rar)
rebar
A16-390-20d 490
16 SD390 21 480(20) 1400 M24 ABR490 (24)
A16S-390-20d 370
B19-390-20d 19 SD390 21
B16-490-20d 16 SD490 21
350 400(20) 800 ®19-PC Grade C (20)
B16-590-20d 16 USD590 21
B16H-590-20d 16 USD590 36
C16-590-20d 400(20)
C16-590-30d 600(30) M20 ABR490 (20)
350 16 USD590 21 770
C16-590-39d
780(39)

C16-590-39db

D19-SD345 (20)

Note: Ep: Embedded length of beam main rebar; Rp: Nominal diameter of beam main bar; o»: Nominal

compression strength of concrete; £, Embedded length of anchor rod; Ds: Beam depth; R, Nominal

diameter of anchor rod.
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Table 2-2 Section property of specimens

Beam Section Beam main bar Hoops

A-Series 4-D16 (SD390) 12-D6(SD295) @100
. 3-D16~D19 (SD390,
B-Series 15-D6(SD295) @100
SD490, USD590)

C-Series 3-D16 (USD590) 15-D6(SD295) @100

B-B Section Column rebar Hoops
A-Series 20-D13(SD390) 18-D6 (SD295) @75
B-Series 20-D13 (SD295) 12-D6 (SD295) @75
C-Series 4-D6 (SD295) 12-D6 (SD295) @75

Note: D6, 13, 16, 19: Deformed rebar with its nominal diameter as 6, 13, 16, 19mm,
respectively. The nominal yield strength F), of SD295, SD390, SD490, USD590 are
295, 390, 490, 590N/mm?, respectively.

compression strength of concrete, and beam rebar. Specimens were named according to
the format: Series-Diameter of beam rebar-Nominal strength of beam rebar-Embedded
length of anchor rod. As an example, specimen A16-390-20d indicates that the specimen
was in A-series, the nominal diameter of the beam rebar was 16 mm and had nominal
yield strength of 390 N/mm?. Additionally, 20d indicates that the embedded lengths of
the anchor rods were 20 times their nominal diameters. Additionally, the symbols S and
H in the name refer to the short-embedded length of the beam rebar and the higher
compression strength of concrete, respectively. About specimen C16-590-39db, db
represented that the deformed bar was used as the anchor rods. The detail of reinforcement
arrangement in foundation beam and RC column is listed in Table 2-2. Welded hoops
were used in the specimens to mitigate the complex reinforcement in the concrete. The
weld position was illustrated in Figure 2-2 and 2-3 by triangle marks. The parameters and

specimen properties will be introduced by the order of series.

In A-series, the parameter was the embedded length of beam rebar in concrete column.
In B-series, the parameters included the diameter and grade of beam rebar and nominal
compression strength of concrete. In C-series, the parameters that differed were

embedded length of anchor rods and type of anchor rods. The embedded length (equal to
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20 times the nominal diameter of the anchor rod) was set by the requirements of the
current Japanese Building Design Code [2-1]. Additional tests were conducted with
embedded lengths equal to 30 and 39 times the nominal diameter of the anchor rod to
clarify their influences on the concrete breakout failure strength. Specimens in B and C-
series with different numbers of column rebars were also compared to investigate their

influences on concrete breakout failure strength.

The differences associated with the various series of specimens are presented below. A-
series contained two specimens. The SHS column, 0-300x12 (BCR295, i.e., specified
minimum yield stress F, = 295 N/mm?), with a 40 mm thick base plate (SM490, i.e.,
F,=325N/mm?) was fixed to a RC column by 8-M24 ABR490 anchor rods (i.e., F),= 325
N/mm?). Regarding the anchorage of anchor rods, circular anchor plates with a diameter
of 70 mm and a thickness of 15 mm were used. Embedded lengths of anchor rods were

equal to 20 times their nominal diameters.

Four specimens were in B-series, the sections of steel column, concrete column, and
foundation beam were smaller than those in A-series. The SHS column, 0-200x12
(BCR295), with 50 mm thick base plate were fixed to the RC column by 8-®19 PC steel
bars Grade C (i.e., F,= 1080 N/mm?) [2-2]. To confirm the behavior of the column rebar,
stronger anchor rods were chosen to maintain the elastic state during the loading
procedure. Regarding the anchorage of the anchor rods, circular anchor plates with 65
mm diameter and 19 mm thickness were used based on the need of PC steel bars. The

embedded lengths of the anchor rods were 20 times their nominal diameters.

C-series also contained four specimens, the scale was similar to the B-series specimens,
and 8-M20 (ABR490) anchor rods were used to fix the base plate to the RC column. The
differences between the B and C-series specimens included the foundation beam depth
which was 30 mm less than the B-series, and there was no footing on the C-series
specimens. Additionally, there was no column transverse rebars, only 4-D6 rebars were

set in the corner of the column as the support of hoops.
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2.1.2 Setup, loading protocol, and measurement plan

Figure 2-4 and 2-5 shows the experiment setup. In the experiment process, positive
loading was defined as the loading which tended to close the knee joint (closing side),
and negative loading was defined as the loading which tended to open the knee joint
(opening side). To carry out the experiment with the largest possible size of specimens,
in A-series, the setup was specifically developed such that specimens were set in an

upside-down orientation inclined at an angle of 45°, as shown in Figure 2-4 and Photo

Jacks applying
axial force

Photo 2-1 Experimental setup of A-series specimens
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2-1. Free-end of the RC foundation beam was connected with a pin and reaction jigs. On
the other side, the steel column was connected to the actuator through the horizontal pin-
roller jig. Cyclic loading was applied on the specimens. Additionally, two hydraulic jacks
parallel to the column were set to apply a constant compressive force equal to 300 kN to
the column, which was assumed as a dead load from superstructure in practice.
Furthermore, owing to the setup, the axial force exerted on the column base was varied

as the loading direction changed. The axial force and moment distribution in the closing

o O +
Jacks applying
axial force
- Specimen
o ) T @ ]
oY Pin-roller

Figure 2-5 Experimental setup of B&C-series specimens

Photo 2-2 Experimental setup of B&C-series specimens
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side is illustrated in Figure 2-6(a).

For the setup of A-series specimens, as the 45 degrees setup, the axial force of the
specimens will change in the loading process with the variance of shear force applied on
the specimens. To eliminate the effect of varying axial force on the exposed column bases,
experiment setup of B and C-series was specially designed as illustrated in Figure 2-5 and
Photo 2-2. Furthermore, the number of specimens was increased to clarify the influence
of other parameters. One hydraulic jack connected with the foundation beam applied
cyclic loading on the specimen. A constant compressive axial force equal to 300 kN was
also applied on the column by the two sets of hydraulic jacks parallel to the column. A
pin-roller jig was set in the bottom part of the specimen as support. The axial force and

moment distribution on the closing side is shown in Figure 2-6(b).

Cyclic loading was conducted to control the story drift R which varied from 1/400, 1/200,
and 1/150 at two cycles per amplitude. Subsequently, one cycle from R varied from 1/100,

1/75, 1/50, 1/33, and 1/20 until the strength deterioration occurred, or until the stroke of

P
!
l,

N\

Constant

// \\ p axial force

T B
. . |
Variable axial ﬂ T_T

force

l,

1

(a) A-series specimens (b) B&C-series specimens

Figure 2-6 Axial force and moment distribution of specimens

s

QO_R:‘I ﬁ$

(a) A-series specimens (b) B&C-series specimens

Figure 2-7 Measurement plan to calculate story drift ratio R
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the hydraulic jack reached its limitation, as shown in Figure 2-8. To calculate the story
drift R controlled in the loading, displacement transducers were set to measure the
deformation of steel column, column base, and foundation beam, which are the
components of the story drift R. As illustrated in Figure 2-6 and Figure 2-7, the story drift

R was calculated by Egs. 1 and 2 for the A, B, and C series specimens, respectively.

_ & (1)
R CV2x1
pod2 )

L

To investigate the mechanism of concrete breakout failure, the tensile strain of anchor
rods and column rebar also needed to be measured. Thus, the strain gauges were glued on
the anchor rods and the column rebar. Additionally, strain gauges were glued on hoops
that were close to anchor plates to clarify the horizontal component of concrete breakout
failure strength. The position of strain gauges will be illustrated in the corresponding

experiment result parts.

A

" R [rad]

A A AN >
\/\/\/\/vv ime [s]

hd

Two cycles for R=1/400,
1/200, 1/150 N Y
-~

One cycle for R =1/100, 1/75, 1/50, 1/33,
1/20 until limit of jack stroke or strength

Figure 2-8 Loading protocol
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2.1.3 Material test results

As listed in Table 2-3, the material properties of steel rebar arranged in concrete column

and foundation beam and anchor rods were obtained based on coupon tests according to

the Japanese industrial standard (JIS) Z 2201 [2-3]. The coupon tests were separately

performed for the rebars as column rebar, beam rebar, hoops, and anchor rods. Table 2-4

lists the material properties of concrete and base mortar according to JIS A 1108 [2-4],

JIS A 1142 [2-5] for the compression strength of concrete and base mortar, respectively.

Table 2-3 Material test results for steel

Oy

Oy

Position Specimen Steel grade 5 .. YR[%]
[N/mm“]  [N/mm~]
Column A-series D13-390 431 623 69.1
main bar B-series D13-295 335 480 69.7
A-series D16-390 464 639 72.6
B B19-390-20d D19-390 382 544 70.2
eam
B16-490-20d D16-490 529 692 76.4
transverse
b B16-590-20d
ar
B16H-590-20d D16-590 621 766 &1.0
C-series
A-series D6-295 418 539 77.5
Hoops® )
B and C-series D6-295 429 623 68.9
A-series M24-ABR490 332 490 67.7
Anchor rods B-series ®19 PC Grade C 1185 1280 92.5
C-series M20-ABR490 343 551 62.2

Note: E: Young's modulus; g,: yield strength; o.: tensile strength; YR: yield ratio.

%Yield strength of hoops is the 0.2% offset strength.

®Material property based on the mill test report.
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Table 2-4 Material test results of concrete and base mortar

Concrete Base mortar
Specimen Age Oc Age Oc
[days] [N/mm?] [days] [N/mm?]

A16-390-20d 44 23.2 37 74.2
A16S-390-20d 56 23.6 49 78.2
B19-390-20d 68 24.8 65 74.5
B16-490-20d 70 25.0 67 74.6
B16-590-20d 88 25.8 85 74.8
B16H-590-20d 94 45.9 91 74.9
C16-590-20d 95 23.9 75 63.7
C16-590-30d 97 24.0 77 63.9
C16-590-39d 90 23.7 70 63.3
C16-590-39db 82 233 62 62.5

Note: o.: Compression strength.
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2.2 Experiment results
2.2.1 Ultimate strength and failure modes

The maximum strength of specimens in both loading directions and the calculation
strength of different possible failure modes were listed in Table 2-5. The failure modes
for different series of specimens were different. In A-series, the major failure mode was
the concrete breakout failure in the closing loading direction. However, it was found that
the ultimate strength of A-series specimens was greatly smaller than the calculation value
of concrete breakout failure strength following the current design recommendation. Such
that the recommendation might overestimate the concrete breakout failure strength. In B-
series, the failure mode was beam bending failure due to the yielding of beam transverse
rebar. From the relation between the calculation value and experiment results, the ultimate
strength could be evaluated accurately. On the other hand, as the maximum strength is
lower than the concrete breakout failure strength, the concrete breakout failure cracks
were also observed in the specimens. In C-series, the failure mode is the concrete
compression and bending failure due to the insufficient column longitudinal rebar. On the
other hand, the maximum strength is greatly higher than the calculation value of concrete
breakout failure strength. The detailed behavior of specimens and strength evaluation will

be discussed separately by the series of specimens in the following sections.
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Table 2-5 Strength of specimens, failure mode, and comparison with the calculated results

+Q _Q calaFy calszy calCFy + Q - Q Failure

No. [kKN] [kN]  [kN] [kN] [kN] min{f} min{f} mode

6129 5884  270.5
A16-390-20d* 3239 219.2 1.20 1.05 CBF
(234.5) (434.8) (208.4)

613.7 5893  270.5
A168-390-20d* 3224 2109 1.19 1.01 CBF
(234.6) (435.6) (208.4)

B19-390-20d 2433 2060 182.7 650.0 316.0 1.33 1.13 BBF
B16-490-20d 2193 1899 1794 650.5 316.0 1.22 1.06 BBF
B16-590-20d 236.7 2055 210.6 653.0 316.0 1.12 0.98 BBF
B16H-590-20d 2403 2212  210.6 706.1 431.8 1.14 1.05 BBF

C16-590-20d 1744 1732 202.7 104.0 162.0 1.68 1.67 CCBF
C16-590-30d 187.9 176.6  202.7 117.0 162.0 1.61 1.51 CCBF
C16-590-39d 1943 1732 202.7 127.0 162.0 1.53 1.36 CCBF
C16-590-39db  189.4 1859  202.7 127.0 162.0 1.49 1.46 CCBF

Note: +Q, -Q: Maximum strength in closing and opening side.

«al'Fy: bending failure of beam by the yielding of beam rebar.

cal”’Fy: concrete breakout failure strength calculated by considering all column rebars. [2-6]
cal’Fy: full plastic strength of column base by considering the yield of the anchor rod.

Failure mode: CBF: concrete breakout failure; BBF: beam bending failure; CCBF: column
compression bending failure.

% Strength marked in the parentheses is the calculated value in the opening side.
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2.2.2 A-series specimens

Hysteresis relation between shear force on the column base Q and story drift R is
presented in Figure 2-9. The sketch showing the parameters of A-series specimens
(embedded length of beam transverse rebar) is also indicated next to its hysteretic curve.
The envelope curve for both loading directions is indicated with a thicker line. The timing
of anchor rods and hoop yielding judged by strain gauge results are marked in the
hysteretic curve with round marks. For both specimens, on the closing side, the strength
deteriorated owing to the concrete breakout failure. As illustrated in Figure 2-10, concrete
breakout failure cracks occurred in specimen A16-390-20d when R = +1/400. In the
ultimate state, severe conical cracks could be observed from specimens, crack distribution
of specimen A16-390-20d was taken as an example, which will be illustrated in the
following pages with the increment of loading amplitude. The maximum strengths of both
specimens were similar and approximately equal to 322 kN on the closing side and 210
kN on the opening side. The considerable difference in the maximum strength in different
loading directions was attributed to the varying axial force applied on the foundation
beam as the specimen was set as 45° at an inclined orientation. Specifically, for the
opening side, the tension applied on the column base caused the strength to be smaller
than the closing side. Owing to this reason, in Table 2-5, both the calculated values of the

failure strength are listed separately. The strength in the opening side was marked within

Q [kN] 400 Q [kN]

A hoops
Anchor rod . Anchor rod

-0.06 0.06 -0.06

Anchor rod

0.06
Anchor rod

A16-390-20d A16S-390-20d

Figure 2-9 Hysteresis curve of A-series specimens
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parentheses. Regarding the experimental results, in the closing side, anchor rods yielded
at a loading amplitude of R = 0.5% for both specimens, and the hoop closing to the anchor
plate also yielded in a subsequent loading process. However, the difference in the
embedded length of the beam rebar did not influence the structural behavior in the closing

side. The maximum strength and failure mode were similar.

Conversely, in the opening side in the case of specimen A16-390-20d, the strength was
stable until the ultimate state; however, for specimen A16S-390-20d, the strength
deteriorated by approximately 20% owing to the insufficient anchorage strength because
of the short-embedded length of the beam rebar. Regarding the effect of the anchorage
length of the beam rebar on the concrete breakout failure, there was no considerable
difference between the two specimens. The increment of cracks of specimen A16-390-
20d with the corresponding Q - R hysteresis curve was illustrated in the following pages.
Furthermore, the increment of critical crack width of specimen A16-390-20d was also

summarized and discussed.

AN

.
[amuni
o
[amini
T

Figure 2-10 Concrete breakout failure cracks occurred in specimen A16-390-20d when
R=+1/400
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Crack distribution of specimen A16-390-20d
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® Crack width increment of specimen A16-390-20d
The crack width in every loading amplitude was measured and summarized. The most
severe crack for concrete breakout failure was picked up as marked in a circle or triangle

corresponding to different positions.

Critical cracks in closing side @ Critical cracks in opening side
/J I \\\7& .J J}‘\'_
7“}%@({ [ 4
Gl
! | \ B
‘ Ll f,f
|
AN
f
L
R
—— Closing side
Opening side
=777 Unloading
0 f—===f====C . . i R [rad.]

0.5% 0.67% 1% 1.33% 2% 3%
Increment of width of concrete breakout failure cracks
As could be observed from the figure above, the width in the closing side increased
significantly when R = 2%, reaching around 4 mm, as it was also the trigger of the strength
deterioration in the loading of closing side. Comparingly, on the opening side, the width

of cracks is relatively small, around 0.5 mm in the ultimate state.

4 1 Crack width[mm]

3 —— Closing side

) Opening side
777 Unloading

1

0¥ ; : . : i R [rad.]

0.5% 0.67% 1% 1.33% 2% 3%
Increment of width of concrete breakout failure cracks in foundation beam

The crack in the foundation beam showed similar behavior with the cracks in the concrete

column in the opening side.
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2.2.3 B-series specimens

Hysteresis relation between shear force on the column base Q and story drift R is
presented in Figure 2-11. The sketch showing the parameters of B-series specimens
(strength and diameter of beam transverse rebar and concrete strength) is also indicated
next to its hysteretic curve. In the sketch of the specimens next to their hysteretic curve,
darker colors on the beam rebar and concrete body represent higher strength. The
envelope curve for both loading directions is indicated with a thicker line. The timing of
anchor rods and hoop yielding judged by strain gauge results are marked in the hysteretic
curve with round marks. The failure mode of specimens was beam bending failure that
occurred following the yielding of beam rebar. Different beam rebar grades caused the

changing of maximum strength. Severe bending cracks can also be observed in the

-400
B19-390-20d

400 7Q [KNI

4001
B16-590-20d B16H-590-20d

Figure 2-11 Hysteresis curve of B-series specimens
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specimens in the ultimate state. The crack distribution of specimen B16-590-20d was
taken as an example, which will be illustrated in the following pages with the increment
of loading amplitude. The maximum strengths of the specimens were approximately 1.12
to 1.33 times the calculated value on the closing side and 0.98 to 1.13 times on the opening
side. In respect of the concrete breakout failure, conical cracks could be observed from
the surface of specimens displayed in Figure 2-12 and Figure 2-13, despite the fact that
the maximum strength did not reach the calculated value ../”’F,. Regarding the influences
of the beam rebar on the concrete breakout failure, no considerable differences were found
in both loading directions. The increment of cracks of specimen B16-590-20d with the
corresponding Q-R hysteresis curve was illustrated in the following pages. Furthermore,
the increment of critical crack width of specimen B16-590-20d was also summarized and

discussed.

Figure 2-12 Concrete breakout failure cracks occurred in specimen B16-590-20d when
R=-1/100

Figure 2-13 Concrete breakout failure cracks occurred in specimen B16-590-20d when
R=+1/75
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® Crack distribution of specimen B16-590-20d
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® Crack width increment of specimen B16-590-20d

The crack width in every loading amplitude was measured and summarized. The most

severe crack for concrete breakout failure and foundation beam was picked up as marked

in circle, square, and triangle, respectively.
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As could be observed from the figure above, the width of cracks on the foundation beam

kept increasing slowly until R = 1.33% and increased suddenly at the loading amplitude

of R =2%.
0.6 1 Crack widthimm]
04 + /—o
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02 4 Y
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0 t } t f i
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—— Closing side

=7 Unloading

Opening side

Increment of width of concrete breakout failure cracks

As could be observed from the figure above, the width of concrete breakout failure

cracks was relatively small than the crack width in foundation beam, the crack width

kept increasing until the ultimate state.
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2.2.4 C-series specimens

Hysteresis relation between shear force on the column base Q and story drift R is
presented in Figure 2-14. The sketch showing the parameters of C-series specimens
(embedded length of anchor rods and their type) is also indicated next to its hysteretic
curve. The envelope curve for both loading directions is indicated with a thicker line. The
timing of anchor rods and hoop yielding judged by strain gauge results are marked in the
hysteretic curve with round marks. The failure mode of specimens was the column
compression bending failure in the bottom of concrete column during the closing side
loading following the considerable deterioration of strength. In the ultimate states, severe
cracks are concentrated on the bottom of the column on the closing side. The reason was

attributed to the inadequate column rebar in C-series specimens. Additionally, conical

400 TQ [kN]

AnChor rOd - =T Anchor rod 1 ] ]
4001 L -400
C16-590-20d C16-590-30d
400 TQ [kN] 4007 Q [kN]

Anchorrod 1 ] Anchor rod
400+ 5— -400
C16-590-39d C16-590-39db

Figure 2-14 Hysteresis curve of C-series specimens

2-24



cracks were observed in the opening side loading of specimen C16-590-20d shown in
Figure 2-15. For specimen C16-590-39d, with the exception of cracks on the foundation
beam, the cracks accumulated on the bottom side of the concrete column. Regarding the
maximum strength of C-series specimens, in the opening side, the strength was very
similar to the yielding of anchor rods with a difference of approximately 3.4 kN. In the
closing side, the strength increased as a function of the embedded length of anchor rods.
Although the maximum strength of the specimen was approximately 1.36 to 1.68 times
the calculated value of the concrete breakout failure strength (...°F}), the pullout of anchor
rods owing to concrete breakout failure did not occur. However, the anchorage failure on
specimen C16-590-20d was observed. Although in the calculation in design, the
anchorage failure of foundation beam rebar was not expected to occur due to the strength
being around 1.3 times the concrete breakout failure strength. While in the experiment
result, the concrete breakout failure strength is greatly larger than the calculation value,
thus the anchorage failure occurred on the closing side. A footing with more

reinforcement might prevent anchorage failure.

Also, comparing specimen C16-590-39d and C16-590-39db, the difference in the type of
anchor rods has no significant influence on the structural behavior in both loading
directions. The maximum strength and failure mode were similar. And the maximum

strength all fit well with the calculated full-plastic strength. The increment of cracks of

Figure 2-15 Concrete breakout failure cracks occurred in specimen C16-590-20d when
R=-1/100
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specimen C16-590-20d with the corresponding O-R hysteresis curve were illustrated in
the following pages. Furthermore, the increment of critical crack width of specimen C16-

590-20d was also summarized and discussed.
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® Crack distribution of specimen C16-590-20d
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® Crack width increment of specimen C16-590-20d
The crack width in every loading amplitude was measured and summarized. The most
severe crack for concrete breakout failure and foundation beam was picked up as marked

in circle, square, and triangle, respectively.

Critical cracks in closing side @ Il A Critical cracks in opening side

WU”/L‘/ H// 4

@x\\ oW o /

1 - Crack width[mm] 1 + Crack width[mm)] .
—— Closing side
0.8 0.8 . .
Opening side
. 0.6 _—— .
0o Unloading
0.4 0.4
0.2 [
|E R [rad ]
0 T t | T t }
0.5% 0.67% 1% 1.33% 2% 3% S5% 0.67% 1% 1. 33% 2% 3%

Increment of width of cracks on the foundation beam

As could be observed from the figure above, the width of cracks on the foundation beam

kept increasing slowly until R = 1.33% and decreased until the ultimate loading amplitude.

2.5 T Crack width[mm)]

2
r —— Closing side
. Opening side
~=7 Unloading
0.5

0 4 : : : | i R [rad.]
0.5% 0.67% 1% 1.33% 2% 3%
Increment of width of concrete breakout failure cracks
As could be observed from the figure above, the width of concrete breakout failure
cracks was significantly larger than the crack width in foundation beam, the width of

concrete breakout failure cracks kept increasing until the ultimate state.
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2.3 Summary

In this chapter, ten exterior column type specimens were specially designed and tested to
clarify the concrete breakout failure mechanism and bearing stress in the case of exposed
column bases. Experiment parameters contained the number of column rebars, embedded
depth of anchor rods, compression strength of concrete, and strength of beam transverse

rebar. The following conclusion is inferred based on the experiment results.

In A-series, the major failure mode was the concrete breakout failure in the closing
loading direction. However, it was found that the ultimate strength of A-series specimens
was greatly smaller than the calculation value of concrete breakout failure strength
following the current design recommendation. Also, the difference in the embedded

length of the beam rebar did not influence the structural behavior in the closing side.

In B-series, the failure mode was beam bending failure due to the yielding of beam
transverse rebar. From the relation between the calculation value and experiment results,
the ultimate strength could be evaluated accurately. However, although the maximum
strength is lower than the calculated concrete breakout failure strength, the concrete

breakout failure cracks were also observed in the specimens.

In C-series, the failure mode is the concrete compression and bending failure due to the
insufficient column longitudinal rebar. On the other hand, the maximum strength is
greatly higher than the calculation value of concrete breakout failure strength. It is also
found that the difference in the type of anchor rods has no significant influence on the

structural behavior in both loading directions.

In all, from the experiment results, it could be concluded that the current design
recommendation could not evaluate the concrete breakout failure strength accurately.
Thus, the detailed analysis and discussion on the concrete breakout failure will be
introduced in Chapter 3. On the other hand, as the experiment results showed great
relevance of the maximum strength of the exposed column base, the discussion on bearing

failure in conducted in Chapter 4 based on this result.
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Chapter 3.
Design approach of concrete

breakout failure



3. Design approach of concrete breakout failure

To ensure the anchor rods yielding in the exposed column base, the pull-out of anchor
rods should be prevented. One of the failure modes related to the pull-out of anchor rods
is the concrete breakout failure. In this chapter, by analyzing the data from the experiment,
the concrete breakout failure mechanism was clarified. It was found that the current
design recommendation in Japan overestimated the number of effective column rebar.
The design approach of concrete breakout failure was proposed based on this finding. A
database that contained the previous concrete breakout failure experiments was
established and it was proved that the proposed design approach could evaluate the

concrete breakout failure strength conservatively.

3.1 Introduction and background
3.1.1 Introduction

Concrete breakout failure is a brittle failure that must be prevented in the exposed
column base. However, there is no specific method regarding the concrete breakout
failure strength in the case of the exposed column base. In Japan, in the Recommendation
for Design of Connections in Steel Structures (Connections Recommendation) [3-1], the
equation used to calculate pull-out strength was based on the RC beam-to-column
connections outlined in the Design Guidelines for Earthquake Resistant Reinforced

Concrete Buildings Based on Inelastic Displacement Concept [3-2].

In the Connections Recommendation [3-1], the pull-out strength of anchor rods was
considered as indicated in Figure 3-1. Egs. (1-2) showed the calculation of the pull-out

strength of the anchor rods due to the concrete breakout failure.
Ty = 91T, + 0.7T; (1)

T, = 0.31,/F; - A, 2)
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Where (T is the pull-out strength of the anchor rods, ¢; is the reduction factor considered
to be equal to 2/3, T, is the concrete breakout failure strength, 7’ is the yield strength of
the effective column rebar in the range of failure surface, F. is the nominal compression

strength of concrete, and A4. is the projected area of concrete breakout failure.

There are two components in the calculation of pull-out strength, namely, concrete
and the column longitudinal rebar (column rebar). As shown in Figure 3-1, in the case of
the experiment specimens of this study, which is an exposed column base with one side
foundation beam, the loading tends to close or open the knee-joint-shaped specimen is
defined as the closing side and opening side, respectively. The embedded length of anchor
rods E,- is required to be at least 20 times its nominal diameter [3-3]. In the concrete

column, from the anchored position, a 45° concrete breakout failure surface is assumed.

\ 2
e 1le—
\ v
M
V d L,\ o7 }

=4 z)

M

u o O > a o O ;A

(a) Closing side (b) Opening side

Figure 3-1 Calculation method of pull-out strength of anchor rods owing to the concrete
breakout failure [3-1]
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Projection area on the top surface of concrete is defined as effective concrete breakout
failure area 4., which could be observed from the red area in Figure 3-1. A method used
to determine A. involves drawing circles from the center of anchor rods (exposed to
tension) with a radius of E, plus the radius of anchor plate 7, then subtracting the area of
the anchor plate and anchor rods (77?) from the circle. In the case of opening side, A.
contains part of the foundation beam as illustrated in Figure 3-1 (b). Regarding the effect
of rebar, all the column rebar in the failure area are considered as effective rebar (as

marked in the dotted frame).

In the United States, the Building Code Requirements for Structural Concrete (ACI
318M-14) and Commentary (ACI 318RM-14) [3-4] refers to a calculation method of the

concrete breakout failure strength N.», for a group of anchors, as indicated by Eq. (3)

Anc 3)

Ncbg = 2 : l‘Uec,N : l‘Ued,N ) '{,C,N ) 'pcp,N Ny
Nco

where A . is the projected concrete failure area of a group of anchors, Anc. is the projected
concrete failure area of a single anchor with an edge distance equal to or greater than
1.5E4, Yecn 1s the modification factor for anchor groups loaded eccentrically in tension,
Y.qn 1s the modification factor for edge effects, ¥. v is the modification factor for anchors
located in a region of a concrete member where the analysis indicates no cracking at
service load levels, ¥, n 1s the modification factor for post-installed anchors, and Nj is

the basic concrete breakout strength of a single anchor in tension in cracked concrete

However, when the column rebar is developed, the design strength of the column
rebar can be used instead of the concrete breakout strength for the determination of the
tension of anchor rods with a 0.75 strength reduction factor from the conservative point-
of-view [3-5]. It is a quite different design conception compared with Japan. In this

chapter, both the contribution of concrete and column rebar was discussed and clarified.

3.1.2 Previous researches

A very limited number of existing studies focused on the concrete breakout failure
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strength in structures with RC foundations based on consideration of the effect of column
rebar. Masuda et al. [3-6][3-7] conducted stud column experiments with parameters of
the embedded length of anchor rods and the number of column rebar. The results indicated
that the column rebar contributed to the concrete breakout failure strength. Koya et al. [3-
8][3-9] investigated the influence of column rebar’s anchorage method and its
contribution to an inner column type specimen. A stress transfer mechanism was proposed.
Kadoya et al. [3-10] conducted an inner column type experiment, whereby the adhesion
length of column rebar should be ensured if its contribution to the concrete breakout

failure strength is assumed.

However, there were a few research studies that focused on the concrete breakout
failure behavior of the corner column, and the effect of beam longitudinal rebar (beam
rebar) on the concrete breakout failure. Furthermore, these research studies did not clarify
the precise number of effective column rebars. Additionally, the timing at which the
column rebar started to strengthen and concrete breakout failure crack occurred was not

clear either.

Thus, by analyzing the experiment results, the following points were clarified: a) the
concrete breakout failure strength, b) precise contribution of column rebar to the strength
of the exposed column base with one-sided foundation beam, and c) effect of beam rebar

on the pull-out strength of anchor rods owing to concrete breakout failure.
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3.2 Experiment results related to concrete breakout failure
3.2.1 Failure modes and hysteretic curve

The hysteresis relation between shear force on the column base Q and story drift R is
presented. The sketch showing the parameters of each series specimen is also indicated
next to its hysteretic curve. The envelope curve for both loading directions is indicated
with a thicker line. The timing of anchor rods and hoop yielding judged by strain gauge
results are marked in the hysteretic curve with round marks. Additionally, concrete
breakout failure strength Tcone and the residual concrete breakout failure strength Teone,res
were marked with square marks. The definitions and discussion on Tcone and Tecone,res are
listed in section 3.2.2. The experimental results consist of failure modes and maximum
strength are listed in Table 3-1. Additionally, Table 3-1 shows the calculated strength of
several failure modes following the Column Base Recommendation and its comparison
with experiment results. The strengths of every failure mode were converted to the shear
force applied on column bases for the convenience of comparison. The failure modes
involved concrete breakout failure, bending failure of the beam, and hinged column base
caused by the yielding of anchor rods. The behavior of every specimen will be explained

by the order of their series.

® A-Series specimens

400

Tcone,res

Anchor rod

-0.06 0.06 0.06
Anchor rod

= Tcone,res

TCOFIE

-400
A16-390-20d A16S-390-20d

Figure 3-2 Hysteresis curve of A-series specimens
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For specimens in A-series, the hysteresis relation between shear force on the column
base O and story drift R is presented in Figure 3-2. On the closing side, the strength
deteriorated owing to the concrete breakout failure. Severe conical cracks could be
observed from specimens, crack distribution of specimen A16-390-20d was taken as an
example as illustrated in Figure 3-5(a). The maximum strengths of both specimens were
similar and approximately equal to 322 kN on the closing side and 210 kN on the opening
side. The considerable difference in the maximum strength in different loading directions
was attributed to the varying axial force applied on the foundation beam as the specimen
was set as 45° at an inclined orientation. Specifically, for the opening side, the tension
applied on the column base caused the strength to be smaller than the closing side. Owing
to this reason, in Table 3-1, both the calculated values of the failure strength are listed
separately. The strength in the opening side was marked within parentheses. Regarding
the experimental results, on the closing side, anchor rods yielded at a loading amplitude
of R =0.5% for both specimens, and the hoop closing to the anchor plate also yielded in
a subsequent loading process. The strength deteriorated owing to the concrete breakout
failure on the closing side. Severe conical cracks could be observed from the specimen,
the crack distribution of specimen A16-390-20d was taken as an example as observed in
Figure 3-5(a). However, the difference in the embedded length of the beam rebar did not
influence the structural behavior in the closing side. The maximum strength and failure

mode were similar.

Conversely, in the opening side in the case of specimen A16-390-20d, the strength
was stable until the ultimate state; however, for specimen A16S-390-20d, the strength
deteriorated by approximately 20% owing to the insufficient anchorage strength because
of the short-embedded length of the beam rebar. Regarding the effect of the anchorage
length of the beam rebar on the concrete breakout failure, there was no considerable
difference between the two specimens. Regarding the position of Tconeres, because the
strain gauge glued on the anchor rods failed at the amplitude of R = 1%, the Tcone res Was

taken from the last available value in that loading cycle.
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® B-series specimens

For specimens in A-series, the hysteresis relation between shear force on the column
base Q and story drift R is presented in Figure 3-3. In the sketch of the specimens next to
their hysteretic curve, darker color on the beam rebar and concrete body represent higher
strength. The failure mode of specimens was beam bending failure that occurred
following the yielding of beam rebar. Different beam rebar grades caused the changing of
maximum strength. Severe bending cracks can also be observed in Figure 3-5(c) and (d).
The maximum strengths of the specimens were approximately 1.12 to 1.33 times the
calculated value on the closing side and 0.98 to 1.13 times on the opening side. In respect
of the concrete breakout failure, conical cracks could be observed from the surface of
specimens displayed in Figure 3-5(c) and (d), although the maximum strength did not

reach the calculated value ../”’F,. Regarding the influences of the beam rebar on the

400 1 Q [kNI 400 +Q [kN]

Tcone TCOT'IE

% Tcone,res

hoops — Tcone,res

hoops

——y AL
-0.06 0.06 -0.06 0.06

]

i E E I
Tcone,res ‘ I.i:i_% Tcone,res ‘ Ii%
Tcorl%,OO : : Tcong400 ! :
B19-390-20d B16-490-20d
400 7 Q [KN] 200 +Q [kN]
cone Teone

cone,res

Tcone,res

s
%400 -400
B16-590-20d B16H-590-20d

! : T

cone

Figure 3-3 Hysteresis curve of B-series specimens
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concrete breakout failure, no considerable differences were found in both loading

directions.
® (-series specimens

For specimens in A-series, the hysteresis relation between shear force on the column
base Q and story drift R is presented in Figure 3-4. The failure mode of specimens was
the column compression bending failure in the bottom of concrete column during the
closing side loading following the considerable deterioration of strength. As shown in
Figure 3-5(e), severe cracks are concentrated on the bottom of the column on the closing
side. The reason was attributed to the inadequate column rebar in C-series specimens.
Additionally, conical cracks were observed in the closing side loading of specimen C16-
590-30d and the opening side loading of specimen C16-590-20d shown in Figure 3-5(f).
For specimens C16-590-39d and C16-590-39db, except cracks on the foundation beam,

400 TQ [kN]

400 7Q [kN]

Anchor rod Anchor rod

’. Tcone
7 R [rad] R [rad]
%

Anchor rod Anchor rod
T
“"400 -400
C16-590-20d C16-590-30d

400 T7Q [KN] 4007 Q [kN]

Anchor rod Anchor rod

-400 -400
C16-590-39d C16-590-39db
Figure 3-4 Hysteresis curve of C-series specimens
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the cracks accumulated on the bottom side of the concrete column. Regarding the
maximum strength of C-series specimens, in the opening side, the strength was very
similar to the yielding of anchor rods with a difference of approximately 3.4 kN. On the
closing side, the strength increased as a function of the embedded length of anchor rods.
Although the maximum strength of the specimen was approximately 1.36 to 1.68 times
the calculated value of the concrete breakout failure strength (...°F)), the pullout of anchor

rods owing to concrete breakout failure did not occur.

| 0.03 mmto 0.45 mm 0.5 mm to 0.95 mm e 1 MM and above |
[ I

2O fE—

-

T Concrete breakout failure
cracks (CBF cracks)

“--+-- Concrete breakout failure

\ cracks
\1
N j
C \ |
(a) A16-390-20d closing (b) A16-390-20d opening
| TP Y2~ A —
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ﬁ\/ ML\ 7
o i i
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(c) B16-590-20d closing (d) B16-590-20d opening

-

N e

- \\
\\ \ﬁ\.\\ 3\/‘ CBF cracks
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Figure 3-5 Crack distributions on the specimens in the ultimate states
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3.2.2 Concrete breakout failure strength evaluation

From the behaviors of specimens in A and B-series, conical cracks were observed on
the surface of the concrete column. Furthermore, the failure mode for the A-series
specimen was concrete breakout failure. However, from the calculated results listed in

Table 3-1, the concrete breakout failure strength calculated based on the Connections

Anchor rod

/
v %

e ——

2000 ot o e R=1/200

onical crac _

1500 » observed ¢ R= 1100

~--_. "/.\ . —.—R=1/33
500 \
0
-500

Figure 3-6 Strain distribution on the column rebar of specimen B16-590-20d in

closing side
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1500 e-R=UTE | //,\ \./,0\1.‘ observed
1000 + —-e—-R = 1/50 7/ N
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Figure 3-7 Strain distribution on the column rebar of specimen B16-590-20d in

opening side
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Recommendation [3-1] was approximately 1.82 to 2.06 times the maximum strength of
the specimens (..’’F,/Q). This means that the Connections Recommendation
overestimated the concrete breakout failure strength. To clarify the efficiency of each
component, the behavior of column rebar and anchor rods are discussed by the results of

glued strain gauge.

As indicated in Figure 3-6, the strain values of strain gauge glued on the column rebar
are summarized by peak values of every loading amplitude on the closing side. The
experimental result of specimen B16-590-20d was illustrated as an example. On the
closing side, the strain increased significantly and attained the same amplitude as that
attained by the conical crack that was observed initially. In the half section of the column,
four column rebars were counted as effective in the concrete breakout failure strength
(marked in color). On the opening side, as illustrated in Figure 3-7, the strain amplitude
also increased when the conical crack was also observed. However, the effective number
of column rebars was three. Compared with the closing side, the different one existed in
the area close to the foundation beam. It was considered that the foundation beam also
contributed to the concrete breakout failure area. Thus, the rebar in that region required a
smaller strength than the others. In conclusion, the effective number of column rebar was
far less than the number mentioned in the Connections Recommendation [3-1].

Additionally, for the corner column, the effective number of column rebar in the side

ﬂm 600 + eTar [kN] (eTr,maXiTmax)

500 4 Crack observed

|| || 400'

-100 0 100 200 300

Figure 3-8 Strength relation of anchor rod and column rebar of specimen B16-590-20d
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without the foundation beam was higher than that in the side with the foundation beam.

The strength relation of the anchor rod and column rebar is displayed in Figure 3-8.
Only the effective ones were picked up to consider the strength relation. The experimental
result of specimen B16-590-20d in the closing side was chosen as an example. The
strengths of the column rebar and anchor rods were represented as .7 and 7., and were
calculated from the strain gauge data. In Figure 3-8, the .7, value started to increase
considerably when the .7, reach the value of 7¢one, which refers to the column rebar
starting to take strength when the conical crack occurred inside the concrete. Tecone Was the
peak value in the vertical axis in Figure 3-9, which represents the experiment value of
concrete failure strength .7, which was defined as the difference between .74 and .7 as
the concrete proportion could not be measured directly. The timing of strength reached
Teone was considered as concrete breakout failure occurred. Additionally, conical cracks
were also observed from the surface of specimens in peak value of the same loading cycle
as marked in a hollow circle in Figure 3-8. The maximum value of .74~ and .7 was defined
as Tmax and ¢Tr;max. As can be observed from Figure 3-9, after .7, reached Tcone, oTx started
to decrease to the range between @17, and 7, (mentioned in Eq. 1), and maintained almost
stable subsequently. The value of .7, in the ultimate state was defined as Tcone,res, Which
indicated the residual concrete failure strength. Discussion about these defined strengths
will be introduced in the following section.

ﬁm f 600 'r eTa (: eTar_ eTr) [kN]

s . °. ] 500 +

Tcone TCOHE,I'ES

400 -

L = T kN

eTr -100 0 100 200 300

Figure 3-9 Strength relation of concrete and column rebar of specimen B16-590-20d
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3.3  Discussion
3.3.1 Concrete breakout failure strength

The values of Teone, Tconeres, and T, were plotted and compared in Figure 3-10 and
Figure 3-11. T, is a calculated value of concrete breakout failure strength according to Eq.
(2). To discuss the concrete breakout failure strength 7cone, as mentioned in Connections
Recommendation [3-1], ¢17, is also shown in a dashed boundary line. As illustrated in
Figure 3-10, in the case of specimens of A-series, the results were around ¢17,. The reason

is attributed to the fact that the strain gauge on the anchor rod failed in the early stage

500 - Tcone [kN]
| T - -
e a\ o " A-series 2 Closing side
400 + T - A Opening side
| e‘ar %] A dlea
300 + - ol ing si
[ T m T B-series = Closing side
P Bl Opening side
200 T /r// A
el . O Closing side
- C-series 2T
100 + g @ Opening side
7 T, [kN]
0 Z ] 1 ] 1 ] 1 ] 1 ]

0 100 200 300 400 500

Figure 3-10 Comparison of experiment result 7.o. with calculated result 7,

500 _ Tcone,res [kN]

- ela \
400 +
: i ' T @,
elar “In m.“1la . ]
300 + . - A-series 2 Closing side

I elr S 77 a A Opening side
200 4 IO O el <

I o B-series CI05|r_1g S|c_ie
100 + .7 W Opening side

- T, [kN]
0 ¥—t——~4+——+——+——
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(b) Residual concrete breakout failure strength

Figure 3-11 Comparison of experiment result Tcone,res With calculated result 7,
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such that the maximum value of .7, could not be achieved. For the B-series, the Tcone
showed different results owing to the different loading direction, in the closing side, and
the Tcone was over T,. However, in the opening side, the Tcone value was in the range
between T, and ¢;T,. Regarding the C-series, since there was no column rebar in the
specimen, only Tcone Was used in the comparison. When the two specimens with conical
crack occurred, Tcone was higher than 7,. This outcome matched the experimental result.
In the design procedure, ¢;7, was proposed as the concrete breakout failure strength to

control the conical crack.

Conversely, in Figure 3-11, all of the experimental results in the B-series were in the
range of 7, and ¢17,. Regarding the A-series specimens, because the strain gauge attached
on the anchor rods failed before the ultimate state, the maximum value from the strain
gauge was used in the calculation, such that the Tcone res for A-series specimens was lower

than ¢17%.
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3.3.2 Effectiveness of column rebar

As mentioned in section 3.2.2, the effective number of column rebar was less than the
number mentioned in the Connections Recommendation [3-1]. Moreover, the effective
number was different in the closing and opening sides (i.e., the side without or with
foundation beams), as illustrated in Figure 3-12. The difference was in the column rebar
close to the centerline of the foundation beam. Based on this result, in the ultimate state,
the tension of the effective column rebar (7,4 (calculated by the strain gauge data) was
compared with its yield strength 7,, as shown in Figure 3-14 and Figure 3-13. In the
Connections Recommendation [3-1], the effective strength of column rebar is considered
as 70% of its yield strength in the ultimate state. As it can be observed in Figure 3-14,
when all the column rebars were considered as effective in the concrete breakout failure,
there was a considerable overestimation of the effect of the column rebars. However, in
the case in which only the counting effective column rebars were considered, as shown
in Figure 3-13, the tension of column rebar was approximately equal to 70% of its yield

strength. Thus, it is rational to reduce the number of effective column rebars without

Effective column rebar stated in AlJ recommendation

¥ Effective column rebar from experiment result

o
i

p
il

= N
=

i

= =
= =

Figure 3-12 Effective column rebar for the specimens in different loading directions
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3.3.3 Evaluation of pullout failure strength

As shown in Figure 3-15, the maximum strength of anchor rods 7Tiu.x is summarized
and compared with the calculated value of pull-out strength of anchor rods .7, according
to Eq. (1). Based on considerations in section 3.2.2, the reduced number of effective
column rebar was considered in the equation with a reduction factor of 0.7. The proposed
evaluation method of the pull-out strength of anchor rods owing to the concrete breakout

failure fits well with the experimental results (approximately equal to 0.8 to 1.2 times

0,
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Figure 3-15 Comparison of experiment results 7., with the calculated results .7

by AlJ recommendation
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calculated results). Correspondingly, considering reducing the number of effective
column rebar is rational. On the other hand, as illustrated in Figure 3-16, maximum
strength was underestimated following the ACI recommendation. In each series,
calculation results were the same because the concrete breakout failure strength was

replaced by the strength of effective column rebar with a strength reduction factor of 0.75.
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3.3.4 Proposed concrete breakout failure mechanism

As concluded based on sections 3.3.1 to 3.3.3, a stage-wise approach is proposed to
quantify the contributions of both the concrete and column reinforcement of concrete
breakout failure, as illustrated in Figure 3-17. In the relation of tensile force of anchor
rods 7T and rotation angle #, concrete withstood all the force owing to the anchor rods with
no support from column rebar, up to the point at which the tension of anchor rods reached
Teone. Subsequently, the effective column rebar started to withstand the exerted force when
the conical cracks occurred but became stable (approximately 0.77,) afterward.
Meanwhile, the proportion of concrete decreased to Teone,res- Both Teone and Teone,res Were
considered to be above ¢;7, in a conservative design. It is proposed that conical cracks
can be controlled when the tension of anchor rods is less than 7¢oe. The tension of anchor
rods will continue increasing then reach the maximum value when the tension of column
rebar reaches 0.77.. The maximum tension of anchor rods 7. is approximately equal to

0.8 to 1.2 times the calculated value of 7.

Tmax

Teone Concrete

Tcone,res
Column
rebar

M " -~
T 1 . 6 [rad]
Crack [ I+ Work with
controlled E +" | conical crack

Figure 3-17 Proposed stage-wise approach of concrete breakout failure
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3.4  Database and confirmation of proposed mechanism

Based on the review of literature, several research studies focused on the concrete
breakout failure. Their specimen types contained the internal column (with both sides of
the foundation beam) and the stud column (without a foundation beam). To nominalize
the experimental data, tension of anchor rods was calculated based on an assumption that
the center of resultant compressive force of foundation concrete was in the compressed
flange of steel columns, as shown in Eq. (4).

T = eMmax - eN X dc (4)
e,cal’ar dt + dc

In this case, eMpuax is the maximum moment from experimental results, .V is the axial
force applied on column bases, d. is the distance from the center of a column to the
compressed flange of the column, and d; is the distance from the center of a column to

the center of tensile anchor rods.

To confirm the accuracy of this assumption, experimental results of B-series
specimens were collected to compare with the calculated value, as displayed in Figure
3-18. As can be seen from the figure, calculated values fit well experimental results, such

that the assumption is rational in the calculation of anchor rods’ tension.

600 T eZar [kN]

[m]
5 &
500 T+ @/ °
r a Dl‘ll:' @
_ | 400 T o Iﬂ:ﬂ
L 2 o
300 1 .
200 1 5 8°
L 5ouo
100 +
3 ecal T ar [kN]
0 ¥F——————————
0 100 200 300 400 500 600

Figure 3-18 Assumption of anchor rod tension ¢ c«7Ts and comparison with experimental

results
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In the database, there were 11 specimens of interior column and nine specimens of
stud column. The configuration of specimens and arrangement of anchor rods are listed
in the bottom part of Table 3-2. The embedded length of anchor rods varied from 4 to 20
times its diameter and the compression strength of concrete varied from 20.5 to 43.7
N/mm?. The concrete breakout failure strength 7, could be calculated with . and 4. The
arrangement of the column rebar is also listed in the table. The method used to determine
effective column rebar was the same as that shown in Figure 3-12. The pull-out strength
of anchor rods is expressed by Eq. (4) and complies with the form of Eq. (5) which is

formulated based on a transformation from Eq. (1).

Tu=tila _ oo calr )
$17T, $1T,

Several types of exposed column base specimens, internal column, stud column, and
(in the case of our experiment) corner column (with one side of the foundation beam),
were discussed separately as plotted in Figure 3-19 and Figure 3-20. The left and right
sides of Eq. (5) were set as the vertical and horizontal axes, respectively, with a coefficient
of 0.7 as a boundary dashed line. In the case of interior columns, it shows conservative
results compared with the coefficient of 0.7. It was considered that for interior columns,
in addition to column rebar, the beam stirrups are also covered in the concrete breakout

failure area. In current formulas, the effect of beam hoops is not considered. Thus, there

cTu - ¢1Ta ~ cTu - ¢1Ta
¢1Ta O | ¢1Ta

= H
g ° B . T0% 31
0o Hﬂg&k L O

| i a u /B'
1 & ﬂ ﬂ 1 & ﬂ ﬂ

0+ ey 0 ¥y

. 70%

[ B s W e O |
[ gy |

0 1 2 3 4 o 1 2 3 4l
$1Tq $1T,
(a) Internal column[3-8]-[3-10] (b) Stud column [3-6][3-7]

Figure 3-19 Concrete breakout failure strength evaluations of specimens in data base
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will be a conservative result in the case of interior columns. In conclusion, the current
equation could evaluate the experimental results in a conservative range when only

effective column rebar was considered.

4 - cTu— 17T
$1Ta
3T - . 70%
]

2 1 g S ann

E
1 +
o Wl

0 1 2 3 4 P11,

Figure 3-20 Concrete breakout failure strength evaluations of exposed column base

with one side foundation beam
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Table 3-2 Database focusing on concrete breakout failure

) Pull-out
Identity (ID) Anchor rod Concrete Column rebar

strength

Paper ) Column Arrang F. A @i1Ta Arrang callr e.callar

Specimen Ear/Rar

ID type ement [N/ mm?] [x10*mm?] [kN] ement [kN] [kN]

CB-4D 4 27.2 16.6 178.5 - 0 340.5

[3-8] CB-8D ()] (1) 8 27.2 27.4 295.4 - 0 725.5

CB-12D 12 27.2 38.4 413.5 - 0 975.2

IB-CO 10 26.8 32.8 350.9 - 0 940.4

[3-9] IB-CC-2 ()] (1) 10 26.8 32.8 350.9 (a) 138.7 999.2
IB-CC-4 10 26.8 32.8 350.9 (2) 277.5 1039.9
A8M36-T04 15.3 33.6 88.7 1063.5 (a) 310.2 2663.4
A8M36-T12 15.3 32.8 88.8 1050.7 (c) 930.6 3247.2

[3-10] A8M36-T20 ()] (ii) 15.3 30.7 88.8 1016.5 (e) 1240.8  3128.0
A8M39-T04 15.4 29.2 97.1 1084.7 (a) 280.5 2884.5
A8M39-T16 15.4 27.3 97.1 1048.9 (d) 981.9 2946.6

B-5D 5 20.5 7.4 68.8 - 0 219.9

B-10D 10 20.5 17.3 162.0 (b) 324.1 388.7

[3-6] (IT) (i)
B-15D 15 20.5 22.8 213.5 (b) 540.1 603.6
B-20D 20 20.5 27.3 255.8 (b) 540.1 705.9
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Pull-out

Identity (ID) Anchor rod Concrete Column rebar
strength
Paper ) Column  Arrange F. A pi1T,  Arrang  cuT; e.callar
Specimen Ear/Rar 5 PG
ID type ment [N/mm~] [x10"mm~] [kN] ement [kN] [kN]
0-D19 15 43.7 22.8 311.7 - 0 624.0
3-D16 15 29.5 22.8 256.1 63) 2219  629.2
[3-8] 4-D16 (II) (iii) 15 29.5 22.8 256.1 (2) 296.0 721.2
3-D19 15 29.5 22.8 256.1 63) 331.7 6854
6-D16 15 29.5 22.8 256.1 (c) 4439  844.0
Column type Anchor rods arrangement
O O ° o
O O
5 5 o o Qo
o o ° ° (o] o] o]
@) (1) (@) (ii) (i)
Column rebar arrangement
(a) (b) () (d) (e) (f) (9)
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3.5  Summary

In this chapter, experiment results of exterior column type specimens were analyzed
to clarify the contribution of column rebar and the timing of concrete breakout failure.
Additionally, the effects of beam rebar were also considered. The following key

conclusions are inferred based on the tests.

In the case of specimens without column rebar, the maximum strength of experimental
results was approximately 1.36 to 1.68 times higher than calculated values of concrete
breakout failure strength, while the strength deterioration caused by concrete breakout
failure was not observed. Additionally, the effect of beam rebar on the pull-out strength

was not observed.

The current Column Base Recommendation in Japan overestimates the number of
effective column rebar in the evaluation of pull-out strength of anchor rods. Not all of the
column rebar in the concrete breakout failure area were contributed. In the case of exterior
column type specimens, the number of effective column rebar in the closing side was
greater than that in the opening side. With the proposed reduction method of the number
of effective column rebar, in the calculation of maximum strength, the current reduction

factor applied to the column rebar could fit well the experiment results.

Regarding the concrete breakout failure strength, the experimental results confirmed
its value at the instant at which conical cracks occurred and identified the ultimate state.
In the design of the tension of anchor rods, in consideration of concrete breakout failure,
it was proposed that a reduction factor should be applied for the calculation of concrete
breakout failure strength to prevent the occurrence of conical cracks. In the ultimate state,
the residual concrete strength and the strength of effective column rebar should also be
considered based on the reduction factor. Overall, the experimental results fitted well the
results obtained based on the proposed pull-out failure strength method. To confirm the
applicability of proposed stage-wise approach, previous experimental results were also

collected, which demonstrated good fitness outcomes to the proposed approach.
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Chapter 4.
Design approach of concrete

bearing stress



4. Design approach of concrete bearing stress

Besides the concrete breakout failure, to ensure the anchor rods yielding in the
exposed column bases, the bearing failure of foundation concrete should also be
prevented. In this chapter, the current evaluation methods of concrete breakout failure
were summarized, by normalizing and analyzing the data of the previous experiments of
exposed column bases, the most appropriate design method of concrete bearing stress was
clarified. Furthermore, considering the design philosophy in Japan, a more conservative

design approach of concrete bearing stress was proposed.

4.1 Introduction and background

4.1.1 Introduction

With a premise of the yielding of anchor rods, the ultimate strength (full plastic
moment) of exposed column bases is calculated by the accumulating strength method [4-
1] as illustrated in Figure 4-1. As the component of ultimate strength, on the compressive
side, the strength is determined by the compression of concrete; on the tensile side, the
strength is determined by the tension of anchor rods. By accumulating these two
components, M-N interaction curve of the maximum strength of exposed column bases

could be obtained. In different axial force states, the resisting mechanisms are also

Strength determined by

compression of concrete
N P N 4\ (@)
N, N, — !
N,-T, @y N
> (b)
_ (b) T
M AN Accumulating 4 p
; e strength A ©
T : i -T . o
p T I p / (C) H
M R o 2Ty b AT
Strength determined by P

tension of anchor rods

Figure 4-1 Accumulating strength method to calculate the ultimate strength of exposed

column base
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different as illustrated in Figure 4-1(a)-(c) with Eq. (1)-(3) to calculate the full plastic

moment »M,, respectively.

When N, =N >N, —T,, M, = (N, — N)d, (1)

(N+T,)D a _N+Tp)

When N, —T, >N > -T,, M, =T, d, +
2 N,

2

When — T, >N > -2T,, M, = (N +2T,)d, 3)

Where, N, is the maximum compression strength of concrete, Ny, = Apy, * fp, App 1s the
section area of base plate, f5 is the bearing stress of concrete, f, = 0.85f., fc is the
nominal compression stress of concrete, 7, is the yield strength of shaft part for the group
of anchor rods in tension, T,, = N * Ppy, 1 is the number of anchor rods in tension, ps is
the yield strength of shaft part of one anchor rod, pp, = Ap - Fpy, Ap is the section area
of shaft part of anchor rod, Fj, is the yield stress of anchor rod, d; is the distance from the

center of the steel column to the center of anchor rods in tension.

4.1.2 Previous researches

To ensure the yielding of anchor rods, the bearing failure of concrete must be
prevented. In the calculation of bearing strength of concrete, bearing stress f, is a
significant factor. The bearing stress of concrete is very fundamental research that there
were a great number of previous researches. Hawkins et al. [4-2] conducted experiments
with a plate loaded on a concrete block considering the shape, size, and position of loading
plate, concrete strength, and the size of concrete block. A conservative estimate equation
of the ultimate bearing strength was proposed. Usami et al. [4-3] conducted small-scaled
experiments with different shapes of steel column loaded on a concrete cylinder,
considering the shape and dimension of steel column and the strength of concrete. An
estimated equation of bearing stress and bearing area was proposed.

However, these researches only focused on the bearing stress in the case of plate or
steel column loaded on a concrete column. In exposed column bases, the steel column is

welded with the base plate, while a very limited number of studies considered the
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influence of base plates on the bearing stress. Kutani et al. [4-4] conducted experiments
with steel column welded with base plate loaded by compression force. The shape, size
of steel column, shape and thickness of base plate, and size of footing were considered as
parameters. Further, experiments with combined compression force and bending moment
applied on the steel column were also conducted. Thickness of base plate, size of footing,
and loading system were considered as parameters. The different stress distribution of
concrete column was discussed and an estimate equation of bearing stress was proposed.
Besides the equation proposed by Kutani, current design recommendation in Japan [4-1]
and United States [4-6] also stated the calculation methods on the bearing stress of
exposed column base. To clarify the accuracy and applicability of these methods, they are
summarized and analyzed by the database containing previous experiment results of
exposed column bases. Furthermore, considering the design philosophy in Japan, a
relatively more conservative calculation method of the bearing stress was proposed and

verified by the experiment results in the database.

4-3



4.2 Summarization of the bearing stress equations

In the AIJ recommendations [4-1], the bearing stress f, of foundation concrete in

exposed column base is formulated as shown in Eq. (4)
f» = 0.85f, 4)

Where, f is the bearing stress, f. is the compression stress of concrete from the material

test result.

Table 4-1 Calculation methods of bearing stress in exposed column base

Bearing stress fj, Loading area A; Bearing area A,
Dycodsc —>||<—'[S
t Yy ' 45° T 1
bp I/ sl .'—|
[y I |
Kutani & Masuda <& <& b; s [0
(K & M method) l T 9

|<— bo —)| I bcc I

Ay =d,Xb,—d; Xb; Ay =dcc X b
= (dsc + 2tpp) (bse + 2tpp) —
(dsc — 2t5 — thp) (bsc —2t5 — thp)

| | fﬂiﬂﬁ.ze.@’

Az
fo = 1.39 X G40 f,

L Y ——
45
—>bé<— PR
ACI method = S0 u
_‘_ :- ------------------- !
s b
fo = 0.85xmin{\/A,/A; ,2} X f. Ay = dpp X bpy Ay =d.. X bee

= (dbp + Zbe) X (bbp+2be)
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The coefficient 0.85 in Eq. (4) is taken as the lower limit from the previous experiment
results [4-4]. Area effect (effect owing to the relation between the section area of base
plate and concrete column) on the bearing stress was not considered. However, in the
previous research, Kutani & Masuda [4-4] conducted the experiment and found the
relation between the bearing stress and area effect. A calculation method (K & M method)
was proposed. As shown in Table 4-1, loading area A4 (effective area in base plate) was
considered that to spread from the inner and outer edge of the steel column at a 45 degrees
angle, and project an area in the bottom side of base plate (red area in Table 4-1). As for
the bearing area A», it was considered the same as the section area of concrete column.
The equations to calculate 4; and 4> were listed below the corresponding figure.

On the other hand, ACI Recommendation [4-6] also stated a method as shown in Table
4-1. Loading area 41 was defined as the same area of base plate. Bearing area 4> was
considered to spread from the edge of base plate at a 26.6 degrees angle until it reached
the edge of concrete column as shown in the blue area. The distance between the edge of
base plate and concrete column b. is used in the calculation of bearing area A>. The
equations to calculate 4; and 4> were listed below the corresponding figure. The
equations to calculate bearing stress for both K & M method and ACI method were also

shown in Table 4-1.

5 K & M method
4

3

2 ACI method

1 AlJ method

0 - : : .

0 1 2 3 4 VA/A

Figure 4-2 Relation of the loading and bearing area of all the evaluation methods
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Figure 4-3 Simplified setup of previous experiments about bearing stress
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Containing AlJ recommendation, all the methods are summarized in Figure 4-2. The
horizontal axis is the relation of loading area 4 and bearing area 4>, the vertical axis is
the relation between bearing stress f, and compression stress f.. As three methods could
evaluate the bearing stress f5, their accuracy was confirmed by a great number of previous

experiment studies.

From axial compression experiments and the loading specimens without base plate,
loading was applied by square plate [4-2], square hollow section, h-shape steel [4-3], their
brief experiment image summarized in Figure 4-3. Totally, 64 specimens were
summarized. The detailed information of specimens and results in [4-2] and [4-3] were
listed in the appendix, Table 4-3 and Table 4-4, respectively. Experiment parameters
contained the size, position, and section area of square plate, section area of the steel
column, and compression stress of the foundation concrete. As there was no base plate,

for the definition of 41 in K&M method, the 7, was 0, 41 was the section area of the

| O Results from [4-2] W Results from [4-3] |

Ip (= Ne I (= Ne I (= Ne
16 + fc A1Xxfe 16 + fe A1xfe 16 + f A1Xfe
1 . ] . 1 .
] ] |}
12 + - . 12 + - . 12 + - .
[
| | ] |
8 1 . 8 1 I 8 + .
. !E [ ] i E [ ] . E ! [ ]
ﬁmﬁ o VA2/4A; EWE o A, /4, g VAz/Aq
0 f f | 0 f f | 0 f f |
0 4 8 12 0 4 8 12 0 4 8 12
AlJ method K & M method ACI method

Figure 4-4 Evaluation results for previous bearing experiments
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loading specimens which was the same as the definition in ACI equation. The difference
between them was the bearing area 4>. The experiment results (axial force N, loading
area A1, bearing area A>) were summarized and calculated by the three methods as shown
in Figure 4-4. As can be found from Figure 4-4 (a) and (c), AlJ and ACI equations showed
significantly conservative results for all the results. For K&M method, the evaluation
results for specimens in [4-3] illustrated higher relevance comparing the results for

specimens in [4-2]. However, in general, all the methods evaluated the results discretely.

As for the experiments conducted by Kutani & Masuda [4-4] shown in Figure 4-3 (d),
the loading specimens were similar to the steel column of exposed column bases, and
axial compression was applied on the specimens. Totally, 60 specimens were summarized.
The detailed information of specimens and results in [4-4] were listed in the appendix,
Table 4-5. Experiment parameters contained the size and shape of steel column, thickness
of base plate, size of concrete column. As the summarization of experiment results shown
in Figure 4-5, ALJ equation could conservatively evaluate the results with the least number
of specimens overestimated. Comparingly, ACI equation evaluates the results closer to
the average level. Compared with ACI and AIJ equations, K&M equation shows the best

relevance with the results.

However, in practical cases, except the axial force, the exposed column base has to
transfer shear force and bending moment from superstructures. Experiments for exposed
column bases applied by eccentric compression or shear force were conducted in [4-4].

The image of experiment setup was summarized in Figure 4-6. Totally, 34 specimens were

fo(_ Ne _fp_ Ne I Ne
ST fe Alec) 5 fe A1Xfc 5 fe A Xfe
4 + 4 + af_ 4T
.‘.1'-
34 34 sl 31
[ ] l.
2 1 .. 2 4 A 2 1 ..
14 :.II.! 14 - 14 :
| ]
O 1 Y 142/14|1 O ! ! 142/14|1 O ! ! AZ/All
0 1 2 3 0 1 2 3 0 1 2 3

AlJ method K & M method ACI method

Figure 4-5 Evaluation results for bearing experiments with base plate [4-4]
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loaded with parameters containing the size and thickness of baseplate, loading pattern,
and eccentricity. The detailed information of specimens and results in [4-4] were listed in
the appendix, Table 4-6. As a concrete column subjected to axial force and bending
moment, the relation between the bending moment M and axial force N could be

expressed by Eq. (5).

N »lek'\' —Q
—>:el<— |' 3! N
o]y Y 1 1
1 .Y - 1 1
|- | -| —T L
| 5 | - | |
[ I
|
VAL Ll d4 VL4444 4

Figure 4-6 Simplified setup of bearing stress experiments of exposed column base

1 N
M=—><N><D><(1——) )
2 N,

Where, D is the depth of base plate.

Owing to the dimension of specimens and compression stress of foundation concrete
being different, these influences should be eliminated. The experiment results could be

normalized by Eq. (6-7) for further discussion.

N
N (6)
N,
M
. (7)
D XN,

Such that the Eq. (5) could be simplified to Eq. (8)

(8)

1
m=§><n><(1—n)

m-n interaction curve following Eq. (8) is shown in Figure 4-7 with the plots

representing the calculation results of three methods. The plots located outside of the
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interaction curve represent that the experiment value is larger than the calculation value.
In other words, the result is conservatively evaluated. As can be observed from the figure,
AlJ method evaluates all the results in the conservative way, especially in the range of n >
0.5. For K&M and ACI methods, the results fit well with the method when n < 0.4. When
n > 0.4, ACI method tends to evaluate the results more conservatively compared with K

& M method.

However, the above studies only considered the case of steel column with base plate,
effect of anchor rods was not considered. Thus, the applicability of these equations on the
evaluation of maximum strength of exposed column bases is still unclear. By analyzing
the results of previous exposed column base experiments, the accuracy of these methods

could be clarified.

15 +n 15 1t n 15 —n
[ ]
[ ]
.. [ ]
1 4 = f.. ... 1 . 1 4 -
. m_ = “ n .
u I.. .
05 + - 05 + "l 05 1 g
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"] L L
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0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3
AlJ method K & M method ACI method

Figure 4-7 Evaluation results for bearing experiments for exposed column base
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4.3 Experiment results related to bearing stress

To normalize and analyze the experiment results in previous studies, the method to
get full plastic moment »M, of exposed column bases was proposed and confirmed

available by our experiment results.

To define the full plastic moment .,M,, of exposed column bases, the strain behavior
of anchor rods was focused. The relation between strain of anchor rods and column base
rotation 6 is illustrated in Figure 4-8. The experiment result of specimen C16-590-20d
is taken as an example. As the arrangement of anchor rods, the behavior of which in the
inner side and outer side of column was different, thus strain gauges were glued on both
anchor rods as the position shown in Figure 4-8. The timing when the strain of anchor
rods reached the yield strain is marked by square with attached subscript y. The timing
when strain gauge increased rapidly (represented that the anchor rod is completely yielded
in that area) is marked by a triangle with attached subscript p, these points were defined
as the full plastic strain points. When both the top and bottom of the strain in an anchor
rod reached full plastic strain point, the anchor rod is considered as yielded and the
bending moment of column base is considered as «»M,. To investigate »M,, these yield

points are replotted in the relation between the moment of column base M and column

. . LA . L
2Stralngauges EYleId strainpoint Full plastic strain point

i . G
: | | | Ocp [rad.] A \ i@cb [rad.] C, .
AR mC {-005 -0.03 -0.0 001}-005 -0.03 -00L 001
B ‘D e lul |
T D, i
Bo eD I.Sp | . :ec;, I[rad:] D, \ o
| -005 -0.03 005 003 -001 001

_______________________________________________________________________

Figure 4-8 Relation between anchor rod strain and column base rotation of specimen
C16-590-20d
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Figure 4-9 Definition of the full plastic strength cbMp

base rotation 6.5 as shown in Figure 4-9. Most of the yield points were distributed in the
range when the moment kept stable for the first cycle, such that the maximum moment at

that cycle is defined as »M,, as illustrated in Figure 4-9.

To confirm the suitability of this definition, -»M, got from the experiment results was
compared with the M-N interaction curve calculated by Eq. (1-3). As shown in Figure
4-10, as the anchor rods had different yield stress, there are two M-N interaction curves.

Blackline is for specimens 20d, 30d, and 39d, the blue line is for specimen 39db. The

2500 TN [kN] e N
2000 - : %}/ O | A 30d
' ! O 39d
1500 - 1 39db
1000 + M - N interaction curve
- of C16-590-20d, 30d and
500 + 39d -
0 +——t —— i M [kN*m]
® 100 120 140
-500 A ] ]
M - N interaction curve
-1000 + of C16-590-39db

Figure 4-10 Comparison of the experiment results and calculation results
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result of .M, got from the definition is plotted in Figure 4-10. It could be found that the
embedded length and anchor rod type had no significant influence on the ultimate strength.
The calculation results fit well with the M-N interaction curve, thus, it was proved
reasonable to get the ultimate strength »M, from the M - 6., curve in experiment results.
To this extent, a database containing previous exposed column base experiments was
established and the experiment results were analyzed to discuss the accuracy of evaluation

methods of bearing stress.
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4.4 Database and confirmation of proposed mechanism

To normalize all the experiment results in the database, all of the specimens in
database met the conditions that anchor rods were confirmed as yielded, and the M - .

curves were also confirmed that fit the definition of .»M,, proposed in the last section.

4.4.1 Specimen properties

Totally, 129 specimens in 20 research papers [4-7]-[4-26] were collected in the
database. Detailed properties of the specimens (contained section of steel column, base
plate, concrete column, number and arrangement of anchor rods) and experiment results
(axial force N and full plastic moment »M,) were listed in Table 4-2. Specimen properties
were summarized and had the following ranges: Shape of steel column section: H, steel
tube and SHS; Size of steel column: from 125 mm to 450 mm; Size of base plates: from
210 mm to 800 mm; Size of concrete column: from 340 mm to 1300 mm; Compression
strength of the concrete f.: from 16.9 N/mm? to 50.0 N/mm?; Number of anchor rods in

tension 7, from 1 to 4; Nominal diameter of anchor rods D, from 16 mm to 56 mm

4.4.2 Normalizing method

To normalize the various experiment results in the database, the effect of tension of
anchor rods and dimension of specimens should be eliminated. Based on the
accumulating strength curve in Figure 4-1, as shown in Figure 4-11, by moving the axes
of axial force N and bending moment M to N" and M’, the effect of anchor rods was

eliminated. N’ and M’ could be expressed as Eq. (11-12).

M' =M-—T,Xd, (11)

N'=N+T, (12)
Therefore, Eq. (2) could also be simplified as Eq. (13).
1 N’

M ==XN' XDx|1—— (13)
2 N,

Then, the effect of dimension and concrete compression stress could be eliminated

following Eq. (14-15).
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N’ (14)

Ml
- (15)
N, XD

Therefore, Eq. (13). could be further simplified as Eq. (16).

m=%><n><(1—n) (16)

A N’ (=N+T))

_Tp ______ >
M (=M-T,d,)

Figure 4-11 Method to eliminate the effect of anchor rods

The interaction curve of m-n following Eq. (16) will be the boundary curve for the
evaluation. The axial force N and full plastic moment .»M), in experiment results could
also be normalized to 7.y, and meyy, following Eq. (11-15). And for each 7., by Eq. (16),
the value of m in the interaction curve could also be calculated and represented as mica.

The ratio of meyy, and m.u was considered as a criterion for evaluation and discussed in

the following section.
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Table 4-2 Parameter matrix and experiment results of specimens in the database

Experiment
Section of steel Base plate Concrete column Anchor rods
Paper . results
Specimen ID column’
ID . bbp*dbp*tbp brc*drc ﬁ’ nt'Dar‘dt ﬁ) N chp
(all in mm) - - -
All in mm All in mm [N'mm2] Allinmm [N/mm2] [kN] [KN*m]

SHI1 S-150*4.5 300*300*16 400*400 24.1 2-20-115 209.7 0.0 30.2

SH25 S-150%25 300*300*75 400*400 24.1 2-22-115 309.7 0.0 58.8

SF4 S-150*4.5 300%300*16 400*400 24.1 2-20-80 209.7 0.0 45.6

SK1 C-165.2*%4.5 300%300*16 400*400 24.1 3-20-115 209.7 0.0 41.9
SC4 S-150*16 300%300*10 400*400 24.1 2-20-115 441.0 725.2 162.6
SC9 S-150*25 300%300*75 400*400 23.8 2-22-115 307.7 613.5 126.4

SC10 S-150*25 300%300*75 400*400 23.8 2-22-115 307.7 317.5 97.2

SH14 S-150*25 300%300*75 400*400 24.1 2-22-115 309.7 0.0 57.1

[4-7] SV1 S-150%25 300*300*75 400*400 24.1 2-22-115 309.7 588.0 129.8
Sv2 S-150*25 300*300*75 400*400 23.7 2-22-115 309.7 980.0 164.7

SV3 S-150%25 300*300*75 400*400 23.7 2-22-115 309.7 588.0 136.9

Sv4 S-150%25 300*300*75 400*400 23.7 2-22-115 309.7 196.0 90.7

SVs5 S-150%25 300*300*75 400*400 23.7 2-22-115 309.7 196.0 89.6

SVé S-150*25 300%300*75 400*400 23.7 2-22-115 309.7 -196.0 40.8

Sv7 S-150*25 300%300*75 400*400 23.7 2-22-115 309.7 980.0 153.3

SV8 S-150*25 300%300*75 400*400 23.7 2-22-115 309.7 588.0 122.3

SV9 S-150*25 300%300*75 400*400 23.7 2-22-115 309.7 196.0 82.6
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SV10 S-150%25 300*300*75 400*400 23.7 2-22-115 309.7 -196.0 33.7
SV11 S-150%25 300*300*75 400*400 23.7 2-22-115 309.7 -196.0 33.8
SV13 S-150%25 300*300*36 400*400 19.8 2-22-115 309.7 833.0 135.1
SV14 S-150%25 300*300*25 400*400 19.8 2-22-115 309.7 656.6 107.6
SV15 S-150*25 300%300%*25 400*400 19.8 2-22-115 309.7 656.6 107.6
SV16 S-150*25 300%300*50 400*400 19.8 2-22-115 309.7 833.0 130.6
SV17 S-150*25 300%300*36 400*400 19.8 2-22-115 309.7 617.4 108.4
SV18 S-150*25 300%300%*25 400*400 19.8 2-22-115 309.7 441.0 93.0
SV19 S-150*25 300%300%*25 400*400 19.8 2-22-115 309.7 441.0 93.5
SV21 S-150*25 300%300*50 400*400 26.1 2-22-115 309.7 588.0 124.1
Sv22 S-150%25 300*300*50 400*400 26.1 2-22-115 309.7 196.0 78.6
Sv23 S-150%25 300*300*50 400*400 26.1 2-22-115 309.7 -98.0 45.2
SH4 S-150*25 300%300*75 400*400 23.8 2-22-115 307.7 0.0 55.9
SH5 S-150*25 300%300*75 400*400 23.8 2-22-115 307.7 0.0 54.9
SH6 S-150*25 300%300*75 400*400 23.8 2-22-115 307.7 0.0 49.2
SH7 S-150*25 300%300%*25 400*400 23.8 2-22-115 307.7 0.0 54.9
(4-8] SHS S-150*25 300%300*25 400*400 23.8 2-22-115 307.7 0.0 53.9
SHO9 S-150*25 300%300*75 400*400 20.8 2-22-115 304.8 0.0 53.9
SH28 S-150*25 300%300*75 400*400 25.2 2-22-115 309.7 0.0 57.8
SL4 S-150%25 300*300*50 400*400 26.8 2-22-115 305.8 0.0 47.8
SL5 S-150%25 300*300*50 400*400 26.8 2-22-115 305.8 -98.0 35.8
SL6 S-150%25 300*300*50 400*400 26.8 2-22-115 305.8 980.0 156.7
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SL7 S-150%25 300*300*50 400*400 26.8 2-22-115 305.8 980.0 156.1

SL8 S-150%25 300*300*50 400*400 26.8 2-22-115 305.8 588.0 125.3

SL9 S-150%25 300*300*50 400*400 26.8 2-22-115 305.8 196.0 82.5

SL10 S-150%25 300*300*50 400*400 26.8 2-22-115 305.8 0.0 55.7

SL11 S-150*25 300%300*50 400*400 26.8 2-22-115 305.8 -98.0 44.0

SR3 S-150*25 300%300*50 400*400 28.5 2-22-115 309.7 0.0 51.1

SR14 S-150*25 300%300*50 400*400 29.2 2-22-115 305.8 -98.0 40.7

SR15 S-150*25 300%300*50 400*400 29.2 2-22-115 305.8 196.0 74.0

MA490 S-300*12 450*450*40 550%550 23.2 4-24-165 332.0 623.9 3239

MA370 S-300*12 450*450*40 550*550 23.6 4-24-165 332.0 622.4 3224

NA490 S-300*12 450*450*40 550*550 23.7 4-24-165 332.0 617.5 317.5

[4-9] MA490s S-300*12 450*450*40 550*550 26.0 4-24-165 332.0 601.3 301.3
MA490 S-300*12 450*450*40 550%550 232 4-24-165 332.0 80.8 219.2

MA370 S-300*12 450*450*40 550%550 23.6 4-24-165 332.0 89.1 210.9

NA490 S-300*12 450*450*40 550%550 23.7 4-24-165 332.0 94.0 206.0

A-1 H-200%200*8*12 380%300%*25 500%500 18.7 2-19-150 240.1 0.0 63.7

A-2 H-200*200*8*13 380%300*25 500*500 18.7 2-19-150 240.1 0.0 58.8

[4-10] C-2-1 H-200*200*8*14 380*300*19 350*350 16.9 2-19-150 2433 0.0 49.0
D-1-1 H-200*200*8*15 380%300*19 350*350 16.9 2-19-150 2433 0.0 52.9

D-1-2 H-200*200*8*16 380*300*19 350*350 16.9 2-19-150 2433 0.0 44.1

[4-11] 35-8M33P50 S-350%25 630*630*50 850*850 33.9 3-33-256.3 622.0 0.0 812.0
35-8M39-50 S-350%25 630*630*50 850*850 33.9 3-39-256.3 613.0 0.0 983.0
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A38-C400 S-400%22 640*640*70 810*810 18.8 2-38-255 516.0 0.0 628.9
A28-C300 S-300*16 470*470*55 680*680 19.5 2-28-185 618.0 0.0 242.5
[-12] A25-C200 S-200*12 360*360*36 520*520 19.5 2-25-135 516.0 0.0 91.3
A25-C200P S-200*12 360*360*36 520*520 20.2 2-25-135 516.0 0.0 87.2
N-1 S-200*12 400*400*39 600*600 31.7 2-22-155 371.9 175.0 101.9
N-2 S-200*12 400*400*39 600*600 31.7 2-22-155 371.9 275.0 113.8
N-3-1 S-200*12 400*400*39 600*600 31.7 2-22-155 371.9 360.0 133.4
N-3-2 S-200*12 400*400*39 600*600 31.7 2-22-155 371.9 360.0 122.4
N-4 S-200*12 400*400*39 600*600 31.7 2-22-155 371.9 475.0 125.8
C12-B40-N1 S-200*12 400*400*40 600*600 48.5 2-22-155 372.2 158.0 85.7
C12-B40-N2 S-200*12 400*400*40 600*600 42.4 2-22-155 372.2 216.0 92.4
C12-B40-N3 S-200*12 400*400*40 600*600 44.4 2-22-155 372.2 274.0 96.1
[4-13] C9-B40-N3 S-200*9 400*400*40 600*600 50.0 2-22-155 372.2 274.0 95.3
C12-B36-N3 S-200*12 400*400*36 600*600 45.3 2-22-155 372.2 280.0 80.5
C12-B45-N3 S-200*12 400*400*45 600*600 44.6 2-22-155 372.2 304.0 85.5
N-1 S-200*12 400*400*39 600*600 31.7 2-22-155 371.9 -120.0 54.2
N-2 S-200*12 400*400*39 600*600 31.7 2-22-155 371.9 -20.0 79.6
N-3-1 S-200*12 400*400*39 600*600 31.7 2-22-155 371.9 80.0 99.6
N-3-2 S-200*12 400*400*39 600*600 31.7 2-22-155 371.9 80.0 77.9
N-4 S-200*12 400*400*39 600*600 31.7 2-22-155 371.9 130.0 106.6
C12-B40-N1 S-200*12 400*400*40 600*600 48.5 2-22-155 372.2 20.0 78.0
C12-B40-N2 S-200*12 400*400*40 600*600 42.4 2-22-155 372.2 -20.0 71.6
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C12-B40-N3 S-200*12 400*400*40 600*600 44.4 2-22-155 372.2 -44.0 62.1
C9-B40-N3 S-200*9 400*400*40 600*600 50.0 2-22-155 372.2 -80.0 68.1
C12-B36-N3 S-200*12 400*400*36 600*600 45.3 2-22-155 372.2 -68.0 61.8
C12-B45-N3 S-200*12 400*400*45 600*600 44.6 2-22-155 372.2 -50.0 73.3
ECBO0-22-1 S-125*12 260*260%22 340*340 24.6 2-16-103 319.3 0.0 26.0

[4-14] ECBO0-22-2 S-125*12 260*260%22 340*340 24.6 3-16-103 319.3 0.0 39.0
ECBO0-22-3 S-125*12 260*260%22 340*340 24.6 3-16-103 3193 0.0 46.0

[4-15] 30N12P S-300*16 520%520*45 650*650 253 3-38-210 545.0 -621.5 612.3
30N24P S-300*16 520%520*45 650*650 253 3-38-210 545.0 -1243.0  586.3

267--26 C-267.4*9 400*400*32 540*540 29.0 2-36-135 386.0 -254.8 215.0

[4-16] 355-93 C-355.6*12 580*580*40 720%720 29.0 4-36-165 386.0 921.2 454.0
355--46 C-355.6*12 580*580*40 720%720 29.0 4-36-165 386.0 -460.6 480.0

250-2 S-250*12 400*400*28 450*450 28.1 2-22-155 711.0 0.0 273.0

[4-17] 250-3 S-250*12 400*400*28 450*450 28.1 2-22-155 711.0 764.3 325.0
250-4 S-250*12 400*400*28 500%500 28.1 2-22-155 711.0 764.3 364.0

BD-1 S-300*12 500%500*50 700%700 27.1 2-35-200 517.0 0.0 412.5

BD-4 S-300*16 500%500*50 700%700 27.1 2-35-200 517.0 765.0 540.0

BD-5 S-300*16 500%500*50 700%700 27.1 2-35-200 517.0 765.0 510.0

[4-18] BD-7 S-300*16 500%500*50 700%700 28.2 2-35-200 525.0 765.0 562.5
LD-1 S-300*16 500*500*50 700%700 27.9 2-35-200 525.0 765.0 487.5

LD-2 S-300*12 500*500*50 700%700 27.9 2-35-200 525.0 0.0 420.0

LD-3 S-300*16 500*500*50 700%700 27.9 2-35-200 525.0 765.0 487.5
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LD-4 S-300*19 500*500*50 700%700 279 2-35-200 525.0 2295.0 610.0

LD-5 S-300*12 500*500*50 700%700 30.6 2-35-200 525.0 -765.0 250.0

P-1 S-150*6 285%285*19 400*400 30.4 1-16-112.5 294.0 0.0 18.1

[4-19] P-2 S-150*6 210%210*19 400*400 30.4 1-16-75 294.0 0.0 16.8
P-3 S-150*6 210*210*19 400*400 30.4 2-16-55 294.0 0.0 17.6

[4-20] PL-1 S-150*6 285*285*16 400*400 33.6 1-16-112.5 340.1 0.0 16.7
[4-21] S-1-NO S-250*9 400*400*22 500*500 279 2-20-150 336.1 0.0 61.7
1 S-450*28 800*800*82 1000*1000 22.0 3-56-320 537.0 0.0 2600.0
[4-22] 2 S-450*28 800*800*75 1000*1000 22.0 3-56-320 537.0 0.0 2550.0
3 S-450*28 800*800*68 1000*1000 22.0 3-56-320 537.0 0.0 2400.0

NT-8M33 S-350%25 630*630*50 850*850 33.9 3-33-240 617.3 0.0 827.0
[4-23] NT-8M39 S-350%25 630*630*50 850*850 33.9 3-39-240 617.3 0.0 1123.6
NT-8M45 S-350*25 630%630*50 850%850 33.9 3-45-240 617.3 0.0 1365.2

B2522As S-250*12 400*400*22 1300*1300 46.0 2-16-175 342.0 0.0 51.9

[424] B2528As S-250*12 400*400*28 1300*1300 39.1 2-16-175 342.0 0.0 51.9
B2522A S-250*12 400*400*22 1300*1300 41.8 2-20-200 3234 0.0 67.6

B2528A S-250*12 400*400*28 1300*1300 46.6 2-20-200 3234 0.0 69.6

S1S2 H-206%216*10.2*17.4 460*460*32 1267*1140 49.0 2-19-165 340.6 0.0 93.6

S1S4 H-206%216*10.2*17.4 460*460*32 1267*1140 49.0 2-19-165 355.1 0.0 84.5

[4-25] S2S1 H-206*216*10.2%17.4 460*460*32 1267*1140 49.0 2-19-165 514.3 0.0 112.8
S282 H-206*216*10.2%17.4 460*460*32 1267*1140 49.0 2-19-165 823.9 0.0 176.3

S2S4 H-206*216*10.2%17.4 460*460*32 1267*1140 49.0 2-19-165 355.1 0.0 83.6
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[4-26] S3S2 H-206*216%10.2*17.4 460*460*32 1267*1140 49.0 2-19-165 355.1 0.0 78.8

S454 H-206%216*10.2*17.4 460*460*32 1267*1140 49.0 2-19-165 355.1 0.0 77.3

Note: byp: Width of base plate, dpp: Depth of base plate, #,,: Thickness of base plate, b..: Width of concrete column, d,.: Depth of concrete
column, f.: Compression stress of concrete, n;;: Number of anchor rods in tension, D4 Diameter of anchor rods, d;: Distance from the
center of anchor rods in tension to the center of steel column. f;: Yield stress of anchor rods.

! In the section of steel column, S is SHS column, C is circular column, H is H-shaped steel. For example, H-200*200*8*12 refers to H

shaped steel-width of flange-depth of beam-thickness of web-thickness of flange.
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4.5 Evaluation results and discussion

45.1 Evaluation results

The normalized experiment results 7., and mex, were plotted with the m-n interaction

curve as shown in Figure 4-12(a)-(c), corresponding to the AlJ, K&M, and ACI methods,

respectively. As can be observed from Figure 4-12(a)-(c), when n > 0.4, all the methods

tend to underestimate the experiment results. When n < 0.2, as the plots were gathered

and hard to be clarified, that region was enlarged and shown in Figure 4-12(d)-(1).

B Compressive axial force

B No axial force

B Tensile axial force

1 -

0 - .0._65
0)

AlJ method

0 0.05

(k)

K & M method

0,05
0)

ACI method

Figure 4-12 Evaluation result and comparison between three methods
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Furthermore, the results were separated by the different axial force states applied on the
exposed column bases. As shown in Figure 4-12(d)-(f), in the case of compressive axial
force, for all the methods, most of the experiment results were overestimated. In the case
of'no axial force shown in Figure 4-12(g)-(1), significant differences in the results between
three evaluation methods were not found. For the case of tensile axial force shown in
Figure 4-12(j)-(1), most of the results were overestimated for all three methods. To discuss
the effect of axial force state, concrete compression stress on the evaluation results,
furthermore, to evaluate the accuracy and applicability of these evaluation methods, the

ratio of mex, and mes Was considered as a criterion.
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4.5.2 Influence of axial force and anchor rods strength

To clarify the effect of axial force N and strength of anchor rods 7, on evaluation

results, the correlation of mex/mca and n was discussed. As stated in Eq. (13) and (15),

the component of # contains the tensile strength of anchor rods 7, and axial force N. As

the axial force state was different for specimens, the influences of N and 7,, were discussed

separately by different axial force state. For the specimens applied by compressive axial

force, as shown in Figure 4-13, the vertical axis is mex/mcar. The line of mex/mea = 1 was

also illustrated in the figure as a boundary line. For the results below this line, they were

3
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Figure 4-13 Influence of the component of » for specimens in compressive axial force
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evaluated as overestimated. Figure 4-13 (a)-(c) illustrated the relation of mey/meq and n.
It could be observed that mey,/mca tends to increase with the increase of n. As for the
components of n, strength of anchor rods 7, 7,/N, was set as the horizontal axis as shown
in Figure 4-13 (d)-(f), for all the evaluation methods, it could be found that there is no
significant relation between mexy/meq and T,/N,. For the other component of n, axial force
N, N/N, was set as the horizontal axis as illustrated in Figure 4-13 (g)-(i), it could be found
that the mex/mea increased with the increment of N/N,, which is the same as the
correlation between mex/mear and n. In consequence, the axial force N took a significant
role in the evaluation result in the case of exposed column base applied by compressive
axial force. With the increment of compression force N, the ultimate strength tended to
be evaluated conservatively. In the case of zero axial force, the influence of 7, was
discussed. The relation between mex,/meq and n (= T,/N, as there was no axial force) is
shown in Figure 4-14 for all three evaluation methods. The line of mex,/mca = 1 was also
illustrated in the figure as a boundary line. As can be observed from the figures, the

correlation between me.,/meq and T, is not observed for all the evaluation methods.

3T mexp/mcal 3T mexp/mcal 3T mexp/mcal
24 ¢ - 2_::.. 2_2;.
[ ] . ] L2 ) 0 .
*® . g L o .
1 o i R T 2 N 1 gt '
‘.oO,‘“ L33 . . :j‘.:’ "o‘%?“o..o . °
. n (=T,/Ny) v n (=Ty/Ny) . n (=Ty/N,)
0 f | 0 f | 0 f |
0 0.25 0.5 0 0.25 0.5 0 0.25 0.5
AlJ method K & M method ACI method

Figure 4-14 Influence of the component of n for specimens in no axial force
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4.5.3 Influence of f. on evaluation results

As shown in Figure 4-15, the relation between compression strength f. and mexy/mca
is illustrated. Specimens in different axial force state is represented by different colors.
The horizontal axis is f. and the vertical axis 1S meyp/mea. The dashed boundary line
(Mexp/mear= 1) 1s also illustrated and the experiment results on the left side of the boundary
line are defined as the overestimated specimens. As can be observed from the figure, most
of the result were in the range of £ =20 to 30 N/mm?, and the evaluation results #ex/mca
showed a great difference. As a result, for all the evaluation methods, as the variance of

fe, the correlation between f. and mexy/mca Was not observed.

@ Compressive axial force B No axial force 8 Tensile axial force

- [N/mm? . [N/mm? * [N/mm?
25 o /Ml 25 - Jo Nl 25 o oI/l
2 1 -. i . - 2 4 .o - 2 £ . . -
- !l LI » M .
15 + i ' 15 + - £, ' 15 + - £ '
R e T e I
. ql =", :'-ﬂ =" - -:'ql ="
05 + L Faam 05 + e Uim 05 + s tam
v e - € . <
0 f f | 0 f f | 0 f f |
0 20 40 60 0 20 40 60 0 20 40 60
mexp/ Mcal mexp/ Mecal mexp/ Mcal
AlJ method K & M method ACI method

Figure 4-15 Evaluation results of m/mca - fc
4.5.4 Accuracy and applicability of evaluation methods

To evaluate the accuracy of all the evaluation methods, the value of mey/mea 1s
analyzed statistically. The result is illustrated in Figure 4-16. The horizontal axis is
Mmexp/meal. For the vertical axis, on the left side is the number of specimens, the right side
is the probability density for the normal distribution. The dashed boundary line (mexp/mear
= 1) is presented and the experiment results on the left side of the boundary line are
defined as the overestimated specimens. Also, the mean value and variance of the results

are listed in the figure for three evaluation methods respectively. Further, the numbers of
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overestimated specimens are also listed with number of all specimens in the database.
Compared with the numbers of overestimated specimens, K&M and ACI methods have
the same value, which is greater than the AIJ method. In consequence, the AlJ method
could evaluate the result more conservatively. Compared with the K&M and ACI methods,
as they have the same variance, the mean value of K&M method is closer to one. It is
considered that the K&M method fit better when considering Load & Resistance Factor
Design (LRFD) design philosophy.

mexp:mcal
69/129

30
25
20
15
10

p=1.04 | 12
=020

mexp:mcal

83/129 A #=0.95

ACI method

Figure 4-16 Statistical evaluation by existed calculation methods
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4.5.5 Propose of the calculation method

Considering the prevalent design philosophy in Japan in terms of connection strength,
the bearing strength of foundation concrete should be designed conservatively to ensure
the yielding of anchor rods. As shown in Figure 4-16, for the most conservative method
(AlJ method), the maximum strength was overestimated for 53.5% of the specimens.
Thus, it is necessary to propose a more conservative calculation method. As illustrated in
Figure 4-5, K & M method observed the correlation between f/f. and A>/41. Therefore,
for the proposed calculation method, the definitions of loading area A; and bearing area
A> are kept the same as in K & M method. Considering the simplicity of the equation, Eq.
(17) is proposed. The statistical evaluation of mex,/mcqa using Eq. (17) is shown in Figure
4-17. Compared with AIJ method, the proposed method reduces the number of
overestimated specimens to approximately 19.3%, with a higher mean value in the
evaluation result. With this proposal, exposed column bases could be designed more

conservatively to prevent the bearing failure of foundation concrete.

fo = VA2 /AL X [ (17)

25 mexp:mcal i Iu=1.22 1
i 0.6
§ 0.4
i 0.2
i 1 0
Q/‘\J/ V/ mexp/ Mea)
NNV Y

N
Figure 4-17 Statistical evaluation by proposed calculation methods
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4.6 Summary

In this chapter, a method to get full plastic moment of exposed column bases from the
moment-column base rotation hysteresis curve was proposed and confirmed by the results
of a full-scale exposed column base experiment. With this proposed method, by
summarizing and analyzing the previous experiment data, the accuracy and applicability
of bearing stress calculation equations in the case of exposed column bases are evaluated.

Key conclusions are listed below:

Previous experiment studies on the bearing stress were summarized and analyzed
using three calculation methods (AlJ, K & M, and ACI methods). In the case of steel
column without base plate loaded on concrete foundation, AIJ and ACI methods could
evaluate the maximum strength very conservatively. For K & M method, the evaluation
results showed a great discrepancy. In contrast, for exposed column bases, K & M method
showed better agreement with the experimental results than AIJ and ACI methods. Thus,
it was considered that a correlation exists between the bearing stress and the ratio of

bearing area to loading area.

With the embedded length of anchor rods and type of anchor rods as parameters, a
full-scale exposed column base experiment was conducted. The parameters were not
observed to have a significant influence on the ultimate strength. From the strain behavior
of anchor rods, a method to obtain the full plastic moment from the bending moment-
column base rotation hysteresis curve was proposed and proved effective through a
comparison between experimental and calculation results. Further, a database of the
results of previous experiment studies on exposed column bases was established.
Considering the yielding of anchor rods and the bending moment—column base rotation
hysteresis curve, 129 specimens were summarized in total. These experiment results

were normalized and analyzed.

The analysis results revealed that all the evaluation methods tend to underestimate the
ultimate strength of specimens when n > 0.4. In contrast, for n <0.2, all the methods tend

to overestimate the maximum strength in the case of exposed column bases subjected to
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compressive or tensile axial force. As components of 7, the axial force played a significant
role in the evaluation results and showed a positive correlation with the ratio of
experimental to calculated results, while the tension of anchor rods was not observed to
have an influence. Furthermore, there was no significant correlation between the

compression stress of concrete and the evaluation results.

The evaluation results were statistically analyzed. A comparison of all the calculation
methods revealed that AIJ method is the most conservative, with the least number of
overestimated specimens. A comparison between K & M and ACI methods revealed that
K & M method is better when considering the LRFD philosophy. Finally, considering the
design philosophy prevalent in Japan, a more conservative calculation method is proposed

based on the definition of loading area and bearing area in K & M method.
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Appendix

In the appendix, the parameter matrix experiment results related to bearing stress

experiments were summarized and listed in the tables below.

Table 4-3 Parameter matrix and experiment results of [4-2]

Concrete Experimen

Steel plate
Specimen . block t results
Position of plate
D 2b 2a Je Jolfe
[mm] [mm] [MPa] -
K1 254 254 21.2 1.43
K2 254 254 30.1 1.55
K3 36.1 36.1 21.0 1.44
K4 50.8 50.8 comer 21.0 1.54
KS 62.2 62.2 21.0 1.41
Ke6 76.2 76.2 24.6 1.29
L1 254 254 44.1 2.42
L2 29.71  29.71 44.1 2.22
L3 36.06 36.06 47.2 2.01
L4 43.68 43.68 44.1 1.99
LS 61.46 61.46 47.4 1.75
L6 76.2 76.2 38.2 1.4
L7 43.68 43.68 30.1 1.95
L8 36.06 36.06 47.7 2.12
L9 50.8 50.8 47.7 1.77
L10 76.2 76.2 edge 47.7 1.52
M1 50.8 50.8 26.5 1.91
M2 76.2 76.2 26.5 1.71
N1 50.8 50.8 35.0 1.68
N2 76.2 76.2 35.0 1.38
R1 29.21 57.15 46.8 2.2
R2 2794  71.12 46.8 2.23
R7 50.8 7239 47.2 1.84
S1 38.1 254 34.1 2.13
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S2 50.8 254 34.1 1.92

S3 76.2 254 34.1 1.57
S4 50.8 76.2 34.1 1.71
S5 76.2 50.8 34.1 1.48
01 254 254  28.194*  28.194* 29.8 3.14
02 254 254 52.07* 52.07* 31.2 4.21
03 254 254 76.2* 76.2* 29.1 5.73
P1 1277 254 edge 33.1 2.09
P2 254 254 76.2% 33.782%* 36.9 3.35
P3 254 254 76.2% 55.118* 31.9 5.22
Q1 36.06 36.06 38.1%* 38.1%* 36.8 2.37
Q2 43.94 4394 38.1%* 38.1%* 33.7 1.76
Q3 50.8 50.8 38.1%* 38.1%* 35.0 1.59

Note: 2b: Length of the longer side of a rectangular plate or the side coincident with the
edge for edge loading, 2a: Length of the shorter side of a rectangular plate or side of
square plate

* Distance (mm) from the center of plate to the corner of block.

Table 4-4 Parameter matrix and experiment results of [4-3]

Concrete  Experimen

Specimen Shape of Section cylinder t results
ID column (all in mm) fe Ne

[MPa] [kN]
HS5-2 24.8 128
HS5-4 50*50*3*6 44.1 205
HS-6 H 64.5 229
H8-2 (b*h*tw*ty) 24.8 95.9
H8-4 35%35%2%*3 47.7 171
H8-6 64.5 179
DHS5-2 i 24.8 143

— - Kingcross
DH5-4 20%50*3*6 44.1 237

——————— (b*I*t.*t)
DHS-6 64.5 272
R5-2 Square 50*50*3.8 24.8 147
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R5-4 hollow 44.1 232

R5-6 section 64.5 283
RS-2 (b*h*) 24.8 102
RS-4 26.6%26.6%2.9 477 165
RS8-6 64.5 177
$5-2 248 97.7
S5-4 26.6%26.6 44.1 165
$5-6 64.5 195
S8-2 Square 24.8 70

S8-4 plate 16.6%16.6 477 117
$8-6 (a*a) 64.5 114
S12-2 248 45.7
S12-4 11.1%11.1 477 71.3
S12-6 64.5 74.5
C5-2 . 248 100
C5-4 Circular 30 44.1 164
C5-6 plate 64.5 184

Note: b: Width of flange, 4: Depth of beam, #,: Thickness of web, ¢ Thickness of flange,

t: Thickness of square hollow section, a: Side length of square plate.

Table 4-5 Parameter matrix and experiment results of [4-4]

Compress Experim

Concrete .
Section of steel Base plate ion ent
Specimen column

D column' strength  results

(all in mm) brp*dpp*trp brc*dye Je Ne

All in mm All in mm [N/mm?] [kN]
CC1 S-150*150*20 300*300*40 300%300 20.3 2501.9
cC2 S-150*150*20 300*300*19 300%300 20.3 1725.8
CC3 S-150*150*20 300*%300*12 300%300 20.3 1552.3
CC4 S-150*150*20 300*300*40 350*350 20.3 2746.0
CCs S-150*150*20 300*300*19 350*350 20.3 1929.6
CCeo S-150*150*20 300*%300*12 350*350 20.3 1766.0
cCc7 S-150*150*20 300*300*40 400*400 20.3 3677.9
CC8 S-150*150*20 300*300*19 400*400 20.3 2157.0
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CCY S-150*150*20 300*300*12 400*400 20.3 1865.9
cc1nu S-150*150*20 300*300*19 400*400 24.1 2744.0
CC12 S-150*150*20 300%*300*16 400*400 24.1 2726.4
CC13 S-150*150*20 300%300*12 400*400 24.1 2345.1
CC14 S-150*150*20 300*300*75 400*400 23.8 3579.0
CC15 S-150*150*20 300*300*25 400*400 23.8 2354.9
CC16 S-150*150*20 300%*300*19 400*400 23.8 2124.6
CcC17 S-150*150*20 300%300*12 400*400 23.8 1567.0
CC18 S-200%*200*20 300*300*40 400*400 22.9 3718.1
CC19 S-200*200*20 300%300*25 400*400 22.9 3475.1
CC20 S-200*200*20 300*300*19 400*400 22.9 3408.4
cC21 S-200%*200*20 300*300*16 400*400 22.9 3211.5
CC22 S-200%*200*20 300%300*12 400*400 22.9 2248.1
CcC23 S-200*200*20 300*300*9 400*400 22.9 2423.5
CC25 C-165*20 300%*300*40 400*400 20.8 3216.4
CC26 C-165*20 300*300*25 400*400 20.8 2337.3
CC27 C-165*20 300%*300*19 400*400 20.8 1756.2
CC28 C-165*20 300%*300*16 400*400 20.8 1370.0
CC29 C-165*20 300%300*12 400*400 20.8 1273.0
CC30 C-165*20 ®300%40? 400*400 20.8 2681.3
CC31 C-165*20 ®300*25 400*400 20.8 2198.1
CC32 C-165*20 ®300*19 400*400 20.8 1963.9
CC33 C-165*20 ®300*16 400*400 20.8 1677.8
CC34 C-165*20 ®300*12 400*400 20.8 1240.7
CC35 S-175*175*20 300*300%40 400*400 21.5 1975.7
CC36 S-175*175*20 300%300*19 400*400 21.5 1667.0
CC37 S-175*%175*20 300%300*12 400*400 21.5 1665.0
CC38 S-175*%175*20 300%300*40 400*400 21.5 2025.7
CC39 S-175*%175*20 300*300*19 400*400 21.5 1723.8
CC40 S-175*%175*20 300*300*12 400*400 21.5 1614.1
CC41 S-175*%175*20 300*300*40 400*400 21.5 1953.1
CC42 S-175*%175*20 300*300*19 400*400 21.5 1660.1
CC43 S-175*175*20 300%300*12 400*400 21.5 1570.0
CC44 S-175*175*20 300%*300*40 400*400 21.5 2254.0
CC45 S-175*175*20 300%300*19 400*400 21.5 1642.5
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CC46 S-175*%175*20 300*300*12 400*400 21.5 1588.6
CC47 S-175*%175*20 300*300*40 400*400 21.5 2336.3
CC48 S-175*175*20 300%*300*19 400*400 21.5 2038.4
CC49 S-175*175*20 300%300*12 400*400 21.5 1697.4
CC50 S-175*175*20 300%300*40 400*400 21.5 3335.9
CCs1 S-175*175*20 300%*300*19 400*400 21.5 2636.2
CCs2 S-175*175*20 300%300*12 400*400 21.5 2107.0
CCo4 S-200*200*20 300%*300*50 400*400 243 2818.5
CC65 S-200%*200*20 300*300*19 400*400 24.3 2482.3
CCo66 S-200*200*20 300%300*50 400*400 24.3 3704.4
CCo67 S-200*200*20 300*300*19 400*400 24.3 3364.3
CCo8 S-200%*200*20 300*300*19 400*400 24.3 3730.9
CCo69 S-150*150*20 300*300*9 400*400 24.3 1809.1
CC70 S-200*200*20 330*330*28 400*400 24.5 2963.5
CcC7 S-200*200*20 330*330%*28 400*400 24.5 3238.9
CC72 S-200*200*20 330*330*28 400*400 24.5 3725.0
CC73 S-150*150*20 330*330%*28 400*400 24.5 2934.1

Note: bpy: Width of base plate, dpp: Depth of base plate, #,,: Thickness of base plate, b.:

Width of concrete column, d,.: Depth of concrete column.

!'In the section of steel column, S is SHS column, C is circular column.

2 The shape of base plate is circle.

Table 4-6 Parameter matrix and experiment results of [4-4]

Loading  Compression Experiment
Base plate .
Specimen eccentricity strength results
ID bup*dpp* top e fe Nexp Mexp
All in mm [mm] [N/mm?2] [kN] [KN*m]
CE1l 330*330*50 100 24.5 1375.9 137.6
CE2 330*330*50 100 24.5 1486.7 148.7
CE3 330*330*50 100 24.5 1663.1 166.3
CE4 330*330*50 100 24.5 1865.9 186.6
CE5 300*300*50 25 25.7 2255.0 56.4
CE6 300%300*50 50 28.5 2105.0 105.3
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CE7 300*300*50 75 28.5 1874.7 140.6

CES 300*300*50 100 28.5 1294.6 129.5
CE9 300%300*50 -1 25.7 539.0 67.8
CE10 300%300*50 25 25.7 2725.4 68.1
CE1l 300%300*50 50 28.5 2703.8 135.2
CE12 300%300*50 75 28.5 2175.6 163.2
CE13 300%300*50 100 28.5 1706.2 170.6
CE14 300%300*50 - 25.7 686.0 81.8
CE15 300*300*36 25 25.7 22442 56.1
CE1l6 300*300*36 50 25.7 1789.5 89.5
CE17 300*300*36 75 25.7 1393.6 104.5
CE18 300*300*36 100 28.5 1069.2 106.9
CE19 300*300*36 - 25.7 490.0 60.1
CE20 300*300*36 25 25.7 2683.2 67.1
CE21 300%300*36 50 25.7 2023.7 101.2
CE22 300%300*36 75 25.7 1803.2 135.2
CE23 300%300*36 100 28.5 1288.7 128.9
CE24 300%300*36 - 25.7 490.0 58.9
CE25 300%300*25 25 25.7 1862.0 46.6
CE26 300%300*25 50 25.7 1599.4 80.0
CE27 300%300%*25 75 25.7 1178.9 88.4
CE28 300%300%*25 100 28.5 831.0 83.1
CE29 300%300%*25 - 28.5 392.0 52.1
CE30 300%300%*25 25 28.5 2366.7 59.2
CE31 300%300%*25 50 28.5 1892.4 94.6
CE32 300%300%*25 75 28.5 1339.7 100.5
CE33 300%300*25 100 28.5 1021.2 102.1
CE34 300%300*25 - 25.7 490.0 60.9

Note: byp: Width of base plate, dip: Depth of base plate, #,,: Thickness of base plate, e:
Loading eccentricity as shown in Figure 4-6

! Shear force was applied on the specimens as shown in Figure 4-6.
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Conclusions



5. Conclusions

In this thesis, the research subject is exposed column bases which are widely used in
the low-to-medium rise steel structures. To ensure the anchor rods yielding in the exposed
column bases, component design approaches were established.

In Chapter 1, the research background and object were stated. Starting with the
earthquake damage on the exposed column bases, the design recommendations of
exposed column bases were summarized. For the exposed column base design in Japan,
different from other design recommendations, the anchor rods are permitted to be yielded.
To ensure the yielding of anchor rods, besides the strict restrain on the material property
of anchor rods, prevention of concrete breakout failure and bearing failure of foundation
concrete is very important. However, the current recommendations did not clearly state
the calculation methods of concrete breakout failure and bearing stress. Thus, the
experiment with full-scaled exposed column bases was conducted, by analyzing the
experiment results, the design approaches of concrete breakout failure strength and
bearing strength were proposed.

In Chapter 2, two phases with 10 full-scale exposed column base specimens were
tested with cyclic loading applied. Experiment parameters contained the number of
column longitudinal rebar, strength of foundation concrete, strength and embedded length
of anchor rods, depth of foundation beam, strength and embedded of beam transverse
rebar. As the experiment results, the concrete breakout failure cracks were observed,
meanwhile, it was found that the concrete breakout failure strength calculated by the
current design recommendation in Japan was around twice the experiment results. On the
other hand, the full plastic strength calculated by the AIJ recommendation fit well with
the experiment results, which was taken as a premise for the discussion of the bearing
strength of foundation concrete. The influence of each parameter on the concrete breakout
failure strength and bearing stress were also clarified.

In Chapter 3, design approach of concrete breakout failure is proposed. By analyzing
the experiment results the contribution of column rebar and concrete on the concrete

breakout failure strength was clarified. In the case of specimens without column rebar,
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the concrete breakout failure strength was approximately 1.36 to 1.68 times higher than
calculated values, while the strength deterioration caused by concrete breakout failure
was not observed. The current design recommendation in Japan overestimates the number
of effective column rebar in the evaluation of pull-out strength of anchor rods. Not all of
the column rebar in the concrete breakout failure area were contributed. Furthermore, the
number of effective column rebar is changed with the position of column. With the
proposed reduction method of the number of effective column rebar, in the calculation of
maximum strength, the current reduction factor applied to the strength of column rebar
could fit well with the experiment results. Regarding the contribution of concrete, the
experimental results confirmed its value at the instant which conical cracks occurred and
identified the ultimate state. In the design of the tension of anchor rods, to prevent the
occurrence of conical cracks, it was proposed that a reduction factor should be applied to
the contribution of concrete. Subsequently, after the concrete breakout failure crack
occurred, the strength of effective column rebar should also be considered for the ultimate
strength. Overall, based on the proposed calculation method for concrete breakout failure
strength, it could evaluate the experimental results with good accuracy. To confirm the
applicability of the proposed design approach, previous experimental results were also
collected, which demonstrated good fitness.

In Chapter 4, a method to get full plastic moment of exposed column bases from the
moment-column base rotation hysteresis curve was proposed and confirmed by the
experiment results. With this proposed method, by summarizing and analyzing the
previous experiment data, the accuracy and applicability of current bearing stress
calculation equations in the case of exposed column bases are evaluated. Calculation
equations contained the design recommendations in Japan (AIJ method) and United
States (ACI method), and a proposal from previous research (K & M method). It was
observed that all the evaluation equations tend to underestimate the ultimate strength of
specimens when the axial force component n > 0.4. However, when #<0.2, all the methods
tend to overestimate the maximum strength in the case of compressive or tensile axial

force applied on the exposed column bases. In the case of compressive axial force,
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compared with the tension of anchor rods, the axial force took a significant role in the
evaluation results that they were positively correlated. On the other hand, the correlation
between the evaluation results and compression stress of concrete was not observed. The
accuracy of all the methods was clarified, comparing with all the evaluation methods, A1J
method was the most conservative method with the least number of overestimated
specimens. Furthermore, considering the design philosophy in Japan, a more conservative
method is proposed. Comparing with K&M and ACI methods, K&M method fit better
when considering LRFD design philosophy.

In all, considering the design of exposed column bases in Japan, to ensure the yielding
of anchor rods, the design approaches of concrete breakout failure and bearing failure of

the foundation concrete were proposed as illustrated in Figure 5-1.
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Figure 5-1 Research flow of the thesis

For the concrete breakout failure, the stagewise design approach was proposed. The
concrete breakout failure crack could be controlled by considering only the contribution
of concrete strength on the concrete breakout failure. Then, after the concrete breakout
failure crack occurred, the strength of column longitudinal rebar could be added for the
ultimate strength. The number of effective column rebar is also clarified. For the concrete

bearing failure, the current evaluation methods are summarized and analyzed by the
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database containing previous experiment results. The accuracy and applicability of these
methods on different design philosophies were clarified. Furthermore, based on the design
philosophies of Japan, considering the simplicity in the design, a more conservative
design approach was proposed. Following the above design approaches, the concrete
breakout failure and bearing failure of foundation concrete could be prevented. Thus, the

yielding of anchor rods could be ensured.
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