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ABSTRACT

Large earthquakes are predicted to occur in Japan within the next decades. The
many constructions that were designed with previous guidelines will probably be
demanded with greater force than for which they were designed. Especially, high axial
force may be acting during an earthquake for the columns that are located at the corners
of lower floors of buildings.

Regarding to the previous, the objective of this dissertation is to propose a criterion
for the structural design of RC columns carrying high axial force that are able to develop

large ductility in flexural failure mode.

At the beginning, the current criterion of design proposed by Ministry of Land,
Infrastructure, Transport, and Tourism (MLITT) and the Architectural Institute of Japan
(AlJ) were studied as a part of the background of the research. In the case of the AlJ
normative, an evaluation was carried out.

At the end, three points are proposed as a guide in the design of RC columns
carrying high axial force; these are the index to avoid shear failure and the shear stress

index and additional requirements.

The proposal was based not only done in experimental and analytical results of the
tested columns but also was done using the results of previous experiments since 1979
until 2015 published by the Japanese Concrete Institute (JCI) and the AlJ, this is a column

database that gather more than 1800 experiment results.

This study is limited to columns with the next characteristics: reinforced concrete
columns with square cross section, square stirrups with 4 sub-bands of hoops as a lateral
reinforcement, normal strength materials, flexural failure mode, and focused in columns

with high axial force tests.
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CHAPTER 1. INTRODUCTION

1.1. General background

Earthquakes affect many areas in the world reaching all over 5000, 000 detectable
earthquakes every year, from these, 706 events have been classified as big disasters from
1980 to 2008. These catastrophes affect an average of 4,700 000 people per year and
estimated economic damage of 350 trillion dollars. The further effects of the earthquakes,

like tsunamis, volcano eruptions and fires, cause even more damage [1-1].

Japan is located in the most earthquake prone area. The landmass of Japan is over
the volcanic zone of the “Ring of Fire,” the tectonic plate movement all around the Pacific
Ocean, what is the origin of the earthquakes in several other countries like Unite States,
Indonesia, New Zealand and Mexico. Figure 1-1 shows the major tectonic plates in the
earth. The earthquakes in Japan are originated by the movement of four juncture plates,
Eurasian, North American continental, Pacific and Philippine oceanic, the position of
Japan has been marked in Figure 1-1 [1-2].

There are many historical records of earthquakes in Japan; one of the first record is
the called Yamato earthquake in the prefecture of Nara in the year 416 AC [1-3]. In 1899
the Catalogue of Historical Data on Japanese Earthquakes was published by the Imperial
Earthquake Investigation Committee, now days, the Earthquake Research Institute.
Recently, T. Usami [1-4] published the most complete and detailed version of historic

earthquakes in Japan.

Between the most important earthquakes, it can be mentioned the next ones [1-4]:
The Great Kanto earthquake in 1923, this disaster caused around 140,000 casualties. Its
magnitude was M= 7.9. Nankai earthquake in 1946, just after the end of the World War
I, 1362 people died in this event, its magnitude was M=8.0. Tokachi earthquake (or
Aomori earthquake) in 1968 had a magnitude of M=8.2, caused several damage in the
southern part of Hokkaido, 52 people died during this disaster. Moreover, the most
recently great event Tohoku earthquake in 2011, where a confirmed 14 941 deaths and 9
882 missed; this event has been the largest magnitude ever recorded in Japan with Mw=
9.0; its subsequent tsunami recorded the maximum height of 7.3m; the economic damage

was estimated in 305 billon dollars [1-5].
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Between the further effects of the earthquakes, it can be mentioned the liquefaction
of soils, landslides, tsunamis, and evidently, the shaking of the ground causes the damage
to the structures, such as, houses, dams, bridges and buildings. When building collapse,
they produce large number of casualties, and the number of fatalities has increased in
recently years. In Japan, the number of fatalities produced by the collapse of structures
has been considerable negligible before the Kobe earthquake in 1995, but during that
event more than 5000 people perished for the collapse of some structure. Moreover, other
example is the earthquakes of Loma Prieta (1989) and Northridge (1994) in United States
where most of the casualties were due to the collapse of some structure [1-6].

Juncture plates 2
Muriy

in Japan Az

Figure 1-1 Earth’s major tectonic plates

Earthquakes can affect a building in several ways; the damage produced by the
shaking on the structures deepens on several factors, between the main reasons, it can be
mentioned the next:

The strength shaking

The distance of the epicenter to the building is important due to the mitigation or
the enlarger of the shaking waves. For mention and example, the waves at the distance of
30 miles could be 16 times stronger than that located to a distance of 50 miles from the
epicenter, but this depends of several other factors.
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Length of the shaking

The quantity of damage in the buildings is directly related to the duration of the

earthquakes. The longer is the building shakes, the greater the damage.
Type of soil

There is an appropriated foundation for the building in every type of soil. In
stiffness soils, the short to medium high structures are the most affected buildings. In soft
soils where the shaking waves can be enlarged, the most affected buildings are the tall

ones.
Type of buildings

Depending of the type of structure, buildings could be affected or nor by specific
earthquake. The materials, height, structural configuration and other factors define the

seismic response of the building to the earthquakes.

Summarizing, combining waves shake the structures damaging them in different
ways depending of the strength and length of the earthquakes. The shaking is different in
each area, it depends of the variation of the fault slippage and rock characteristics.
Additionally, the different characteristics of the building will determine its response, as it
is, the size, age, configuration and structural systems, construction materials, and quality
of the construction [1-7].

It is important to research about the damage on buildings to prevent casualties.
Several reports and studies have been issued for the damage produced by earthquakes on
buildings in Japan [1-8][1-9][1-10][1-11][1-12]. Some comments about the type of
damages than can be observed in reinforced concrete (RC) buildings after large

earthquakes are mentioned in the next:
Foundation and soil

Due to the shaking of the soil and the interaction soil-structure of the surrounding
area and the foundation, the building can present the next damage: liquefaction of the
ground, inclination of the building, damage to the service pipes, and damage of the
accessory facilities. Figure 1-2 shows some imagines of this type of damages in buildings

foundation and surrounding soil.
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The structural and nonstructural members in the building may present damages, in
a general view; the damages can be resume as:

Structural walls and slaps

The damage in the slaps is characterized by cracks that fissure the floor. Vertical
wall, as spandrel wall over or under beams, commonly present shear failure. It is common
that side walls attached to vertical structural elements, as columns, also present this type
of failure. Another typically shear failure in walls happens in the openings, as doors or
windows. Figure 1-3 shows some illustration of damage in walls and slaps.

Joints node between columns and beams

This type of damage is more likely difficult to be discover due to the fact that crack
close when the seismic event finish. However, damage in the joints have been observed
in concrete buildings, the loss of stiffness in the joints is a factor of collapse. Some
imagens of this type of damage can be observed in Figure 1-4.

Short span beams

In this type of elements, the damage by shear failure is common due to the
concentration of force. These elements have higher stiffness that attract more seismic
force during an earthquake than other elements. Figure 1-5 shows pictures of this type of
damage.

Beams

Shear failure is the most common failure in these elements. However, mayor
damage in the beams has not been reported, in contrast, some cases where the column and
shear walls had collapsed but the beams remains with minor damage. Shear failure is also
present in beams with spandrel or drop walls. Some pictures of shear failure are presented
in Figure 1-6.
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Figure 1-2 Common damage in foundation and soil [1-9]
From left to right: Liquefaction of soil, damage of foundation and leaning of building

Figure 1-3 Common damage in Structural walls and slaps [1-9]
From left to right: cracked slap, spandrel wall, and shear wall

Figure 1-4 Common damage in beam-column joints [1-9]
From left to right: L shaped joint, joint with spandrel wall, joint with transverse beam

Ak

Figure 1-5 Shear cracks in short span beams [1-9]
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Figure 1-6 Damage in beams [1-9]

From left to right: slit between spandrel wall and column, and shear failure cracks

Columns

All the elements that compound the structure are important, whereas, columns are
of mayor significance. The failure of a column in the structure may conduct to the collapse
of the entire buildings; on the other hand, total failure of a beam element not always
carries the structure to the whole collapse. The damage in columns should be well

controlled to secure the stability of the building.

There are several types of failure mode in columns [1-13]; but they can be
generalized in four type of damages; Shear damage, this failure in general happens when
the flexural strength in the column is larger than the shear strength, due to the fact that
the lateral reinforcement is insufficient for the acting force. It is characterized by cracks
at 45 of inclination. The second type is by Flexural damage, when the flexural strength
in the column is large than the shear strength. Example of these two types of failure are
shown in Figure 1-7. The next type is bond failure damage; it is characterized by the
separation of the rebar from the concrete core of the column due to the fact of excessive

quantity of main reinforcement in the farthest fiber to the neutral axis of the cross section.

Moreover, compressive failure of columns is another kind of damage observed in
building after severe earthquakes. The failure of concrete lead in the buckling of the rebar
and collapse of the member due to the high axial force induced by the earthquake.
Compressive failure is not exclusive of columns, many other cases have been reported
with this kind of damage in walls [1-10]. Figure 1-8 shows examples of this failure.
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Figure 1-7 Damage in columns [1-9]
From left to right: Shear failure and Flexural cracks

Figure 1-8 Compressive failure
From left to right and from up to down: compressive failure in wall [1-10], column
designed with the standard low of Japan of 1968, 1974, and 1966 respectively [1-9].
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Large earthquakes are predicted to occur within the next decades in Japan, for
example the called Tokay earthquake pointed by the Coordinating Committee for
Earthquake Prediction [1-14]. The many constructions that were designed with previous
guidelines will probably be demanded with greater force than for which they were
designed. Higher axial force may be applied on these buildings; consequently, a larger
capacity will be needed on the columns.

It can be summarized that, in fact, earthquakes are one of the natural disasters that
affect most the humanity, and more work need to be done in the research area of
mitigating its damage and prevent its occurrence, especially in the area of prevention of
collapse of structures.

1.2. Problem statement

In the structural design of reinforced concrete buildings, it is important to consider
the failure mode. It is needed to prevent the collapse of structures and, the most important,
provide ductile behavior of its components, in order to ensure that human lives will be

protected.

In the previous paragraphs, it was talked about different type of failures that
structural elements may have. This research is focused in columns but, especially, in the
case of this type of elements that presented compressive failure due to the incremented
axial force by the earthquake effects. This problem can be explained briefly through one
of the most famous building that was damaged with this type of failure, the Imperial
County Service Building, California USA [1-15].

The Imperial County Service Building was a special study case because this
building was one of the three buildings which instruments recorded damage during strong
ground motion in a working period of 40 years [1-16]. Thirteen accelerometers provided

information about the translation torsion and in plane bending response.

In October 15 of 1979 an earthquake of magnitude 6.5 took place in the Imperial
Valley at the southern part of California, USA, near to the border with Mexico, a total of
9 people was injured, the seismic event produced an estimated infrastructure damage of

30 million dollars, the most affected building was the Imperial County Service Building.
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Figure 1-9 Imperial County Service Building
Photo by C. Rojahn. Figure 243, U.S. Geological Survey Professional
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Figure 1-10 Floor plant and raised view [1-17]
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The Imperial County Service Building was a RC building of six stories, the
footprint was rectangular with 41.7m by 26m, its bay was regular distance of 7.6m in both
directions, and the ground story height was 4.4m, the rest of the stories 4.1m but 4.0m for

the upper story height.

The lateral force resistance system of the building was provided by moment frames
parallel to the largest direction of the floor plant. In the perpendicular frames to the largest
direction of the floor plant, 4 of 6 axes contained shear walls [1-17]. This can be observed

in the floor plant of the Figure 1-10.

The observed damage was widespread in the building but the most significant
damage was the failure of the four reinforced concrete columns in the first floor over the
axis G of the Figure 1-10, the axe in the verge where no shear-wall was constructed. The
concrete in the base of these columns was spalled per complete, the rebar buckled, and
the building dropping down around 30cm in this axis when the earthquake finished.

Many researchers conducted analyses to study the seismic behavior of this building.
The analyzing provided information about the probability to develop the recorded failure
in the building, improving the knowledge about the elastic response to dynamic load.
Additionally, the analysis pointed which columns were expected to fail when experience
large bending and high axial load due to the overturning moment of the building [1-17].

Figure 1-11 depicts the collapse mechanism of the building, two different moments
acting simultaneously in the corned column. This effect increased drastically the axial
force in the element leading it to the collapse (World Housing Encyclopedia’s property [1-
18]). As result of the damage, the building was demolished in the following years.

The design of the columns in the ground floor was inadequate in this building, the
columns did not developed a desirable ductility. This is not an isolated case; this problem
is common in the structural engineering. Non-ductile RC columns failing by compressive

mode have been observed in other structures damaged by earthquakes.

Figure 1-12 shows two cases of non-ductile columns with compressive failure, from
left to right, these are from the Bhuj of the India earthquake in 2001 and the Canterbury
Earthquakes from New Zealand in 2010. In both pictures, it can be seen that the rebar
bending and the compressive failure of the concrete (the pictures belong to the C.V.R.

Murty EERI Reconnaissance Team, and to Hyland Consultants respectively).
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It can be summarized that, the increment of the axial force and the lack of ductility
capacity can lead in the collapse of the structure, here, cases where the structures did not

collapse were presented, and however, many causes of collapse remain unknown.

Figure 1-12 Non-ductile RC column failure

1-11


http://www.hylandconsultants.com/wp-content/uploads/2012/09/10032011054.jpg

1.3. Obijective and scope

Given the fact that, the increment of axial force produced by earthquakes on RC
buildings may lead to the collapse of the structure, the main objective of this research is
to propose a criteria to the design RC columns carrying high axial force that are able to
develop satisfactory ductility.

Part of this study was carried out by a large RC columns database provided by
TasaiLab. This database contains the results and characteristics of a huge number on

squared cross sectional concrete columns tested since 1979 until now days.

The selection was limited to columns that have rectangular cross section and were built
with materials that meet with the following:
— Effective compressive strength of concrete oz < 60MPa
— Yielding strength of longitudinal reinforcement o, < 600MPa
— Yielding strength of lateral reinforcement ¢,,, <600MPa

The analyses were conducted with the actual strength of materials. The limit of the
strength of the materials is due to the ductile behavior. It was intended to avoid materials
that present brittle failure. Additionally, all the reinforcing bars were deformed bars. For
lateral reinforcement, more than four hoops and ties were arranged in the cross section.
All available axial force ratios (7) as well as the aspect relationships were included. The
aspect relationship is defined as ho/D, where ho is the height of the column and D is the
depth of the cross section. The failure mode was the mode that was originally report in

the reference documents.

The research was based not only on experimental and analytical results of the tested
in the TasaiLab column database but also on the experimental results of RC columns

designed and tested during this work.

At the end of the dissertation, it will be provided a recommendation useful and
practical to help in the design of squared sectional columns built with normal strength
reinforcement and normal strength of concrete that can develop a minimum of 2.0% of

lateral drift angle in the last stage.

Additionally, factors to estimate the actual strength of materials were develop as a
complement of the proses of design of the testes columns.
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CHAPTER 2. LITERATURE REVIEW

2.1. Introduction

In this chapter, the current literature about the design of RC columns that can
develop high ductility carrying large axial force is presented and commented.

Three references from Japan were studied. The first belongs to the Ministry of Land,
Infrastructure, Transport, and Tourism (MLITT) [2.1] it is the Technical standard manual
concerned to the structure of buildings. The second one belongs to the Architectural
Institute of Japan (AlJ) the document “Calculation standard for horizontal load-carrying
of reinforced concrete structure and comments (For public comments)” available on
internet [2.2]. In addition, the last one is a huge collection of database of Reinforced
Concrete Columns experiments where the experimental results of the behavior of
columns were achieved (TasaiLab) [2.3].

Some comments about the differences between these bibliographies were drawn,

and the major problems about them were pointed in the conclusion of this section.

2.2. Technical standard manual concerned to the structure of buildings

This reference was published in the year 2007 and did not considered the design of
RC columns that can develop large ductility when high axial force is applied. Table 2-1
shows the recommendation of the Technical standard manual concerned to the structure
of buildings [2.1], where, the requirements for the aforementioned classification FD
corresponds to the least ductile (brittle) column. Following the recommendation of the
mentioned reference [2.2], columns classified as FD in Table 2-1 can be classified as the
most ductile columns (FA).

The maximum axial force ratio (7) for columns that develop large ductility is 0.35.
Where: n = 0,/Fc; o,:axial stress in the column ¢,=N/bD (MPa), N : axial force
(N), b: width of the cross section (mm), D: deep of the cross section (mm), F.: specific
compressive strength of concrete (MPa).
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This recommendation is widely conservative in compare with the second
bibliography [2.2]; it is just in the case of columns with brittle failure (FD) that axial
forces ratio larger than 0.55 were allowed.

Other requirements for the columns that are expected to develop large ductility in
this recommendation are: the quantity of axial force reinforcement pg < 0.80%, and the
shear concrete stress ratio should be lower than 0.1, the aspect ratio (height of the column
to the deep of the cross section ho /D) should be larger than 2.5.

Table 2-1 Toughness classification of columns
ho/D | oo/Fe | pt% l Fe Type
>25 | <035 | <0.80 | <0.100 FA
>20 | <045 | <1.0 |<0.125 FB

-- <0.55 -- <0.15 FC
Another values FD

pg: ratio of total reinforcement (%)
tu / Fc shear concrete stress ratio

zu: Ultimate shear stress (MPa)

2.3. AlJ proposal

Recently, The Architectural Institute of Japan has shown the recommendation of
“Calculation Standard for Horizontal Load-Carrying of Reinforced Concrete
Structure” [2.2], where columns built with non-high strength materials can develop

ductility up to the drift angle of 2.5% under high axial force.

Table 2-2 Requirements for FA Columns 2015
oo/ Fc| SRI ho/D | pg(%) | =u/Fc | Notes
<£0.45 220 -- --

" 1Eq.2-1 <0.20
<0.67 >30 | 216 *

* Two or more sub-ties should be placed in each face of the column for each
direction of the cross section. Four or more longitudinal reinforcement bars should be
arranged. The spacing of the transverse reinforcement should be less than 100mm and

less than six times of the smallest diameter of the longitudinal bars.
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Shear reinforcement index (SRI) is determined as:

pw Owe /UOFC
> 1. 2-1
0.30(n)% +0.10 ~ 0 (2-1)

Where:

p.w - Shear reinforcement ratio
Owe: effective strength of shear reinforcement (< 85,/ F;) (MPa)

v,: effective strength coefficient of concrete (=1.7F¢03%)

G 514 (2-2)
mu
Where:
Qs,,: ultimate shear strength (N)
Q. ultimate flexural strength (N)
Qo =
™ M/Q (2-3)

Where:

M,,: ultimate bending moment (Nemm)

M /Q: shear span (mm)

The ultimate bending moment M,, is determined according to the axial force as

follows:

1 1
Mu = Eagayng +§NDg1

If O<N<Np

X ) (2-4)

1 1
M, = Eagayng +=ND (1 - bDE,

2
If Np < N < Mmax

Nmax _N>

1
M, = {— az0,9:D +0.024(1 + g,)(3.6 — gl)bDZFC}(
Nmax - Nb

2
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Where:

Npin = —a40y (N)

a4 total area of longitudinal reinforcement (mm)

g, yield stress of longitudinal reinforcement (MPa)

g1.d”/D

d” : distance between the center of gravity of longitudinal bars in tension and the
center of gravity of longitudinal bars in compression (mm).
Npax = bdF, + a40,

Ultimate shear strength Q,:

0.068p*3 (F, + 18
Qo = De (() 02 )| 0.85y/Ry0yy + 0.1, ¢ bj (2-5)
—+0.1
Qd

From this proposal of AlJ, some comments are drown:

From this new proposal, more columns are allowed to be designed as ductile
columns FA up to axial force ratio of 0.67, this is a great step in comparison with the
previous recommendation [2.1]. For this case of axial force ratio, the quantity of axial
force reinforcement should not by lower than 1.6%, this is point of particular attention
since the fact that, mayor py value will produce larger flexural strength and as a
consequence, less probability to fail in flexural mode.

For all cases of axial force ratio, the value of the shear concrete stress ratio (tu / Fc)
was increased up to 0.2. It is also important that the relationship of ho/ D decrease down
to 2.0 for columns that are designed with axial force ratio of 0.45 in compare with the
previous reference, columns that use axial force ratio up to 0.65 should have ho/ D larger
than 3.0.
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This recommendation mentions that, this recommendation can be employed as far
as the designer can ensure that the column will fail in flexural failure. However, the
recommendation is not very clear in the way to que ensure this will happen, but, the
conventional idea of used the index to avoid shear failure of Qsu/Qmu larger than 1.1 is
adopted [2.4].

2.4. TasaiLab Database

TasaiLab database is an RC element database [2.3], Tasai Laboratory has been
collected experimental data issued by many researchers in order to have a reliable
database. This database contains documents published by the Architectural Institute of
Japan (AlJ) and the Japan Concrete Institute (JCI) since 1979 to the present. It includes
two kinds of structural members, RC columns and beams. Although many parameters
were collected, the skeleton curve of the relationship of the shear force and the available

lateral drift angle from the papers was not yet collected.

A comparison of the information on the database was carried out. For the whole
information, it is just 6 cases which match the requirements of the AlJ reference [2.2],

this experiment are listed in the Table 2-3 and plotted in Figure 2-1.

These experiments were the only ones that developed flexural failure with ultimate
lateral drift angle (Ru) larger than 2.5%. (The information of Ru is presented in Appendix
1 which will be explained in Chapter 4). However, all these cases presented a problem,
none of them was close to the minimum limit of the requirements of section 2.3.
Figure 2-1 shows the Shear reinforcement index of the mentioned columns and the
tendency of equation 2-1, no column is close to the tendency of equation 2-1.

This situation is a problem because the accuracy of the AlJ proposal for the
minimum limits cannot be shown with the data found in the TasaiLab database. For this
research is needed to determine if the structural design in the boundary limits of AlJ
proposal work properly.
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Table 2-3 Characteristics of the columns in the database

Number Name Fc ay Owy n Pg Pw
MPa MPa MPa % %
17 CSUS2 36 314 369 0.50 2.15 1.19
18 CSUS3 36 326 404 0.50 2.15 1.19
36 18 23 423 396 0.60 2.14 1.07
40 22 27 423 396 0.60 2.14 1.60
68 No.11 23 423 396 0.61 2.14 1.06
73 No.16 27 423 396 0.65 2.14 1.58
Continuation

Number | Name | Qsu/ Qmu SRI wlFe Sl¢ ho/D

17 CSUS2 1.1 1.3 0.15 3.16 3.0

18 CSUS3 1.1 1.5 0.16 3.16 3.0

36 18 1.1 1.5 0.19 6.00 3.0

40 22 1.2 2.0 0.20 4.00 3.0

68 No.11 1.1 14 0.19 6.00 3.0

73 No.16 1.2 1.8 0.18 4.00 3.0

Note: The references of the above columns are listed in Appendix 1.

SRI
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Figure 2-1 Shear reinforcement index — axial force ratio relationship



Additionally, it was found during the study of TasaiLab database that certain kinds
of columns developed high ductility despite the fact that their standard assumption index
to avoid shear failure was pessimistic, it means that the relationship Qsu/Qmu was lower
than 1.0. In the next Chapters, it will attempt to explain how columns with this
characteristic can develop satisfactory large ductility.

2.5. Conclusions of Chapter 2

After the revision of the literature in this chapter, it can be mentioned that the new
proposal from AlJ [2.2] allow more columns to be classify as high ductile columns FA in
comparison with the classification recommended by the Transport and Tourism:
Technical Standard Manual Concerned to the Structure of Buildings document [2.1].

From the information in database, it is just the case of 6 test results that match the
requirements of the reference and none of them was close to the minimum limit of the

requirements of section 2.3. It is need to know about the boundary limits of AlJ proposal.

For this reason in the next chapter, an evaluation of the AlJ proposal [2.2] was
conducted.
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CHAPTER 3. EVALUATION OF AlJ PROPOSAL

3.1. Introduction

This chapter presents the evaluation carried out for the AlJ proposal [3-1] over the
design of reinforced concrete columns carrying high axial force. The influence of the
axial force was considered in the study of this type of columns given the fact that the
influence of the variation of the axial force is still uncertain [3-2] . For this purpose, four

columns were designed and static loading tests were conducted.

The design of the columns match the minimum recommendations required by the
AlJ proposal [3-1] to classify as ductile columns FA in flexural failure for the two

categories of axial force ratio described in Table 2-2 of Chapter 2.

3.2. Design of specimens

3.2.1. Outline of the specimens

The first specimen, named as No.1, was designed to agree all the requirements of
section 2.3 of Chapter 2 for axial force ratio of 7 < 0.45. The rest of the specimens were
named as No.2-A, No.2-B, and No.3 respectively, they were designed to match all the
requirements of 0.45< 77 <0.67. The second and third specimens were physically identical,
the difference is the variation of the maximum axial force applied during the test,
specimen No.2-A was loaded with axial force ratio of the design (0.65) and No.2-B with

a lower one (0.4).

3.2.2. Materials

The standard strengths of the materials (SS) were: Fc=21MPa for concrete, 345MPa
for hoops SD345 diameter 6mm, 390MPa for rebar SD390 diameter 13mm and, 490MPa
for rebar SD490 diameter 16mm.The actual strength of these materials (AS) obtained from
material tests are shown in Table 3-1.



Table 3-1 Materials properties

F O'y Uwy
Name ¢ (MPa) (MPa)
(MPa)

D13 | D16 D6
1 30
2-A 31

419 | 537 340
2-B 31
3 30

It is important to remark that concrete compressive strength increased but the
strength of the lateral reinforcement did not increase. This will affect the original design
criteria of match the minimum values of Qsu/Qmu and SRI.

Concrete

The Figure 3-1 presents the experimental results for the compressive test carried on
the concrete employed for the experiments. It is important to mention that the expected
value of the concrete was 21MPa in the original design. This value increased up to 30MPa,
and 31MPa depending of the specimen. SRI reduced for columns No.1, No.2-A and No.3
because the increment of Fc made the numerator smaller in the SRI equation.

Reinforcing Steel

Figure 3-2 shows the experimental result of the material test of the reinforcement
steel. It is notable to be mention that SD345 diameter 6mm had no clear yielding point in
graphic of the stress-strain relationship, whereas, this value was modeled as elastoplastic

model with owy = 340MPa in the further analyses.

w
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Figure 3-1 Stress — Strain relationship for concrete

600 SD345D6 800 SD490-D16

500 700
600
400 =
o
s 500
300 2 400
L
200 & 300
200
100
100
0 0
0 0.5 1 15 2 25 3 35 0 25 5 7.5 10 125 15
Strain (%) Strain (%)

Figure 3-2  Stress — Strain relationship for steel reinforcement

The dimensions and arrangement of the reinforcing bars of the cross section of all

columns are shown from Figure 3-3, Figure 3-4 and Figure 3-5.

It was attempted to design the columns so that satisfy the minimum limits of the

SRI of Eq. 2-1 and Qsu/Qmu relationship of Eq. 2-2 for the actual strength of materials.

However, due to the increment in the strength of the materials, it was impossible.

The values of Qsu/Qmu reduced for columns No.1 and No.2-B, but remained

practically constant for columns No.2-A and No.3.

SRI reduced for columns No.1, No.2-A and No.3 because the increment of Fc made

the numerator smaller in Eq. 2-1, in contrast, the reduction of 7 in No.2-B made the
denominator of Eq. 2-1 much smaller than the numerator, as a consequence, SRI got
increased. For No.2-B, the value of SRI increased up to 1.20 but Qsu/Qmu decreased down

to 0.80 what suggest that this specimen can present shear failure.
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Table 3-3 shows the characteristics of the columns. The values were calculated by
using the nominal and actual strength of materials with the before mentioned equations
in section 2.3.

Table 3-2 Specimens outline

b D ho Reinforcement
Name
mm | mm | mm Rebar Hoops

1 350 350 1100 8-D13  2-D6@30

2-A 975 4-D16 +
........................................ 325 8-D13  4-D6@45
2-B
3 1100 12-D16

Table 3-3 Characteristics of the columns

Pg Pt Pw oo | Fe qu Qmu *
% | % | % | SS | AS | (kN) | (kN) | 2007

1 [083|0.31|060|045|0.45| 365 | 368 | FB

Col.

2-A 0.66 | 0.65 | 323 | 288
1.71| 0.86
2-B 0.870.66 | 0.40 | 319 | 401 | FD
3 1226 1.13 0.66 | 0.62 | 303 | 323

* Respective toughness classification 2007 [3-3]

SS Standard strength of materials, AS Actual strength of materials

Continuation
SRI Qsu/ Qmu Tl Fe
SS| AS | SS | AS | SS | AS
1 |10} 075 |110] 1.0 |0.12]| 0.10
2-A|11.0| 0.77 |1.17| 112 | 0.12 | 0.12
2-B [{1.0| 1.20 {1.17| 0.80 | 0.12 | 0.13
3 |10] 084 |1.00|0.94 |0.12| 0.14

Col.




3.2.3. Instrumentation

The specimens were instrumented internally and externally to record the strain and
deformations during the test. Internally, sets of pair strain gauges were pasted in
strategically points over the transversal and longitudinal reinforcement, the strain of each
of these points was taken as the average of the strain recorded for both gauges. The
placement of the strain gauges in the columns is shown in Figure 3-6 through Figure 3-8.

Externally, the columns were divided into six rectangular portions to place a set of
transducers for the calculation of shear and axial deformation. The placed transducers for
the columns are shown in Figure 3-9 through Figure 3-11.

3.2.4. Test setup

Figure 3-12 shows the test setup of the specimens in the laboratory. Two hydraulic
oil jacks of 1000kN were used to apply the axial force and to keep the top and bottom
stubs of the specimens in parallel during the test. Two hydraulic oil jacks of 500kN were
used to apply lateral force to the specimens. Load cells were placed in the hydraulic jacks
to measure the acting force.

3.2.5.Load history

Lateral and axial loads were simultaneously controlled during the test to simulate
the seismic effect on columns. The direction of the lateral and axial load is illustrated in
Figure 3-12.

Lateral load history

Figure 3-13 shows the applied lateral load history for each specimen. In the first
two cycles, the lateral load was applied with force control and constant compressive axial
force, which were, the cycles of £50% and +100% of the shear cracking strength given
by Eq. 3-1 [3-1]. For the rest of the cycles of Figure 3-13, the lateral force was controlled
by displacement and the axial force was controlled according to the acting shear force at

each step.
B oo \ 0.061(0p +49)|
Qor = (1+ 14.7) oo (Y (3-1)
Qd
Where:
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M . M
—: shear span ratio (1 <—<3).
Qd Qd

The value of Q. for the cycles of £50% and +100% of the shear cracking strength
for the specimens was: 200kN for column 1, 210kN for column 2—A, 143kN for column
2—B and 177kN for column 3.

Control of axial force ratio

The axial force was applied in terms of axial force ratio (n). For the cycles of £50%
and £100% of Q.,, constant compressive axial force ratio (n;) was applied. For column
No.1, n; was 0.15 and 0.25 for the rest of the specimens. For the rest of the lateral load
cycles, the axial force was controlled according to the measured shear force applied
during the test by Eq. 3-2.

Q

Napplieda = Ni T Q_SuAn (3-2)

Where:

n;. constant compressive axial force ratio

A, @ increment of the axial force ratio

Qsy: shear strength calculated by Eq. 2-5. (N)

Q: measured shear force in each step during the test (N)

A, was equal to 0.3 for column No.1, 0.40 for column No.2-A, 0.15 for column
No.2-B, and 0.37 for column No.3. During the test, the applied axial force ratio was
limited to the maximum value of n; + A, and minimum value of n; — A, for all

column.

The maximum axial force ratio was applied at the same time when the positive
lateral load was applied, and the minimum axial force ratio was applied at the same time
when the negative lateral load was applied.

Figure 3-14 shows the relationship between the axial force ratio and the lateral force,
the computed values of Qs, and Qmy Were plotted with the axial force ratio in terms of 7.
In this figure, it can be observed that for column No.2-B the shear force reaches the shear

strength before the flexural strength.
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3.3. Test results

3.3.1. Cracking of Concrete

Flexural cracks appeared before than shear cracks in all specimens. Figure 3-15
(from a to i) shows the cracks panther for each cycle of load history. Combined shear and
flexural cracks appeared in all columns after the cycle of +1/200. Figure 3-15-i shows the
cracking pattern of all columns at the final stage of the test. Figure 3-16 shows pictures
of the final stage of the specimens at the end of the test. For columns 2-A and 2-B, indicial
flexural cracks indicated that the reduction of axial force ratio from 0.65 to 0.40 did not
affect the planned failure mode at the beginning of the test. However, in the columns with
lower axial force ratio concrete cracked earlier. It can be said that Eq. 3-1 prognosticated
conservatively the shear force when concrete cracked even the fact that this equation does
not consider explicitly the axial force ratio or the quantity of lateral and longitudinal
reinforcement.

a) At the end of the Qcr cylices
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b) At the end of the 1/400 cylices
1 2-A 2-B
= ~ -

c) At the end of the 1/200 cylices
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f) At the end of the 1/75 cylices
g) At the end of the 1/50 cylices




h) At the end of the 1/33 cylices
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i) At the end of the 1/33 cylices
Figure 3-15 Cracking of specimens
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Figure 3-16 Final stage of specimens
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3.3.2. Hysteresis characteristics

In Figure 3-17, the hysteresis characteristics of the columns are shown as the
relationship between shear force and the lateral drift angle. In specimen number 1, the
initial constant axial compressive force of 551kN was applied for the cycles of concrete
cracking, the axial force was increased and decreased proportional up to ov/Fc of Eq. 3-2.
After the cracking cycles, the maximum applied axial force was 1665kN and tensile force
of 65kN. Cracks were visible until +2.5x103rad (+1/400 cycle). When the load cycle
reach -5 x103rad (-1/200) rebar yielded in tension when a lateral force was equal to -
143kN, at this point hoops working at 8% of its yielding capacity. The yielding of the
rebar in compression started at +10x103rad (+1/100) with shear force equal to 370kN,
the hoops works at 5% of its capacity, from this point the column started to reduce its
strength, when the hoops reach 100% of its capacity then failure occurred at +91x10rad,
at this step the lateral force was 148kN. It is known by the information acquired by sensors
that hoops in the middle of the span of the column work more than that located in the
extremes of the column, however, it was in the bottom of the column where concrete

failure took place.

In the same Figure 3-17, it can be seen that the longitudinal reinforcement of
column 2-B yielded at the drift angle of 0.64%, later than that of the column 2-A that
yielded at 0.5%; however, in both columns the longitudinal reinforcement yielded at
almost the same lateral force of 370kN. On the other hand, hoops yielded at the lateral
drift angle of 1.82% with the lateral force of +423kN for column 2-B, and lateral drift
angle of 2.01% with the lateral force of +394kN for column 2-A. It can be said that the
reduction of the maximum axial force ratio from 0.65 to 0.40 practically had no effect on
the strength of these columns, but it reduced the lateral drift angel when the lateral
reinforcement yield. This effect was attributed to the redistribution of stress in the column

with low axial force ratio.

Flexural behavior dominated the failure mode of column 2-B even the fact that the
analytical value of Qsu/Qmu suggested shear failure. It can be implied that Eq. 2 is not
prognosticating a proper failure mode in this column. However, column 2-B collapsed at
lateral drift angle of +6.6%, whereas at the same lateral drift angle, no failure was

observed in column 2-A.

In specimen number 3, the constant axial compressive force was 784kN, and later
increased until 2009kN and decreased until tensile force equal to 251kN. The compressive
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yielding of rebar took place at +13.33 x10rad when shear force was equal to +392kN
and hoops where working at 14% of its capacity. No tensile yielding of rebar was
registered in that specimen, the maximum work develop by the rebar in tensile was 50%.
The column increased its strength until a maximum of +423kN at rotation equal to
+20x103rad then it decreased. Hoops reached 100% of its capacity at +33.3x10%rad and
Q = +363kN, the failure was reached at +46x103rad.

It is well known that the longitudinal reinforcement bars buckle when large axial
loads are applied [3-6]. For column 1, local buckling was observed in the longitudinal
reinforcement. After the rebar yielded, the column lost strength quickly compared with
the rest of the columns. On the contrary, no local buckling was observed in the rest of the
columns during the test. It can be implied that the longitudinal reinforcement was properly
restricted against buckling for the columns 2-A, 2-B and 3. It is recommended that, as
much as possible, columns that carry high axial force of 7 = 0.45 also use the subtie

configuration given for the columns design with columns 0.45 < 77 <0.65.

600 1
No. 1 No.2-A

Q (kN)

Q(kN)

0 - .
Latera Drift Angle (%)

No.3

QKN)

-400
Lateral Drift Angle (%) Lateral Drift Angle (%)

B Concrete Cracking A Hoop Yielding
80% Qmax O  Rebar Yielding Compression
Rebar Yielding Tension — -+ — Qmax
............. Qsu ---- Qmu

Figure 3-17 Shear force — Lateral Drift Angle Relationship
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3.3.3. Flexural Deformation

The relationships of the flexural deformation () and the lateral drift angle are
shown in Figure 3-18. The flexural deformation was calculated for 6 different portions in
each column as follow:

For portions in the edge of the column, portion 1 and 6, the deformation was:

h?
8 = ¢; 71 (3-3)

For portions in the middle span of the column, portions from 2 to 5, flexural
deformation was:

2

h
8 = %'?l (®i—1hi—1h;) (3-4)

The total flexural deformation was the summation of all portion deformations from
1to 6.

=B (35)

Where ¢; is the curvature:

8ai — Opi

Pi= hli

(3-6)

&4 measured displacement with the transducer ai (mm)
&p;: measured displacement with the transducer b; (mm)

i = 6 (portion at bottom of the column). The location of &, and &,; are shown in
the detail of Figure 3-19.

Figure 3-19 shows the columns were divided by portions and it respective
numbering.

In Figure 3-18 can be observed that, the flexural deformation increased in both
positive and negative loading for all columns from the lateral drift angle of -3% to 2%.
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After lateral drift angle of 2%, flexural deformation of column 2-A increased more
than that of column 2-B. Flexural deformations were 19.5mm and 15.7mm for column 2-
A and 2-B respectively at the lateral drift angle of 4%. It can be said that, the reduction
of the axial force produced fewer flexural deformation. Flexural deformations was
14.9mm for column 3 at the lateral drift angle of 4%; then, the increment of the flexural
strength between column 2-A and 3 had the same effect in the flexural deformation as

reducing the axial force ratio.
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Figure 3-18 Flexural deformation-lateral drift angle relationship
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Figure 3-19 Setup of portions for the specimens
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3.3.4. Shear Deformation

The relationship of the shear deformation (85) and the lateral drift angle is shown
in Figure 3-20. The shear deformation was calculated with the measured displacements

by the transducers placed in the columns for all portions according to Eq. 3-7

5 = Z[“D’% o ] (3-7)

lT (8ci + 5di)|

n

i=1
Where:
6. and &4 the measured displacement in the portion i (mm).
D, is the width of the portion

h; the height of the portion.

In Figure 3-20 can be observed that, the shear deformation was approximately the
same for columns 2-A, 2-B and 3 from the lateral drift angle of —3% to 1.5%. For lateral
drift angle of 4%, the shear deformation of column 2—A was 7.1mm, smaller than that of
column 2-B and 3 of 10.3mm and 11mm respectively. It can be said that, the reduction of
the higher axial force increased the shear deformation in the column as well as in the case
of increment of flexural strength in these cases.
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Figure 3-20 Flexural deformation-lateral drift angle relationship
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3.3.5. Curvature

Figure 3-21 shows the moment-curvature relationship of the test and analytical
results. This relationship was computed for the cross section at the bottom of the columns.
The numerical analysis was done with fiber analysis and the curvature (¢;) was calculated
in function of the displacement recorded by vertical transducers of Figure 3-19 with the

equation 3-6.

In Figure 3-21, it can be observed that column 2-B and column 3 developed more
curvature than that in columns 1 and 2-A. Columns 2-B and 2-A had almost the same
flexural moment, but column 3 developed 20% more than both of them. Reducing the
maximum axial force ratio from 0.65 to 0.4 allow to the column to develop more curvature.

In the case of increasing flexural strength, the curvature increased as well as the flexural

moment at the bottom of the column.
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Figure 3-21 Moment-Curvature relationship
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3.3.6. Energy Dissipation Capacity

Figure 3-22 shows the relationship of the energy dissipation capacity and the lateral
drift angle up to +6.5%. The energy dissipation capacity (E,) was calculated as the area
under the hysteresis curve using equation 3-8.

E, = f Q 5, (3-8)

When columns 2-A, 2-B and 3 reached lateral drift angle of +2.5%, the dissipated
energy had no difference between them. At the lateral drift angle of +6.5%, the maximum
difference of the energy dissipation capacity was 5%, the specimen 2-B dissipated 58.3kJ
and column 2-A dissipated 55.4kJ, respectively. It can be said that, when the maximum
axial force ratio was reduced from 0.65 to 0.40, no significant difference took place in the
energy dissipation capacity. The same happened with the column with larger flexural
strength, this is due the fact that more energy was dissipated by axial deformation in the
column with higher axial force ratio (2-A).
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Figure 3-22 Energy Dissipation-Lateral Drift Angle Relationship

3.3.7. Deformation behavior in each portion

In order to explain the failure behavior of the specimens, four types of data related
to the deformations are presented. The first data corresponds to the global axial
deformation (6,) obtained according to equation 3-9 which data were recorded by two
transducers placed between the upper and lower concrete stubs of the specimens. These
transducers are shown from Figure 3-9 to Figure 3-11 . The global axial deformation is
presented in Figure 3-23 as a continuous line.
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(3-9)

5
6‘aG _h_o

Where & is the average axial displacement recorded by the vertical transducers

On the second type, the axial deformation was obtained according to equation 3-10
from 12 vertical transducers (8,p). The position of the transducers on the column is

presented on Figure 3-19.

n

16, +6,
Sap = h—oz - (3-10)

i

Where:

6, and &, correspond to the vertical transducers shown in the detail of

Figure 3-19. These axial deformations are shown in Figure 3-23 with a dashed line.

On third type of data, the axial deformation per each portion (dap;) is presented

to equation 3-11.

S5, + 6, 1
Sap == h_l- (3-11)

Where: h; is the height of each portion

The fourth data is the shear deformation obtained from the diagonal set of eight

transducers from portion 2 to portion 5 according to the equation 3-12.

Sy (6q —6.)(2ly + 64 +6,) (3-12)

= 4nD,
Where:
64 and &, are the diagonal transducers shown in detail on Figure 3-19.

The comparison of the global axial deformation (5,;) and the axial deformation
obtained from portions (&,p) shows a similar tendency on the behavior of the axial
deformation of all specimens. For that reason, it is considered that the addition of axial
deformations for all portion in equation 3-10 in general represent the global behavior of

the axial capacity.
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In the following paragraphs, the behavior and deformation are described by the
displacement peaks of the lateral load history. From now on, just the positive direction of
lateral force, where the lateral drift angle is positive and the applied axial force was high
compression will be discussed. The direction of the forces can be observed in Figure 3-12.

Column 2-A was deeply study, for that reason more information is provided.
Specimen No. 1

For specimen No 1, the increment of the axial deformation is linear up to the lateral
drift angle Ry =0.68%. After this point, it had considerably constant average value of -
0.14% up to the lateral drift angle of 8.8% where the specimen presented suddenly loss

of axial capacity, this can be observed in Figure 3-24.

Flexural and compressive cracks were observed during the test (Figure 3-15) at the
lateral drift angle of 0.67% (1/150rad),. Rebar started yielding in compression at these
same portions and started yielding in tension at the lateral drift angle of 1%. The balance
between positive and negative axial deformation in each portion produce the average
constant axial deformation in the specimen. The shear deformation observed in

Figure 3-25 is softly reduced.

The loss of the concrete cover at the bottom of the column observed during the test
at lateral drift angle of 2% is accompanied by the reduction in the axial deformation of
portion 6 and the increasing of shear deformation of portion 5 as it is shown in Figure 3-24
and Figure 3-25 respectively. At this step, axial deformation of portion 6 was equal to -
0.48% larger than the last compressive deformation of concrete ¢ = 0.24% found in the
material test.

At the lateral drift angle of 8.9% (1/11rad), bending was observed in rebar during
the last stage of the test, but no failure of lateral or transversal reinforcement per tension
was observed at the final inspection of this specimen. Shear deformation is comparatively
small with the rest of the specimens in Figure 3-25. The axial capacity decrease drastically
at this lateral drift angle (Figure 3-23).

Specimen No. 2-A

At the lateral drift angle of 0.50% (1/200rad), compressive and flexural cracks
appeared in the specimen (Figure 3-15) as well as the rebar yielded in compression, these
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data were registered by the strain gauges A43 and D17-20 pasted in the specimen
(Figure 3-7), and the axial deformation behaved linear increasing constantly as the lateral
drift angle increased (Figure 3-24).

At the lateral drift angle of 0.67% (1/150rad), vertical cracks appeared in the
specimen (Figure 3-15). The data recorded in gauges D17-18 (Figure 3-7) shows that the
deformation started to increase in compression, the same took place in A56 gauges. The
axial deformation of portion 1land 6 started to increment more than the rest given the fact
that there was more deformation in compression than in tension in extremes of the portion
(Figure 3-24). Hoops increased deformation too, and shear deformation increased lightly
as it is shown in Figure 3-25.

At the lateral drift angle of 1.0% (1/100ad), bond cracks and vertical crack spread
in the specimen (Figure 3-15). Axial deformations continued increasing (Figure 3-23).
The axial deformation of portion land 6 started to increment more than the rest given the
fact that there was more deformation in compression than in tension (Figure 3-24). Rebar
continued increasing and B1-6 and also C1-6 increased its deformation. Shear
deformation increased lightly (Figure 3-25).

At the lateral drift angle of 1.3% (1/75ad), vertical crack continued spreading. Axial
deformations continued incrementing (Figure 3-23). Lateral deformation started to
incrementing deformation faster in all portions. Axial deformation in portions 1 and 6
increased lightly, portion 2 and 5 started to increase fast, global axial deformation
continued increasing (Figure 3-23). Data from B1-6 and C1-6 kept constant its strain but
others bars (D15-20, A1-6) kept increasing.

At the lateral drift angle of 2.0% (1/50rad), vertical crack spread and concrete cover
split (Figure 3-15). Axial deformations continued incrementing (Figure 3-23). Hoops
started yielding. Lateral deformation increased for all portions but in the middle span.
Absolute axial deformation continued increasing for portions 2 and 5, portions in the
edges, 1 and 6, seemed constant. Strain data from rebar in points A5-6 and D15-16
showed bending, D17-20, C78, B56, kept increasing, the rest kept constant. Shear

deformation increased lightly in Figure 3-25.

At the lateral drift angle of 3.0% (1/33rad), vertical cracks spread and concrete
cover split. Rebar yielded in tension. Axial deformations continued incrementing. All the

lateral deformations increased at the same speed. Absolute axial deformation continued
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increasing for all portions but portions in the edges (Figure 3-23), 1 and 6 seemed constant.
Central portions increased in tension deformation, portions 2 and 5 increased in
compression deformation and edge portion 6 seemed constant, portion 1 increased lightly
in compression. Strain gauges A5-6, A7-8 and D15-16 continued showing bending, D17-
20, C78, B56, kept increasing, the rest kept constant. (Given the loss of lateral strength
n reduced down to 0.6). Shear deformation increased faster in portion 5 (Figure 3-25).

At the lateral drift angle of 4.0% (1/25rad), cracks kept growing and showed a truss
mechanism shape. Axial deformations continued incrementing (Figure 3-23). In
absolutely axial deformation, portion 2, 3 and 5 kept growing deformation, the rest kept
constant. Shear deformation increased faster in all portions (Figure 3-25). Lateral
deformation in LD4 (transducers of Figure 3-10) increased more than the rest. Hoops kept
incrementing its deformation. This tendency continued for the rest of the test, it is the
case of portion 5 that axial deformation increased larger, no collapse was registered up to

the final stage of the test.

However, there is a gap between the global axial deformation and the total axial
deformation by portions in Figure 3-23. One possible reason could be that the distribution
of shear and axial deformation in each portion. Compressive axial deformation per portion
was distributed in bout edges of the column for columns No.2-A. (Portions 1, 2, 5, 6).
Shear deformation was also better distributed in this column in the portions (2, 3, 4, 5 of
Figure 10) in comparison with the rest of the specimens.

Specimen No. 2-B

Flexural cracks were visible at 100% of Qcr, where shear force was +111kN and
drift angle equal to 1/1.2rad. The axial deformation increased linear up to the lateral drift
angle Ry =0.50%. After this point, it had considerably constant average value of -0.11%
up to the lateral drift angle of 6.0%, after this step, the specimen presented gradually loss

of axial capacity until collapse at 7.28%, this can be observed in Figure 3-24.

At the lateral drift angle of 1.3% (1/75rad), rebar yielded in compression, the acting
shear force in that step was -314kN and hoops were working at 15% of its yielding
capacity. The axial deformation of Figure 3-24 remained constant due to the equilibrium
between the positive and negative axial deformations of the portions. The shear

deformation of Figure 3-25 increased softly up to the value of 0.31%.
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At the lateral drift angle of 2.0% (1/50rad), hoops started to yielding, from this point
the column lateral strength started to decrease. The global axial deformation still was in
average 0.11%. In Figure 3-25, the shear deformation the portion 2 started to increase its

deformation larger than the rest of them.

At the lateral drift angle of 3.0% (1/33rad), rebar yielded in tension. The axial
deformation of portion 6 had increased larger than the rest, and portion 2 from Figure 3-25
continued increasing its shear deformation, and in the case of shear deformation, portion

2 had increased up to the value of 1%.

At the lateral drift angle of 5.0% (1/20rad), the deformations suddenly increased its
values. Axial deformation of portion 2 increased suggesting the buckling of the rebar at
this step (Figure 3-24), in contrast, portion 5 reduced its axial deformation up to negative
values at lateral drift angle of 7.3%. On the other hand, shear deformation of portion 5

showed a drastic increment (Figure 3-25) but portion 2 still possessed the larger strain.

At the lateral drift angle of 7.3% (1/13.7rad), axial capacity was lost (Figure 3-23).
Axil deformation of portion 5 showed large values that indicates failure in the portion
(Figure 3-24), this portion also showed a large shear deformation in Figure 3-25. The

column failed at this lateral drift angle.

Specimen No. 3

For specimen No 3, axial deformation had linear behavior up to the lateral drift
angle of 0.5%. From lateral drift angle of 0.5 to 3%, the axial deformation reduced its

increasing tendency compared with the previous part.

At lateral drift angle of 0.5%, Figure 3-23 shows that the axial deformation was
approximately -0.4% in portions 1 and 6, this means that concrete had passed its
maximum deformation capacity of 0.21%. This was confirmed by the compressive cracks
that appeared at the bottom of the specimen during the test (Figure 3-15). The softening
of the concrete started and triggered the yielding in compression of the rebar located at
portions 1, 5, and 6. Shear deformation increased softly in all portions (Figure 3-25).

At the lateral drift angle of 1%, concrete cover split in portions 1 and 6 (Figure 3-15).
These portions mostly carried the axial deformation in compression due to the
concentration of compressive stress in this portions, this can be seen in Figure 3-24. At
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this lateral drift angle, potion 5 started to develop larger shear deformation compared with
the rest of the portions as it is shown in Figure 3-25. In addition, the rebar in this section
started to develop large compressive deformation as it can be seen in Figure 3-24. At this

point, it can be said that portion 5 presented a state of crushing.

At the lateral drift angle of 3%, axial deformation increased its tendency as it is
shown in Figure 3-24. Rebar in compression of portion 5 started to bending due to the
concentrated deformation near to the zone where strain gauges D15 and D16 (Figure 3-8)

were placed, this can be observed in the same figure.

At the lateral drift angle of 4.5%, the column suffered of suddenly loss of axial
capacity, portion 6 had larger deformation compared with the rest, this is shown in
Figure 3-23. In Figure 3-25 is shown that portion 5 presented large shear deformation as
positive axial deformation, therefore, seemingly that the confined concrete in portion 5
loss its strength capacity.
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The axial deformation behavior of the columns described in the previous paragraphs

can be summarized by figures as follows:

Figure 3-23 showed the total axial deformation derived from Eqg. 3-9 and 3-10. For
all the specimens, the total axial deformation was linear approximately up to the lateral
drift angle of 0.6% (=1/150). Beyond this point, the different behaviors of axial
deformation were shown depending on the applied axial force ratio. For specimens No.1
and No.2-B, on which a lower axial force ratio was applied, the total axial deformation
remained almost constant before a sudden drop was observed at R=9% or 7% respectively.
For specimens No.2-A and No.3, on which a higher axial force ratio was applied, the axial
deformation became larger as the lateral drift angle increased. For specimen No.3, a
sudden drop was observed when the lateral drift angle reached 4.5%, whereas the axial
deformation of specimen No.2-A was not observed to drop at any time as it did on the
others.

Figure 3-24 showed the axial deformation in compression of each portion. These
figures indicate that, compressive deformation at the portions 5 or 6 was dominant to the
failure except for specimen No.2-A due to the fact that, the total deformation shown in
Figure 3-24 was smaller than the directly measured data J,. The increasing tendency of
the axial deformation was similar in each specimen. The figure corresponding to No.2-A

showed that the drastic failure did not occur on any portion.

Figure 3-25 showed the shear deformation of each portion. For specimens No.1 and
No.2-A, the shear deformation was smaller as compared to the other columns, it can be
stated that the failure of specimen No.1 was not caused by shear behavior, and for
specimen No.2-A no failure was registered during the test. For specimens No.2-B and
No.3, shear deformation on portion 5, which was hinge region, increased drastically at
R=7% and 5% respectively. In conjunction with the behavior shown in Figure 3-25,
specimens No.2-B and No.3 failed by shear force at the hinge region at a further lateral
drift angle than that of the yielding of hoop of R=2%. The ultimate deformation of
specimen No.2-B was larger than that of specimen No.3, because the applied axial force

of No.2-B was smaller than that of No.3.
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3.4. Conclusions of Chapter 3

This chapter presented an evaluation on the failure mode and shear strength
deterioration of four RC columns designed with the requirements of AJI [3-1]. The
columns were designed to have flexural failure at the beginning of the test. High axial
force and cyclic lateral displacement were employed to recreate the seismic effect during
the test. At the end of the study, the following conclusions were achieved.

Specimen No.1 suffered of axial collapse, given the fact that shear deformation was

not dominant as shown in Figure 3-25.

Specimen No.2-A did not collapse up to the lateral drift angle of 6.7% when the
test was finished. However, shear deformation on all portions and axial deformation of
member edge (or hinge region) continued increasing as it is shown in Figure 3-24 and
Figure 3-25 respectively. At the hinge region, especially portion 5, deformation seemed
to be concentrated (from Figure 3-24 and Figure 3-25). It is implied that, if lateral loading
continues further, portion 5 may be failed by shear manner at the last stage.

No.2-B and No.3 presented shear failure with axial collapse. The difference on the
axial deformation between these columns was due to the applied axial force ratio. The
axial deformation reduced in the same way that the axial force reduced. In addition,
because of the same reason, deformation capacity of No.3 was smaller than that of No.2-
B.

All specimens presented a large deformation capacity. The selected specimens
developed desirable deformation capacity, with lateral drift angle larger than 2.5%.
However, the specimens loaded with lower axial force ratio, No.1 and No.2-B, collapsed
drastically. For the specimens loaded with high axial force ratio, No.3 collapsed
drastically and the other, No.2-A, did not collapse but large axial deformation was
observed. These characteristics cannot be said to be safe enough.
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CHAPTER 4. DATABASE OF DUCTILITY BEHAVIOR OF RC COLUMNS

4.1. Introduction

Much research has been carried out to find out about the lateral deformation
capacity of RC structural members subjected to axial force. Experimental data, issued by
many researchers, have been collected in order to have a reliable database. This database
(Called here Tasai-Lab Database) contains documents published by the Architectural
Institute of Japan (AlJ) and the Japan Concrete Institute (JCI) since 1979 to 2011. It
includes two kinds of structural members, RC columns, and beams. Besides other
parameters, the geometrical characteristics, material properties, and resistant strength of
the members have been inputted in the database but between all this information, the

ultimate drift angle was collected in few cases.

The ultimate lateral drift angle is the most accepted parameter to evaluate the ductile
behavior of earthquake resistance reinforced concrete columns, the lack of this
information represents an obstacle to determine if the structural design of the tested

columns in the TasailLab database is adequate.

It is matter of major importance to recognize which structural designs from the
experimental data succeed developing the minimum expected values. The data achieved
in this chapter is essential for the analysis carried out in the next chapter.

In order to determinate the ultimate lateral drift angle and others behavior
characteristic of the lateral load response of the members achieved in the TasailLab
database, the skeleton curve of the hysteresis relationship of the shear force and the lateral
drift angle available from the bibliography was collected in a digital file. This will be
called from now on Ductility Behavior of RC Columns Database or simply Behavior
Database.

Synthetizing, Tasai-Lab database contains all the characteristics of the RC columns
and the Behavior Database contains only the curve of the ductile behavior of the columns.
In this chapter, the process to get the digital version of the skeleton curve of the shear
force — lateral drift angle relationship will be explain, subsequently, the ductility of the
RC columns will be evaluated by some ductility performance criteria found in the
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literature. At the end of this chapter, the characteristics of the RC columns that develop
large ductility will be listed.

Additionally, a study over the strength of the materials was carried out. The purpose
of this additional study is to provide coefficient factors to estimate the actual strength of

reinforcement steel and to show statistics about the employed materials in the tests.

4.2. Process of data compilation

The database RC Columns Database (Tasai-Lab) contains 1859 test results for RC
columns failing in both, shear and flexural mode, the strength of materials are wide varied
as well as others characteristic. From that database, the entire experimental tests that
employ high axial force were chosen to be accomplished with the digital version of the
shear force — lateral drift angle (in the Behavior Database of this Chapter). The selected
columns are listed at the Appendix 1 (from Ref. [4.1] to Ref. [4.89]), the selection

contains 376 experimental test and the graphics are plotted in Appendix 2.

At the beginning of the data compilation of the Behavior Database, the collection
of information was randomly, for that motive the characteristics of the RC columns
present variation between shear and flexural failure, materials with high strength and
normal strength, different lengths of shear span, different quantity of reinforcement, and
different quantity of applied axial force. It means that, the CR columns in the Behavior
Database also contains wide variation of characteristics but, it is important to remake that

all the experimental test that employ high axial force were achieved as mention before.

In order to collect the shear force — lateral drift angle (or rotation angle) relationship,
some of the journal papers were downloaded from the web page CiNii [4.90], where the
experimental data is divulgated. Next, the lateral force — lateral drift angle figure was
capture in screen as *.JPG imagen from the original journal papers, this imagen was
pasted in AutoCAD where it was scaled to fix in the horizontal axis with lateral drift angle
in radians and in vertical axis to match in units of kiloNewtons (kN). Point by point, the
hysteretic curve or skeleton curve of the shear force —lateral drift angle was drawn by the
“spline fit” function under the layer called “plot” after this, the coordinates of each point
that form the drawn curve was exported to a excel worksheet to be plot. Figure 4-1 shows
an example of the worksheets employed compilation process of the experimental test 49
from the list of Appendix 1.
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The analysis to evaluate the ductility were done in the excel worksheet. In order to
make easier to read the units of the horizontal axis, the units of the lateral drift angle was
changed from radians to percentage (%) in this worksheet.
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Figure 4-1 Collection of data

4.2.1.Characteristics of the columns

Most of the cross sections of the columns in the Behavior Database are square
sections, this can be observed in the Figure 4-2a) where 96% of the specimens had
relationship of width (b) to depth (D) of the cross-section equal to 1.0. There is just 2%
of specimens that have b/D relationship equal to 0.25 and 2% for b/D=1.75.
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For the arrangement of the main bars in the cross section, the relationship of the
effective depth of the cross section (d) to the nominal height (D) equal to 0.80 is the
dominant with 42% of the total. The ratio of d/D for the whole data varies from 0.76 to
0.90, this can be observed in the Figure 4-2b) where no values are for d/D < 0.7 and d/D
> 0.96. The importance of this value will be reflected in the determination of the flexural
moment of equation 2-3, given the fact that this value is mostly constant to 0.80 the

influence of the arrangement of main bars could be neglected in this study.

In Figure 4-2c) can be seen that, the value of the shear span ratio (ho/D) of the
specimens in the Behavior Database 3.0 accumulated the 56% of the total, followed by
ho/D=2.0 with 13%. In the rest, the frequency is spread in other values where just 1% is
lower than 2.0 and 14% is larger than 3.0%. It can be consider that, the shear span ratio
is dominantly 3.0 but also, there are columns under this value which can be considered as
short columns.

The dominant axial force ratio is shared by 7 between 0.20 and 0.30 with the 53%
of the total of the specimens. Only 28% of the total the columns that were tested with
axial for ratio larger than 0.30. The average frequency of the axial force ratio from 0.4 to
0.7 is approximately constant to 5%. The rest 18% is spread in other values of 7. This can
be observed in the Figure 4-2d). It can be said that more experimental work should be
done in columns where high axial force is applied due to the reduced number of test
results.

The employed axial reinforcement ratio (pg) in the experimental tests of RC
columns is between 2 and 4%, this can be observed in the Figure 4-2e) where this range
of values accumulated the 91% of the total data. This also indicates that probably the
result of the proposal in this work may be limited for columns with pq values into the limit

of this range.

For the range of lateral reinforcement (pw), the frequency in the specimens is
uniformly spread for values from 0.1% to 1.2%, this can be observed in the Figure 4-2f).
This condition is ideal for the research given the case that this parameter will be evaluated

in the next chapters.
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Figure 4-2  Characteristics of the columns of the behavior database

It can be concluded from the previous paragraphs that the characteristics of the

specimens in the behavior database are the next:

The cross section of the specimens are dominantly squared sections, it means that
the length of the base of the section is equal to the height in the cross section. The
relationship of the effective height to the height in the cross section is in average 0.8. The
shear span ratio is mostly equal to 3.0, the axial reinforcement ratio is limited to the range
of 2% to 4%, and the frequency of the lateral reinforcement ratio pw is conveniently well

spread.
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4.2.2. Materials

In the Figure 4-3, the actual strength of materials frequencies of the Behavior
Database are shown. In Figure 4-3a) can be seen that the most employed concrete strength
in the experimental tests was 30MPa with a frequency of 19%, the compressive strength
of 20, 40, 45, 60 and 77MPa have an average employed frequency of 5%. For compressive
strength from 85 to 120MPa the average employed frequency was 0.7%.

It can be concluded that the results of this research will be influenced by the strength
of the concrete, which is dominantly 30MPa, and more important is that a proposal for

high strength of concrete cannot be set.

Figure 4-3b) shows the frequency on which specific strength of the main
reinforcement was employed. It can be seen that dominant values are between 344 and
462MPa, which accumulated 71% from the total data and an average frequency equal to
14%. The second dominant value was between 700 and 760MPa, this range accumulated
the 13% of the total data and an average of 4%.

That means that the results of this research may be employed for columns on which
the strength of the main reinforcement should be lower than 500MPa approximately. It
will be shown in the following chapters that the employed analysis to get the flexural

moment also limited the strength of the main reinforcement.

For the strength of the lateral reinforcement steel, Figure 4-3b) shows three well
defined groups. The first group corresponds to the average strength of 400MPa, which
accumulated frequency is 57%. This group has great advantage over the rest of the groups,
it seems logical that the results of the research will be also affected by this information.
The proposal of this research work may be applied preferably to strength of lateral

reinforcement lower than 500MPa.

The second group corresponds to the average strength of 900MPa with 23% of the
employed frequency in the experimental tests. With this group, it will be attempted to
make a proposal for design RC columns with high axial force using this second group.

The third group is located around the strength of 1400MPa with frequency equal to
12% from the total. It is clear that, it could not be possible to use these data for the final
proposal of this study and more research is needed for the design of columns with high
axial force that employ really high strength in lateral reinforcement.
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In this section, it is concluded that the useful range of effective strength of materials

for the proposal may be the next:

® Compressive strength of concrete may be in the range of 20 to 50MPa.

® Strength yielding of main reinforcement may be in the range of 340 to
500MPa.

® Strength yielding of lateral reinforcement may be in the range of 350 to
460MPa.

This information is provisional, the final values will depend on the results of the

following analysis. The final range will be presented in Chapter 6.

4.2.3.Factors to estimate the actual strength of reinforcement bars

During the planning of the experiments, it was important to estimate the actual
strength of materials for a well-controlled test, especially when the cost of specimens is
high and the unexpected variation of strength of materials can affect the conditions of the
of the tests.

Considering the above, this section research about the factor needed to estimate the
actual strength of the reinforcement bars. This factor is applied to the nominal strength of
the bars. The employed data was obtained not only from the RC columns Tasai-Lab

database Fc but also from that achieved form the RC beams database [4.91].

This section is complementary for the research. These factors were obtained as the
average of the actual values of the strength of the main and lateral reinforcement
according to the modulus of elasticity. The data was classified according to the nominal
value published in the bibliography but given the fact that no all authors published the
nominal and actual value of strength and modulus of elasticity of the reinforcement, this
data was drastically reduced to 915 useful samples.

From Table 4-1 to Table 4-5, the useful data for the reinforcement bars are presented,
in the respective order for deformed bars of SD295, SD345, SD390, SD490, and
SD685(MPa). Each table presents in the upper part the actual strength according to the
modulus of elasticity (MPa), in the vertical column the data is classify by the nominal
diameter (mm). In the last column, the average value per diameter is shown, for this value,
the influence of the modulus of elasticity is not considered. In the last row, the average
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value in function of the modulus of elasticity is shown. In the lower part of the Tables,
the factor is presented as the ratio of the actual strength divided by the nominal strength.
This value was larger than 1.0 in most of the cases.

The average value per modulus of elasticity is more reliable than that by diameter
but given the fact that the modulus of elasticity was also uncertain during the planning of
experiments, the employed value for estimating the actual strength of the reinforcement
steel was that in the rightmost column.

In the tables, it can be observed the lack of information for different diameters and
modulus of elasticity, it is essential that the nominal, actual and modulus of elasticity

should issued in every publication.

Figure 4-4 shows the frequency in percentage of the modulus of elasticity (E)
employed data in this section. In this figure, it is worthy to note that the mean of the
modulus of elasticity is 191MPa and the media is 192MPa, the standard deviation is
28MPa. This means that there is a large probability that the modulus of elasticity of the
reinforced bars will be around 190MPa.
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Figure 4-4  Elasticity modulus of the reinforcement steel study
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Table 4-1 SD295

Strength (MPa)

Diam. Elasticity Modulus (MPa)
mm | 160 | 170 | 175 | 180 | 185 | 190 | 195 | 200 | 205 | 210 | Avg.
D4
D5 370 370
D6 380 440 410
D8
D10 | 340 | 340 380 350 | 365 355
D13 | 325 360 | 360 | 330 345 344
D16 | 350 330 340
D19 340 340
D22 388
D25 345 400 373
Avg. 330 361 | 355| 420 360
Factor
Diam. Elasticity Modulus (MPa)
D 160 | 170 | 175 | 180 | 185 | 190 | 195 | 200 | 205 | 210 | Avg.
D4
D5
D6 1.29 1.49 1.39
D8
D10 | 1.15 | 1.15 1.29 119 | 1.24 1.20
D13 | 1.10 122 | 1.22 | 1.12 1.17 1.17
D16 | 1.19 1.19
D19 1.15 1.15
D22 1.32
D25 1.17 1.36 1.26
Avg. | 1.15| 115| 122 | 127 | 112| 122|120 142|1.15 1.22
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Table 4-2 SD345

Strength (MPa)

Diam. Elasticity Modulus (MPa)

D 160 | 170 | 175 | 180 | 185 | 190 | 195 | 200 | 210 | 220 | Avg.
D4 365 365
D5
D6 360 | 395 370 341 | 410 375 | 375
D8

D10 390 422 | 405 406
D13 365 | 373 | 370 369
D16 400 360 | 380 405 370 383
D19 380 400 390
D22 405 395 | 370 390
D25 385 385
D29
D32 368 380 | 380 376
Avg. 384 | 368 | 381 | 381 | 370 | 395 | 382 | 395 | 370 | 375 | 382
Factor
Diam. Elasticity Modulus (MPa)

D 160 | 170 | 175 | 180 | 185 | 190 | 195 | 200 | 210 | 220 | Avg.
D4 1.06 1.06
D5
D6 1.04 | 1.14 1.07 1.19 1.09| 1.11
D8

D10 1.13 1.22|1.17 1.18
D13 1.06| 1.08| 1.07 1.07
D16 1.16 104 1.1 1.17 1.07 1.11
D19 11 1.16 1.13
D22 1.17 1.14 | 1.07 1.13
D25 1.12 1.12
D29

D32 1.07 11| 1.1 1.09
Avg. 111 1.07| 111 11| 1.07(114|115|1.14|1.071.09| 1.12

4-11



Table 4-3 SD390

Strength (MPa)

Diam. Elasticity Modulus (MPa)

D 160 | 170 | 175|180 | 185 | 190 | 195 | 200 | 210 | 220 | Avg.
D4

D5

D6 420 420
D8

D10

D13 435 535 485
D16 415 440 470 442
D19 460 490 475
D22 465 460 463
D25

Avg. 425 | 462 465 | 440 | 503 459

Factor

Diam. Elasticity Modulus (MPa)

D 160 | 170 | 175 | 180 | 185 | 190 | 195 | 200 | 210 | 220 | Avg.
D4

D5

D6 1.08 1.08
D8

D10

D13 1.12 1.37 1.24
D16 1.06 1.13 1.21 1.13
D19 1.18| 1.26 1.22
D22 1.19 1.18 1.19
D25

Avg. 1.09| 1.19| 1.19(1.13|1.29 1.18
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Table 4-4 SD490

Strength (MPa)

Diam. Elasticity Modulus (MPa)

D 160 | 170 | 175 | 180 | 185 190 | 195 | 200 | 210 | 215 | Avg.
D4

D5

D6

D8

D10

D13 480 | 570 | 550 533
D16 615 540 565 573
D19 545 | 530 | 525 | 545 615 | 552
D22 525 525
D25

D29

D32

Avg. 615 522 | 550 | 541 | 545 615 | 550

Factor

Diam. Elasticity Modulus (MPa)

D 160 | 170 | 175 | 180 | 185 190 | 195 | 200 | 210 | 220 | Avg.
D4

D5

D6

D8

D10

D13 098 | 1.16 | 1.12 1.09
D16 1.26 1.10 1.15 1.17
D19 1.11 | 1.08 | 1.07 | 1.11 1.26 | 1.13
D22 1.07 1.07
D25

D29

D32

Avg. 1.26 1.06 | 1.12 | 1.10 | 1.11 1.26 | 1.12
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Table 4-5 SD685

Strength (MPa)
Diam. Elasticity Modulus (MPa)
D 170 | 175 | 180 | 185 | 190 | 195 | 200 | 205 | 210 | 220 | Avg.
D4
D5
D6 740 740
D8
D10 885 | 885
D13 717 | 725 795 746
D16 713 | 730 | 747 | 723 | 687 720
D19 785 | 710 | 750 | 722 742
D22
D25 690 690
D29 693 693
D32
Avg. 713 | 743 | 727 | 714 | 735 885 | 738
Factor
Diam. Elasticity Modulus (MPa)
D 160 | 170 | 175 | 180 | 185 | 190 | 195 | 200 |210| 220 | Avg.
D4
D5
D6 1.08 1.08
D8
D10 1.29 | 1.29
D13 1.05 | 1.06 1.16 1.09
D16 1.04 | 1.07 | 1.09 | 1.06 | 1.00 1.05
D19 1.15 | 1.04 | 1.09 | 1.05 1.08
D22
D25 1.01 1.01
D29 1.01 1.01
D32
Avg. 1.04 | 1.08 | 1.06 | 1.04 | 1.07 1.29 | 1.08
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Figure 4-5 presents the summary of the factor useful to estimate the actual strength

of reinforcement steel.

In the material denominated SD295 had the most unstable strength, the largest value
of the factor to obtain the actual strength is for diameter 6mm (1.39) compared with the

rest of the factors. For the rest of the diameters, the factor is in average 1.19.

In this figure, it can be observed that the denominated SD345 material had the most
complete information per diameter, the average factor to obtain the actual strength is 1.1,
it is just for the case of the smallest diameter (4mm) that this value can overestimate the

actual strength, for this case, it is recommendable to use the factor of 1.06.

The denominated reinforcement SD390 presents similar behavior than in the
previous case, for the small diameter (6mm) this factor is low and equal to 1.08, but for
the rest of the case the factor to estimate the actual strength of materials is 1.19.

The factor to obtain the actual strength for the case of SD490 is in average 1.11 for

diameter between 13mm and 22mm; for other diameter no information is available so far.

It is the case of SD685, which presents the most unfavorable case, for diameters
larger than 13mm the factor is lower than 1.1 what results in a dangerous condition from
the point of view of the structural design, for the rest of the cases the actual strength is

over the nominal strength.

150
1.40
130 | SD295
120 L SD345
%1-10 - SD390
LL
1.00 e—> SD490
090 r —o—5D685
0.80
070 1 1 1 1 1 1 1 1 1 J
<t O o o [{e] (o] N n (o)) AN
O D — — — — (9N N N (s2]
()] [a) [a) [a) o [a) [a) [a)

Diameter (mm)

Figure 4-5 Factor to estimate actual strength in the steel reinforcement
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Summarizing, the factor to estimate the actual strength of the reinforcement steel
can be obtained by Table 4-6 where, the factor is classified by nominal strength and

nominal diameter.

These factors are exclusively for research purpose and do not to be used in the
structural design. Additionally, its functionality should be confirmed by the user, this
information is purely statistically and strongly depends of the source data. It is
recommended to increase this information in order to get more accuracy.

Table 4-6 Factor to estimate the actual strength

SD295 | SD345 | SD390 | SD490 | SD685

D4 1.06
D6 1.39 111 1.08 1.08
D10 1.20 1.18 1.29

D13 1.17 1.07 1.24 1.09 1.09
D16 1.19 111 1.13 1.17 1.05
D19 1.15 1.13 1.22 1.13 1.08

D22 1.13 1.19 1.07

D25 1.26 1.12 1.01
D29 1.01
D32 1.09

4-16



4.3. Evaluation of the ductility

The curves that show the relationship between the shear force and the lateral drift
angle of the Behavior Database were simplified as trilinear models. The main points for
the shear force are: the maximum strength (Qmax), the yielding shear force (Qy), and the
ultimate shear force (Qu). Ry, Ryqax and R, are the lateral drift angles corresponding
to these main points of Qy, Qmax and Q. respectively. The yielding shear force (Qy) was
defined as the corresponding preliminary force equal to 75% of Qmax (based in a work of
Ref. [4.92]), and the ultimate shear force (Q.) was defined as the corresponding closing
force equal to 80% of Qmax [4.93].

As an example, Figure 4-6 shows the outline of the simplified as trilinear model of
the skeleton curve of the Q-R,, relationship for column number 65 from Appendix 1.

250 r —065
Trilinear model
Qnmax
200 ¢ /Nu: 800/()Qmax
=
X
8 150 Q,=75%Q
S
5
& 100
50 F
Ry Rmax Ru
0 f f f f f f T f f {

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5
Lateral drift agnle (%)

Figure 4-6  Simplified trilinear model

Ductility performance

On this research, the ductility performance of the columns was evaluated with three
criteria; these are, the deflection ductility index (u,,), the degradation index (u4) and the
ultimate drift angle (R,).
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The deflection ductility index, described by Woods and others [4.94], reflects the
relationship between the yielding strength and the ultimate strength in the columns:

y (4-1)

The degradation index is the coefficient of the ultimate lateral drift angle and the
lateral drift angle corresponding to the maximum shear force (Equation 4-2.). Woods and
others [4.94] found that brittle failure occurs when the degradation index tends to 1.0 due

to the lack of confinement in the column.

Ry
Roax (4-2)

Hg =

For the ultimate drift angle, the ductility performance of the column is considered

satisfactory when R, is larger than 2.5% [4.95].
Results

The values of R, u, and p, calculated for the columns are presented from the
Figure 4-7 until Figure 4-9. The data are presented in function of the calculated value of
SRI of equation 2-1 and the value of Qsu/Qmu.

In Figure 4-7, the data are presented according to the developed R,, in three ranges,
larger than 2.5%, lower than 2.0% and between both values (from 2.0 to 2.5%), and by
the failure mode, flexural or shear. In this figure, it can be seen that there is not a clearly
division between columns that develop R, lower than 2.5% but of the columns placed
in SRI larger than 1.5 and QswQmu larger than 0.8 developed the desirable R,. Then, it
can be said that SRI larger than 1.0 and Qsw/Qmu larger than 1.0 do not represent a clear
division for classify RC columns as ductile performances.

The deflection ductility index shown in Figure 4-8 is divided in three categories,
lower than 5.0, from 5.0 up to 11.0% and larger than 11.0%. This figure shows that there
are columns that develop wu, lower than 5.0 even the fact that the calculate values of SRI
and QswQmu larger than 1.0 and 1.1 respectively. The intermediate values of u, from 4.0
up to 11.0% are uniformly spread all over the figure. It can be said that any division cannot
be fixed to define which columns can develop large deflection ductility index.
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Figure 4-9 Degradation index u,
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The degradation index is shown in three categories in Figure 4-9, the first
corresponds to u, lower than 1.5, in this group columns with brittle failure are included.
The second groups corresponds to values between 1.5 and 3.0, and the third group for
values between 3.0and 6.0. In this figure, it is important to remark that there are columns
that develop short u,; even the value of SRI is larger than the minimum stablished by
AlJ proposal [4.96].

Additionally, the failure mode has been plot in Figure 4-10, the figure was divided
in columns that fail in shear, flexural and other mode. Most of the columns that present
flexural failure are placed in values of SRI large than 1.0 and QswQmu larger than 0.75
(Section 4 marked in the figure). There are few cases of columns with shear failure
presented in that section, these are the special cases of: columns 358, 362, 363 and 364
which were built with high strength materials and smooth lateral reinforcement bars.

These characteristics can be observed in the table of calculation in Appendix 1.

Failure mode
4
(e}
[ (6]
@ o
e}
(e} OO
O x
(0]} %
3
1.2 1.4 1.6 1.8 2.0 2.2 2.4
QSU / Qmu
x Shear O Flexural ® Other

Figure 4-10 Failure mode

Comparing Figure 4-10, with the previously mentioned figures the next comments

can be drown:

In section 1 of Figure 4-10, the columns with values of SRI lower than 1.0 and
QswQmu lower than 0.75 corresponds in general to columns with shear failure. The
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ultimate lateral drift angle developed was lower than 1.9%, the value of u,, is completely
arbitrary, but the lowest values of u,; are present in this section. It can be said that this
is the most unfavorable developed ductility, it means, the lower toughness columns.

In section 2 of Figure 4-10 is transition. The columns with values of SRI larger than
1.0 and QswQmu lower than 0.75 presented shear failure but, most of them developed
desirable lateral drift angle larger than 2.5%, and in few cases, u, is lower than 1.5. This
can be considered as an area where columns can be developed large R, in shear failure.

For columns SRI lower than 1.0 and QswQmu larger than 1.0, section 3 of Figure 4-10
Is another transition area where no clear behavior is shown, whereas, it happens the
opposite than in section 2, more columns developed flexural behavior but they don’t

develop large ductility.

Section 4 of Figure 4-10 is an area where the tested columns presented desirable
behavior. Most of the columns presented flexural failure and large lateral drift angle. In
the same way, most of the columns have u, largerthan 5.0 and u, larger than 1.5. The
columns contained in this section can be considered as desirable ductile behavior. Then,

the structural design should be focused in this area.

Observing Figure 4-10, it can be said that the index of QsuwQmu is useful to separate
the tested columns by failure mode. In this case, Most of the cases of Qsu/Qmu lower than
0.75 presented shear failure and, most of the cases of QswQmu larger than 0.75 presented
flexural failure. On the other hand, the quantity of shear reinforcement resulted in a viable
factor to separate columns by ductility, the acceptable value of R, plotted in Figure 4-7
separate satisfactorily columns with large ductility from that with low ductility.

For this reason, two index should be used to get a good classification of the columns
that could develop high ductility. However, Qsw/Qmu larger than 0.75 is not viable given
the fact that it opposes the common theory of index to avoid shear failure, then a new
proposal that works better should be set.

Even the fact that the SRI worked satisfactorily, this research work will propose
an improved version of this index in the next chapter, its objective will be to set the
minimum value for the lateral reinforcement necessary to develop desirable ultimate

lateral drift angle.
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4.3.1.Current design philosophy area

The current philosophy of design consists mainly in meeting the requirements of
SRI of Eq. 2-1 (besides other additional requirements [4.96]) and the standard assumption
to avoid shear failure [4.97]. Figure 4-7 shows the current philosophy area of design
where SRI>1.0 and Qsu/Qmu >1.10.

It was found during the study of the Tasai-Lab database that certain kinds of
columns developed high ductility despite the fact that their standard assumption to avoid
shear failure was pessimistic, it means that the relationship Qsu/Qmuis lower than 1.1. This

is shown in Figure 4-7 where they have been marked in the missing area.

In Figure 4-7, it can be seen that most of the selected columns which presented
flexural fail mode have SRI>1.0. But in this figure, there are columns with shear failure
that are over that limit it Qsu/Qmu index is lower than 1.10.

35 T S EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER
Current philosophy area 2
30 + :
25 + ) E
= 20 T :
) [ ) 3
15 + e a
.o .0 :
1‘0 = .’ . L]
ik O
[ ]
05 +
A
0.0 R }
0 0.5 1 15 2 25
QSU / Qmu
@ Flexural Failure Ru>2.5% OFlexural Failure 2.0%<Ru<2.5% X Flexural Failure Ru<2.0%
A Shear Failure Ru>2.5% A Shear Failure 2.0%<Ru<2.5% X Shear Failure Ru<2.0%

Figure 4-11 Current philosophy of design area
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4.4. Conclusions of Chapter 4

At the end of this chapter some conclusions were drown:
For the creation of the database

The Ductility Behavior of RC Columns Database or simply Behavior Database in
this document achieved 376 experimental test results. The selected columns are listed at
the Appendix 1, the information in this database is the skeleton curve of the shear force -
lateral drift relationship. The graphics are plotted in Appendix 2. The results of this
research may be influenced by the strength of the concrete, which is dominantly 30MPa.

For the estimation of the actual strength of reinforcement steel

Factors to estimate the actual strength of materials were presented. These factors
are exclusively for research purpose and do not have to be used in the structural design.
Additionally, its functionality should by confirm by the designer, this information is
purely statistically and strongly depends of the source data. The factor are listed in the
following table, they depend of the nominal strength and the nominal diameter given the

fact that the modulus of elasticity is also uncertain before the design.

It is recommended to increase this information in order to get more accuracy and to
cover the current lack of data. At the same time, it is recommended to the authors of
papers on this field to publish the nominal and actual strength and modulus of elasticity

of materials in order to be available for others researchers.

Factor to get the actual strength

SD295 | SD345 | SD390 | SD490 | SD685
D4 1.06
D6 | 1.39 111 1.08
D10 | 1.20 1.18
D13 | 117 1.07 1.24 1.09 0.82
D16 | 1.19 111 1.13 1.17 1.05
D19 | 1.15 1.13 1.22 1.13 1.08

D22 1.13 1.19 1.07

D25| 1.26 1.12 1.01
D29 1.01
D32 1.09
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For the evaluation of the Ductility

The ultimate lateral drift angle, deflection ductility index and the degradation index
were calculated for the columns in the Behavior Database according to the criteria of
section 4.3. The calculate values were presented and commented in Figure 4-7, Figure 4-8

and Figure 4-9 respectively.

The R, will be the main parameter to evaluate the performance of the column in
the next chapter butthe u, andthe p, will be used to explain some particularities about
the performance of some columns.

For the current philosophy of design

The standard assumption to avoid shear failure is not accurate in the prediction of
the ductility behavior of certain kind of columns, it means, even that the relationship
Qsu/Qmu is lower than 1.1, the columns developed desirable and satisfactory ductile
performance. A missing area, were columns presented a desirable ductile behavior, has

been pointed in Figure 4-11 as the “Missing area”.
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CHAPTERS. PROPOSAL FOR THE DESIGN OF RC COLUMNS

5.1. General view

This chapter presents the proposal requirements for the design of RC columns that
can develop large ductility carrying high axial force. The proposal is based in two main

aspects:

The first is the equation that provide an adequate way to classify the columns
according to the failure behavior, it means flexural or shear mode, it is the called “Index
to avoid shear failure” that is the simple principle that the shear strength should be 1.1

times larger than that of the flexural one [5.1]. This principle is shown by equation 5.1

Shear strength

1.1 5-1
Flexural strength (¢-1)

The second is about the minimum quantity of shear reinforcement to develop the
desirable ultimate lateral drift angle of 2.5% with the here called Shear stress index. This

Is comparable with that equation proposed by AlJ [5.2] of Chapter 2.

The following sections of this chapter present the Index to avoid shear failure and
the Quantity of shear reinforcement equations, these two equations compound the
proposed philosophy of design for RC columns that carry high axial force but, additional
requirements are set to ensure the proper structural design based in the characteristics of
the employed data. The recommended equations are shown in sections 5.2 and 5.3
respectively. At the end of the Chapter, the conclusions is shown.

5.2. Index to avoid shear failure

For the structural design, it is important matter to know if a column will fail in shear
or flexural mode, and if columns can develop enough ductility under specific axial force.
With regard to the latter, this section is focused on the assumption index to avoid shear
failure for RC columns that develop large ductility when axial force is applied on them.

The assumption index to avoid shear failure is defined as the relationship between
the analytical value of the ultimate shear strength (Qsu) and the ultimate flexural strength
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(Qmu). This equation was shown in Chapter 2 by Equation 2-2. However, as it was shown
in the previous chapter, the relationship QswQmu Was not completely accurate for the
collected data given the fact that columns with low value of QswQmu develop large

ductility.

For this reason, more research for the index to avoid shear failure was carried out.
The shear strength was calculated with two different approaches. And for the case of the
calculation of the flexural strength, five methods were considered. The possible
combinations of the ratio Qsyw/Qmu Of all this methods are analyzed and commented in the
next section.

5.2.1. Shear strength analysis

For the calculation of the shear strength, the equation 2-5 described in AlJ [5.2]
(which is repeated in the next) and the equation 5-2 by AlJ [5.3] were employed.

It is important to mention that the results of this section does not evaluated the
equations to obtain the shear strength, this results will employed to find better accuracy
of the index to avoid shear failure.

0.068P223(F, + 18)

Qsy = 7 + 0.85,/B, 0,y + 0.10¢ ¢ bj
—4+0.12
od
5P,.0, bD
Vi = UPyeOywybeje + <UO’B — $>7tan 0
Avog + B, 0,
W = < = 3 - Wy) beje (5'2)
Avog ]
W = (T) be]e
Where
e S b
2je 4
u=2—20R,

v is the effective compressive strength coefficient, v=(1-20Rp)vo, v0=0.7-6B200
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Rp= Rotation angle, in the analyses, the rotation angle will be consider equal to zero.

These equations were selected because they are well known and their employment
Is wide spread in Japan. The results of these two method are divided between the
experimental shear strength (Qexp) reported during the test by the authors (Qexp/Qsu and
Qexp/Vu respectively). In this research, the quantity of axial force ratio applied during the
tests is significant, for this reason, the results are compared with the value of 7 in the next

figures.

Figure 5-1a shows the relationship Qexp/Qsu in function of the axial force ratio. In
this figure, it can be seen that the shear strength obtained by the equation 2-5 are safely
predicted in most of the experimental testes, few cases are under the limit of Qexp/Qsu=1.1.
This proves that this equation is adequate to obtain the shear strength for columns failing
in shear and flexural failure, for any case of axial force ratio.

In Figure 5-1a, the relationships Qexp/Qsu iNcreases as the axial force ratio increase;
one reason for this effect could be that the influence of axial force ratio is larger for high

values of 77 and not linear as equation 2-5 describes (0.1ay).

On the other hand, Figure 5-1b shows the relationship Qexp/Vu in function of the
axial force ratio. It can be observed that, the shear strength V, calculated for many of the
columns failing in shear mode are over the value of Qexp/Vu = 1.0, and the shear strength
calculated for many columns failing in flexural mode are under this limit. This means that,
the computed value of V, is safely predicted for many shear columns and, overestimated

for flexural columns.

In this same figure, it can be observed that the relationships Qexp/Vu increases as the
axial force ratio increase, this is due that equation 5-2 does not include the effect of axial
force ratio. As an effect, the prognostication of the shear strength Vy became more
accurate for the columns that were testes with high axial force ratio and wide spread for

that columns that were tested with lower axial force.

It is clear that the equation 5-2 by AlJ [5.3] should not be employed to compute the
shear strength for columns with expected flexural behavior because this equation gives
as a result larger values compared with the experimental ones. In this research, this value

will be only employed to determine the index to avoid shear failure.
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Qexp / Qsu

Qexp / Vu
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Figure 5-1  Vy/Qmu and Qsu/Qmu relationship for Qmu method
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5.2.2. Flexural strength analysis

Analyses to obtain the flexural moment were carried out with five different models.
These are: the moment calculated with equation 2-4 of AlJ [5.1][5.2], and fiber analysis
with 4 different combination of confined and unconfined concrete models. The five

models are depicted in Figure 5-2.

The Kent and Park confined and unconfined concrete model [5.4] were used for
modeling the material behavior of the concrete of the second, third and fourth flexural

moment analyses.

The second method employed the Kent and Park confined concrete model disregard

of the concrete cover for the full section (Kent-Park 0C).

The third method employed the Kent and Park confined concrete model for the core
of the transversal section of the columns and the Kent and Park unconfined concrete
model for the concrete cover in the direction of the applied moment (Kent-Park 1C).

The fourth method employed the Kent and Park confined concrete model for the
core of the transversal section of the columns and the Kent and Park unconfined concrete

model for the concrete cover in both direction of the cross section (Kent-Park 2C).

The last model corresponds to the New RC model (NewRC 0C) of The National
Land Development Technology Research Center [5.5] for confined concrete. In this case,
no cover was considered in the analysis. Figure 5-2 depicts the cross sectional models

described in this paragraphs.

Kent-Park model

The stress-strain relations of confined and unconfined concrete of the model are
summarized in the next. The confined and non-confined concrete model of Kent-Park are
compounded by to lines, the first corresponds to an ascending branch represented by a
second degree parabolic curve and the second to a descending straight line. Equation 5-3
represents this model [5.6].

5-5



M SOUN. N )
AR SR ]

5 ~y

)
3
ol
o
- =J|
VY |
i i 3
)
b
]

~ 4

Kent-Parly

Unconfined concrete

Kent-Park 0C

New RC 0C

Figure 5-2 Cross sections models for flexural analysis

fo = kf’ <2£C ( i )2> <k

= — = | & = KE

c c fok gok c 0 (5_3)
fo=kf'c(1 = Zn(e. — g0k)) = 0.2kf", g, > ke,

Where

€. is the longitudinal concrete strain
f'. is the compressive strength of concrete

g is the strain of unconfined concrete corresponding to f'.

5-6



Commonly accepted &,=0.002 [5.6]

k is a confinement coefficient.

o.
k=1+297

fle

For unconfined concrete, E parameter k is equal to one.

Zy, 1S the stress declining ratio for the confined concrete after peak stress

0.5
Esou t Es0n — Eok

3+¢&0f',

sou = 721000

Eson = 075pg

be
S

For concrete under confinement, a perfectly plastic residual behavior is assumed at

high strain level to account for the load carrying capacity of crushed concrete is still

effectively confined by the transverse steel. The confinement effect on the strength of

concrete, represented by the coefficient k, increases the concrete peak stress from f’, to

kf'.. It is assumed that confined concrete can sustain a constant stress of 0.2kf’,. at

strains greater than &,,.

kf'c
fle

o
Y

0.2kf",

Non-confined

/ ™ Confined

€ ke €20 €

Figure 5-3 Kent and Park model for unconfined and confined concrete

o-7



New RC model

Equation 5-4 defines the confined concrete of New RC model [5.5][5.6], and the
next paragraphs summarize the concept of the model. Figure 5-4 shows the stress-strain
relation of confined concrete of New RC model.

o,  ax+(d-1)x?
1+ (a—2)x + dx?

(5-4)
CUCB

Where:

For rectangular cross sectional columns 1.00,.5z and for circular cross sectional

columns 0.800,5

For rectangular cross sectional columns k.= 2.09 and for circular cross sectional
columns ky=11.5

ec
X =—
&co
E. eco
a =
c9cB
ec0—£0{1+4'7(K_1) K<15
B 3.35+ 20(K — 1.5) K>15

g0 = 0.93( c0.5)%251073

cOcB
K =
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A is defined according to the aggregate that compound the concrete: equal to 1.0.
In general, it is equal to 1.2 for high elasticity (limestone aggregate) and equal to 0.9 for
low elasticity (quartz schist, andesite, and lightweight aggregate)

K-1) .0
d= a+ﬁcacB+y’$

a =1.50
£ = —1.71(10"2

y isequal to 2.4 when square pipe section is embedded or equal to 1.6 when stirrups

are used.
o, axial stress in the concrete
ec axial strain in the concrete
pn, confinement reinforcement ratio
ony Horizontal reinforcement yielding strength (less than 685 N / mm?)
o.g Cylinder strength of concrete
g, Strength of plain concrete
0. Strength of confined concrete
eco Strain when the strength of confined concrete is reached
d" Nominal diameter of the transverse reinforcement
C Effective horizontal support length of the horizontal reinforcement
s Horizontal reinforcement spacing

D, The distance between the centers of the cross-section to the peripheral

transverse reinforcement
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Figure 5-4 New RC model for confined concrete
Results

The flexural strength was calculated from the flexural moment obtained with the

previous analysis with the equation 5-5.

M;
Qmuq) = M/Q

(5-5)
Where:

M; is the calculated moment from the above mentioned models (kNemm)

M /Q is the shear span (mm)

The flexural strength was normalized for each case by the maximum shear strength
reported in every test (Qexp). The results of these analyses are presented in the Figure 5-5

for all columns of the Behavior Database.

Figure 5-5a) shows the relationship of Qexp/Qmu and the axial force ratio for Eq. 2-3.
The data of columns that develop lateral drift angle larger than 2.5% in flexural failure
resemble a parabolic curve where the lower point is located around axial force ratio of
0.3. The nature of this relationship is given by the equations to obtain Qmu (EQ. 2-3). The
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minimum value for Qexp/Qmu for columns with flexural failure happened when the balance
axial force was applied to the column. This model cannot separate the columns with
flexural failure that presented Ry < 2.5% from that with lower Ry in values near to the
balance axial force, this can be observed in the figure Figure 5-6 a) where the data for
flexural failure is presented.

Figure 5-5b) shows the relationship of Qexp/Qmu and the axial force ratio for the
“Kent-Park” model. For the case of columns failing in flexural mode, this model is not
accurate in the calculation of the flexural strength, In Figure 5-6b), it can be observed that
the flexural strength was overestimated in many cases.

The models “Kent-Park 1C”, “Kent-Park 2C” and “New RC” prognosticated the
flexural strength safely. This can be observed in the figures Figure 5-6 from c) to e)
respectively. However, there are the cases of “Kent-Park 1C” and “New RC” that
presented particular results for the columns failing in flexural mode, most for the case of
columns that developed R,, lower than 2.5% were overestimated by this two models. It
is just “Kent-Park 2C” model that estimated the flexural strength in accurate way; few
cases were overestimated as this can be seen in Figure 5-6e).

As conclusion, it can be said that all model overestimated the flexural strength for
most of the columns failing in shear failure. The flexural analysis with better results for
the columns failing in flexural mode was the Kent and Park model that consider the
concrete cover in the two directions (Kent-Park 2C). The model with Qmu from Eq. 2-3
presented a parabolic shape but all the flexural cases were prognosticated safely.
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Qexp / Qmu

Qexp / Qmu(Kent-Park 1C)

Qexp / Qmu(Kent-Park 2C)

Qexp / Qmu(Kent-Park)

Qexp / Qmu(NewRC 0C)

® Flexural Failure Ru>2.5%
OFlexural Failure 2.0%<Ru<2.5%
X Flexural Failure Ru<2.0%

A Shear Failure Ru>2.5%

A Shear Failure 2.0%<Ru<2.5%

X Shear Failure Ru<2.0%

Figure 5-5  Qexp/Qmu relationships
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Qexp / Qmu

Qexp / Qmu(Kent-Park 1C)

Qexp / Qmu(Kent-Park 2C)
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Figure 5-6  Qexp/Qmu relationships for flexural failure columns
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Ratio of shear strength to flexural strength

The relationship defined in equation 5-1 is shown in this section, the coefficient
of the shear strength calculated in section 5.2.1 and the flexural strength calculated in
section 5.2.2 will be presented. The results are presented by flexural model for both cases
of flexural strength, first for Qsy and second for V.. The quotient of the shear strength to
the flexural strength is shown in the ordinated axis and the axial force ratio in the abscissa
axis. The value of 1.1 has been referenced in the ordinated axis to make clear which ratio

separated properly columns that develop flexural from shear failure mode.

In each next figures, the data was differenced by failure mode as in the previous
figures of this chapter. At the same time, the data is also divided in three ranges of lateral
drift angle, these are: columns that developed Ry larger than 2.5%, between 2.5% and
2.0%, and Ry lower than 2.0%. This exact information is shown in the legend of every

figure.

Due to the fact that the objective of the coefficient of the shear strength to the
flexural strength is to give a criterion to classify the columns as flexural failure, the
percentage of columns with shear failure that are the limit of 1.1 and the percentage of
columns with flexural failure that are over this same limit will be mentioned. The
percentage is given in reference to the population of data for its respective failure mode
and not for the whole data population. This percentages will be a criterion to define the
index to avoid shear failure.

Figure 5-7 presents the relationship of the Qsu/Qmu and Vu/Qmu relationship for Qmy
method. As this was mentioned in the section 2.3, the columns that agree the relationship
of Qsu/Qmu are few. Many columns are not taken in advantage in the structural design due
to the reason that they are being considered as non-toughness columns. It is important to
recognized that in this case just 0.5% of the columns failing in shear had Qsu/Qmu larger
than 1.1, columns with flexural failure that have Qsu/Qmu larger than 1.1 are 14.7%. On
the other hand, the percentage of the relationship V,/Qmu larger than 1.1 for columns with
shear failure is 10.4% and the percentage of the relationship Vy/Qmu larger than 1.1 for
columns with flexural failure is 75.9% of the total of columns failing by this mode. This
means that Vi /Qmy relationship is a better index to avoid shear failure than Qsu/Qmu When
Qmu equation is employ.
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Qsu/Qmu

@ Flexural Failure Ru>2.5% OFlexural Failure 2.0%<Ru<2.5% X Flexural Failure Ru<2.0%
A Shear Failure Ru>2.5% A Shear Failure 2.0%<Ru<2.5% X Shear Failure Ru<2.0%

Figure 5-7  Qsu/Qmu and Vy /Qmu relationship for Qmu method

Figure 5-8 presents the relationship of the Qsuw/Qmu and Vy /Qmu relationship for
“Kent-Park 0C” method disregarding of the concrete cover. In this case, 2.6% of the
columns failing in shear mode had Qsu/Qmu(kent-Park oc) larger than 1.1, and columns with
flexural failure mode that had relationship Qsu/Qmu(kent-park oc) larger than 1.1 was 9.3%.
On the other hand, the percentage of the relationship Vy/Qmu(kent-park oc) larger than 1.1 for
columns with shear failure is 5.2% and the percentage of the relationship Vu/Qmukent-park
oc) larger than 1.1 for columns with flexural failure is 57.4% of the total of columns failing
by this mode. This means that, when the “Kent-Park 0C” model was employed, the
relationship Vy/Qmu is a better index to avoid shear failure because include large number
of columns with desirable behavior.
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Figure 5-8  Qsu/Qmu and Vi /Qmy relationship for Qmu (Kent-Park 0C) method
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Figure 5-9 presents the relationship of the Qsuw/Qmu and Vi /Qmu relationship for
Kent-Park method considering the concrete cover in the direction of the applied moment
(Kent-Park 1C). The percentage of the columns failing in shear had Qsu/Qmu(kent-Park 1c)
larger than 1.1 was 7.1%; columns with flexural failure that had relationship Qsu/Qmu(kent-
park 1¢) larger than 1.1 was 33.3%. The percentage of the relationship Vu /Qmu(kent-park 1c)
larger than 1.1 for columns with shear failure is 14.8% and the percentage of the
relationship Vu/Qmuent-park 1c) larger than 1.1 for columns in flexural failure was 68.2%.
This means that, when the “Kent-Park 1C”” model was employed, the relationship Vy/Qmu
is a better index to avoid shear failure because include large number of columns with

desirable behavior.
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Figure 5-9  Qsu/Qmu and Vi /Qmy relationship for Qmu (Kent-Park 1C) method

Figure 5-10 presents the relationship of the Qsu/Qmu and Vy /Qmu relationship for
Kent-Park method the concrete cover in both direction of the cross section (Kent-Park
2C). The percentage of the columns failing in shear had Qsu/Qmu(kent-Park 2c) larger than 1.1
was 3.6%; columns with flexural failure that had relationship Qsu/Qmukent-park 2c) larger
than 1.1 was 15.5%. The percentage of the relationship Vu/Qmukent-park 2c) larger than 1.1
for columns with shear failure is 10.4% and the percentage of the relationship Vy/Qmukent-
park 2c) larger than 1.1 for columns in flexural failure was 68.2%. This means that the
relationship Vu /Qmukent-park 2c) IS @ better index to avoid shear failure because when the
Kent-Park method include the concrete cover in both direction of the cross section.
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Figure 5-10  Qsu/Qmu and Vy /Qmy relationship for Qmu (Kent-Park 2C) method

Figure 5-11 presents the relationship of the Qsw/Qmu and Vy /Qmu relationship for
New RC disregarding of the concrete cover in the cross section (NewRC 0C). The
percentage of the columns failing in shear mode had Qsu/Qmunewrc oc) larger than 1.1 was
3.2%; columns with flexural failure mode that had relationship Qsu/Qmunewrc oc) larger
than 1.1 was 22.4%. The percentage of the relationship Vu/Qmunewrc oc) larger than 1.1
for columns with shear failure is 8.4% and the percentage of the relationship Vu/Qmunewrc
oc) larger than 1.1 for columns in flexural failure was 77.5%. As it was in the previous

cases, when the V, is employed better is the results for index to avoid shear failure.
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Figure 5-11  Qsuw/Qmu and Vy /Qmy relationship for Qmu (New RC 0C) method
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Table 5-1 presents the summary of the results of the index to avoid shear failure
calculated in this section. In this table, it is shown the percentages of specimens with shear
strength - flexural strength relationship larger than 1.1 for both cases of flexural and shear
failure mode. In general, the larger indexes which employed V, included most of the
columns with flexural failure, the indexes which employed Qs included lower quantity

of columns with flexural failure.

The best analysis is for the combination of the shear strength Vy obtained by
equation 5-2 and the flexural strength obtained by the fiber analysis that employed the
“New RC” confinement concrete model [5.5] with including 77.5% of the experimental
results failing by flexural mode. Not so much difference is found for the index of Vu/Qmu,
this index included 75.9% of the columns with flexural behavior, but also it includes

10.4% of the columns failing in shear mode.

One objective of this section is to improve the index to avoid shear failure that
include the larger quantity of experiments that have not being taken in account in the
structural design and preformed high ductility. From this point of view, the two adobe
mentioned methods result are convenience, but in this research, it is proposed as index to
avoid shear failure the relationship obtained with equation 5-6 given the fact the

components are more common used in the practice than the any fiber analysis.

Table 5-1 Summary of percentage of columns corresponding
to each index combination to avoid shear failure

Model Kent - Park New RC

Failure | Qmu oC 1C 2C oC
Shear | 0.5% | 2.6% | 7.1% | 3.6% 3.2%
Qs Flexural | 14.7% | 9.3% | 33.3% | 15.5% | 22.4%
Ve Shear [10.4% | 5.2% | 14.8% | 10.4% | 8.4%
Flexural | 75.9% | 57.4% | 68.2% | 68.2% | 77.5%
Vi > 1.1 (5-6)

Qmu

5-18



5.3. Quantity of shear reinforcement

It is well known that columns can develop high ductility if enough lateral
reinforcement is provided. AlJ [5.2] suggests the equation 2-1 to delimit a minimum
quantity of shear reinforcement in function of the applied axial force ratio (besides other

parameters) for columns that should develop large ductility in flexural failure.

Pw Owe / VoF. = 0.30n% + 0.10 (2-1)

The first part of this equation is a coefficient of the strength of shear reinforcement
(pw owe) and the effective strength of concrete (vyF,), this coefficient is compared with
a second degree function of the axial force ratio (0.3012 + 0.10) to delimit the minimum

reinforced needed for the applied axial force.

The equation 2-1 considers the quantity of shear reinforcement, yielding strength
of lateral reinforcement and the compressive strength of concrete but, in this section, a
better approximation that includes additional factors will be proposed.

In order to improve the equation 2-1, it was expected to include the effect of axial

reinforcement and aspect ratio of the columns in the proposed formulation.

The proposed formulation comes from equation 2-5 Ref. [5.2], where the lateral
participation of the axial reinforcement in tension, concrete compressive strength, the
aspect relationship, strength of shear reinforcement and axial stress are taking in account

as the empirical stress to determine the shear strength.

All these factors compound the stress participation to get the shear strength as the
addition of three parts. Equation 2-5 is repeated in the next page.

The first part is the stress participation of the longitudinal characteristics of the
column (zy), it includes the axial reinforcement in tension (p;), concrete compressive
strength (f..), and the aspect ratio M /Qd. This relationship is given by equation 5-7. This
equation defines the stress participation of the vertical components in the empirical

determination of the shear strength, for that reason it was named as .
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The second part of equation 2-5 is the stress participation of the horizontal
reinforcement (ty), this includes the quantity of lateral reinforcement (p,,) and its
effective strength of shear reinforcement (o,,.) multiplied by a reduction factor of 0.85.

This part is shown in equation 5-8.

Finally, the last part of equation 2-5 is the axial stress participation shown in
equation 5-9, this factor is defined as the friction coefficient of the concrete in linear
function of the axial stress (ay).

The addition of these three stress factors is multiplied by the base of the cross

section (b) and distance between centers of stress (j) to determine the empirical shear

strength.
0.068P223(f, + 18) _
Qsy = = + 0.85,/F, 0,y + 0.10¢ ¢ bj (2-5)
—+0.12
od
[0.068p223(f. + 18)]
Ty = M (5_7)
(Q—d +0.12)
Ty = 0.85\/pwowe (5-8)
0.10, (5-9)

In equation 5-8, the strength of shear reinforcement o,, of equation 2-5 is
replaced by the effective strength shear reinforcement o,,, = min(ay,, 85\/F_C) (MPa).

The proposed equation to delimit a minimum quantity of shear reinforcement uses
the coefficient of stress participation of the vertical components and the stress
participation of the horizontal reinforcement; it means the factor between the

equations 5-7 and 5-8 (= / w), this is the Shear stress index.
Comments

The relationship =+ and zv is presented in Figure 5-12. In this figure some comments

are drown:

—The columns with shear failure and R, lower than 2.5% had lower values of the

relation p,, g, (ininfunction of 7).
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—The columns with shear failure and R, between 2% and 2.5% are in general in
the middle values of p,, g,,. for every value of 7.

—The columns, with shear failure and R, larger than 2.5%, are spread between

middle and low values of p,, a,,. for every value of 7.

—The columns failing in flexural mode which developed Ry lower than 2.5% are

placed in the middle of the data for every value of 7.

—The high values of this relationship 7, for every value of t, correspond, in
general, for the columns with flexural failure and large R,, values.

Summarizing, columns with flexural failure have large values of t, but, a
minimum value of 74 in columns to develop flexural behavior deepens on the value of

Ty. The larger is 1y, the larger is the needed 7, to develop flexural behavior.

The relationship  / v is useful to classify the columns by failure mode and
ductility performance but, in the middle of the plot of Figure 5-12 the transition area
between shear and flexural failure is not clear.

On the other hand, the relationship of the strength of shear reinforcement (p,, o)
and the effective strength of concrete (vyF.) of the equation 2-1 is shown in Figure 5-13.
In this figure, it can be seen that:

-Most of the columns that presented shear failure with R, lower than 2% had
lower relationship of p,,0,. / voF. but there are also this type of columns when v,F,

increases.

-The columns with shear failure and R, larger than 2% are spread all over the
figure.

-Columns failing in flexural mode with R,, lower than 2.5% are in the lower values

of p,,0,. according to every case of v,yF,.

-The larger values of the relationship p,, 0, inevery case of vyF. correspond to
the columns failing in flexural mode that developed R,, larger than 2.5%. In this case, a
relationship between failure mode and ultimate lateral drift angle can be observed.
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As a synthesis of the comparison of the relationships to define a minimum value of
shear reinforcement enough to develop desirable ductility in flexural failure mode, it can
be said that both relationships classified satisfactorily the columns. However, in both
cases the limit between columns that develop R, larger than 2.5% is not completely
clear, both, it is in the case of the zn / zv in function that the limit is easier to understand
according to the increment of zv. In the next, it will be explained how the limit for the

relationship = / zv in function of the axial force ratio is adapted.
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Figure 5-13 Shear reinforcement force — effective concrete strength relationship
Limit for the relationship = / v

The relationship p,, .. / UoF; is presented in function of the axial force ratio in
Figure 5-14, the continuous line corresponds to the adjustment equation of 0.30n% +
0.10. The columns that are over the adjustment are considered as high ductility columns
besides other requirements [5.2]. In this figure, it can be observed that some columns
failing in shear are over the adjustment, and some values of columns failing by flexural
mode with R,, lower than 2.5% are under this limit. The requirement of equation 2-1 by
itself cannot classify the columns by failure mode or ductility performance.

Similar phenomenon happens in the = /zv relationship, it is presented in function
of the axial force ratio in Figure 5-15 where, most of the columns failing by flexural mode
with high value of R, are in the upper part of the figure. At the bottom of the figure,
most of the columns failing by shear can be observed. The transition between high and
low ductility performance is located between this two areas where, particular cases will

be explained in the next paragraph.

5-23



0.5 T

pw O-we/ Yo Fc

1 e ¢ G O 4 )
04 | — 0.373+0.1
0.4 -
0.3 ®
0.3 ®
0.2
[ ]
0.2 ®
0.1
0.1
X
0.0 ¢t } ¥ K } } } !
-0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00
n
® Flexural Failure Ru>2.5% OFlexural Failure 2.0%<Ru<2.5% X Flexural Failure Ru<2.0%
A Shear Failure Ru>2.5% A Shear Failure 2.0%<Ru<2.5% X Shear Failure Ru<2.0%
Figure 5-14 Shear reinforcement index —axial force ratio relationship
1.6 T
[ ]
L4r e ® ® o oo o
® ® oO ® (] (]
1.2 +
o, 00 [ ] [ ]
s ® o a< ° 6 e
1.0 © o o° °
> [ )
N X @ :‘3 HER X
T 0.8 + X
5 &OK § o X :‘é o x
° x % °
° 06 & y i?{x X R X X x XX
A AT A
# &x  ax
X X L oxxX X X
0.2 x X x
f f 0:0— ¥ f f f {
-0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00
n
® Flexural Failure Ru>2.5% OFlexural Failure 2.0%<Ru<2.5% X Flexural Failure Ru<2.0%
A Shear Failure Ru>2.5% A Shear Failure 2.0%<Ru<2.5% X Shear Failure Ru<2.0%

Figure 5-15 Shear stress index — axial force ratio relationship

5-24



First, the data presented in Figure 5-15 was filtrated with the proposal equation to
classify columns as flexural failure (Eq. 5-6), it means that the columns with relationship
Vu/Qmu < 1.1 were eliminated from this figure. Then, Figure 5-16 shows the columns that

agree the requirement of V,/Qmy > 1.1, the name of particular cases have been written.

For columns failing by shear mode and R,, lower than 2.0%, the numbered case
274 from Appendix 1 is a column with high yielding strength, o,,,= 904MPa, p,, =
0.52%, and p, = 1.7% (besides other characteristics). This column did not have any
problem according to requirement of V,/Qmu but anyway it developed R, =2.1%. This
case is important point in the stetting of the limit of minimum quantity of shear
reinforcement and cannot be ignored.

For columns failing by shear mode and R,, between 2.0% and 2.5%, the numbered
cases 271 and 272 from Appendix 1, named D-3 and S-3 respectively, presented the
particularity that the quantity of hoops and ties are lower than 4. Then, the columns that
contain less than 4 of total number of hoop bars, ties or crossties are eliminated of the
data of Figure 5-15.

No columns failing by shear mode and R,, larger than 2.5% were eliminated due
the fact that they did not present any especial characteristics.

For columns failing by flexural mode and R, lower 2.5%, the numbered case 30
from the Appendix 1, named CA060C, presented physic characteristics that it is similar
to all that columns that have flexural failure and desirable ductility. Nevertheless, in this
case the developed ultimate drift angle was 1.5%, which is notably so much lower than
that expected for high ductility columns. It is difficult to determine the exactly difference,
two factor contributed to this result, the first is that the column was tested with 3 time
cyclical lateral loading, it is larger than the most of the other cases tested with only 2
cyclical, given this fact, this column reduces its lateral capacity at sooner lateral drift
angle than in regular cases. The second reason is the spacing between hoops, this column
was tested with axial force ratio of 0.60 quantitatively large axial force where the effect
of buckling of the bars is more important. The relationship is S/¢ = 7.1, where S is the
spacing between hoops and ¢is the diameter of the smallest main reinforcement bar,
which is larger than that recommend by the bibliography [5.9]. For the second reason, the
columns that presented S/¢> 6.0 where eliminated from the data of Figure 5-15. Column
numbered 92 in the Appendix 1, named HDC-3, presented the same problem of this
column, both for column 92 the relationship of S/¢> 6.0.
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Figure 5-16 Shear stress index —axial force ratio relationship

For columns failing by flexural mode and R,, between 2.0% and 2.5%, the named
case 9 of the Appendix 1 developed ultimate lateral drift angle of 2.0%, that can be
considered as a minimum from the point of view of the ductility performance. The value

of o

wy Was 925MPa and low value of p,,= 0.40, in this case the high value of yielding
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strength give to the column = /zv is larger compared with the columns that use normal
strength reinforcement and same p,,. This is an example of why the value of o,,, is

limited to o,,, as mentioned before.

The numbered case 25 and 27, named F-3 and F-5 respectively in the Appendix 1,
presented the same problem than in the previous case, large value of yielding strength in
the lateral reinforcement. All the characteristics in the columns are the same, the only
difference is the strength of concrete, which in column 27 is 43MPa, three times larger
than that in column 25, this gives as a result that the coefficient 4 /zv of column 25 is
much larger than that in column 27. This has highlighted that the influence of the strength
of concrete in equation 5-7 and the reduction of the yielding strength of the lateral
reinforcement in equation 2-1 are not completely accurate when large strength of
materials is employed.

The numbered case of 32 in the Appendix 1, named CAO1TO6C, presented
S/¢>=7.3. The case was eliminated from the data of Figure 5-15 even the fact that this
value developed R,= 2.2 % which can be considered as acceptable ductility behavior, it
is implied that the buckling in the columns had large effect in the behavior of this column.

The numbered case 88 (hamed RCC-SN-3) from the Appendix 1 is not eliminated
from the data of Figure 5-15 because no special characteristics were found. This column,
as well as some of the previous ones, has not acceptable value of ultimate drift angle.

For columns failing by flexural mode and R,, larger than 2.5%, the numbered 74
in the Appendix 1 was tested with vary axial force, there is no reason to eliminated this
column but, it is important to notice that in this column is applied so much larger axial
force ratio, n =0.91.

The named case of 102, 104, 108, and 101 from the Appendix 1 correspond to the
cases where high axial strength of materials were used, this values are not eliminated from
the data of Figure 5-15 but they are warily considered in the adjustment of the limit for

the relationship o/ v,

Summarizing the previous paragraphs, the columns with S/¢>6.0 were eliminated
from the useful data due to the influence of the buckling of the rebar. In the same way,
the columns that have less than 4 reinforcing lateral bars were eliminated from the data.
The columns failing by flexural mode and R,, between 2.0% and 2.5% that have Vy/Qmu
larger than 1.1 were kept. The ductility and characteristics of the rest of the columns are
considered accepted.
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The final useful data for the adjustment for the limit of the relationship z / = is
presented in Figure 5-17. So called limit will separate the column between desirable and
undesirable performances. In this figure, the marked upper ellipse corresponds to columns
that presented the desirable ductility behavior and the lower ellipse corresponds to the
undesirable behavior in the structural design of RC columns. The area between these two
ellipses represents the looked limit in this section. This limit will be adjusted with and

exponential equation as it is explain in the next section.
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Figure 5-17 Desirable and undesirable behavior cases
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Adjustment

In this section, the equation that defines the limit of the ratio z«/z in function of 7
Is proposed. This equation delimits the frontier between the desirable values and the no
desirable ones.

During the research, many equations were tested in order to fix the frontier but at
the end, an equation of third degree in the form ax3 + b was chosen. As it will be shown,
the cubic exponent fixed better than any other to the increment of the ratio z/z when 7
increases. This equation not only match the tendency of the data but also it is enough
simple to be used in the practice of structural design. In this way, the proposal equation
is based in equation 5-10. That equation is called here as the Index of Shear Stress (
/), it should be larger than the relation an® + b of the axial force ratio.

T
L >an®+b
Ty (5-10)

The adjustment of equation 5-10 was estimated with the method of least
squares [5.10], this method easily generalizes to finding the best fit of the constants to
equation 5-10 from the available data. The data correspond to that that is not into any

ellipse marked in Figure 5-17, the list can be seen in Table 5-2.

Given the data {(x1, y1),... , (Xn, yn)} from Table 5-2, the error associated to the
equation 5-10 may be defined as:

flab) = 2 [(i—”) - (ar® + b)]z (5-1)

The target is to find the value of the constants a and b that minimize the error.
This can be found equalizing the first derived f (a, b) with respect to each constant to
cero:

df(@b) _  dfab) _
da =9, db =0

First, the equation 5-11 is expanded, and the terms are ordered as:
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f(a,b) = Z (T—> — 2an} (—) —2b (—) + a’n? + 2abn;] + b?
i V7i

TV i TV i
Differentiating f(a, b) with respectto a and equalized to cero as:

ayr [C—’;)lz — 2an} C—’;) —2b C—H) + a’nf + 2abn} + bz]

i V7i

da

n n n
T
2aZn?+2bZn?—ZZn?(T—H> =0 (5-12)
; ; ; V7i

Differentiating f(a, b) with respectto b and equalized to cero as:

ayn [C—’;)z — 2an? (T—H) —2b (T—H)i + a?nf + 2abn} + bz]

i W/ v

db

n n
T
ZaZ n? + 2bn —2 Z (T—H) =0 (5-13)
i T Vi

Equations 5-12 and 5-13 are the simultaneous equation of two unknown quantities

that can be written as:

n

( n n
T
aZn?+bZn?=Zn?(—H)
7 7 v/

i
n

n
T
Satvm-S
i v/

i

Where the value of the new constants are calculated in Table 5-2, and presented in
the next:

n

Zn? = 1.04

i

n

an = 3.08

i
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Now, the simultaneous equation is reduced to the next form:

{1.04a + 3.08b = 2.97
3.08a + 36b = 26.22

Where the simultaneous equations were solved by the addition method [5.11]. The

solution to the constants a and b is:

f(a,b) = (0.936,0.648)

These values correspond to the numerical solution but these are not completely
suitable for the practice of structural design, for that reason, the values are rounded to 1
and 0.65to a and b respectively. Then, equation 5-10 can be defined finally as:

T
2 >n3+065 (5-14)
Ty

This equation 5-14 corresponds to the Index of Shear Stress used to delimit the
minimum quantity of shear reinforcement in RC columns. This equation can be written

in it extended version as:

0.85./pyOwe

[0.068p223(f,+18)]

(%+0.12)

> 13+ 0.65 (5-15)
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Table 5-2 Summary of specimens in the frontier

Column n (mlw)i | 76 n’i n3% (mlw)i
26 0.50 0.86 0.016 | 0.125 0.11
28 0.50 0.86 0.016 | 0.125 0.11
36 0.60 0.91 0.047 | 0.216 0.20
46 0.00 0.58 0.000 | 0.000 0.00
47 0.20 0.58 0.000 | 0.008 0.00
58 0.00 0.74 0.000 | 0.000 0.00
69 0.56 0.91 0.031 | 0.176 0.16
73 0.76 1.23 0.193 | 0.439 0.54
74 0.91 1.23 0.568 | 0.754 0.92
80 0.02 0.65 0.000 | 0.000 0.00
81 0.02 0.65 0.000 | 0.000 0.00
85 -0.26 0.54 0.000 | -0.018 -0.01
96 0.18 0.63 0.000 | 0.006 0.00
103 0.15 0.67 0.000 | 0.003 0.00
105 0.15 0.61 0.000 | 0.003 0.00
106 0.45 0.75 0.008 | 0.091 0.07
109 0.15 0.57 0.000 | 0.003 0.00
112 0.30 0.75 0.001 | 0.027 0.02
114 0.15 0.74 0.000 | 0.003 0.00
115 0.30 0.74 0.001 | 0.027 0.02
116 0.45 0.74 0.008 | 0.091 0.07
121 0.45 0.74 0.008 | 0.091 0.07
130 0.15 0.69 0.000 | 0.003 0.00
131 0.30 0.69 0.001 | 0.027 0.02
132 0.45 0.69 0.008 | 0.091 0.06
137 0.15 0.72 0.000 | 0.003 0.00
380 0.65 0.90 0.075 | 0.275 0.25

9 0.30 0.78 0.001 | 0.027 0.02
27 0.50 0.72 0.016 | 0.125 0.09
24 0.50 0.59 0.016 | 0.125 0.07
92 0.55 0.80 0.028 | 0.166 0.13
360 0.32 0.60 0.001 | 0.034 0.02
290 0.10 0.59 0.000 | 0.001 0.00
291 0.1 0.58 0.000 | 0.001 0.00
292 0.1 0.58 0.000 | 0.001 0.00
274 0.3 0.61 0.001 | 0.027 0.02
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Summary of specimens in the frontier
(continuation)

Column n (mlw)i | n& n3 7% (m/w)i
z - 26.22 1.04 3.08 2.97

5.4. Additional requirements

Characteristic of the columns over the adjustment

The equation 5-14 of the Index of Shear Stress is presented in Figure 5-18. In this
figure, the characteristics of the columns that are over the adjustment are presented in
Table 5-3. This information is presented in 4 groups of axial force ratio: 0 <n < 1/6,
1/6 <n< 1/3,1/3<n< 1/2,and 1/2 <n < 2/3.

In this way, the design of columns should not only math the required of the
equations Index to avoid shear failure and Shear stress index but also, the requirements
of Table 5-3 according to every case of applied axial force ration.

—— n°+0.65 14 1+

ol

0.2 +
0.0 } } } f !
0 1/6 1/3 1/2 2/3 5/6
n
® Flexural Failure Ru>2.5% OFlexural Failure 2.0%<Ru<2.5% X Flexural Failure Ru<2.0%
A Shear Failure Ru>2.5% A Shear Failure 2.0%<Ru<2.5% X Shear Failure Ru<2.0%

Figure 5-18 Adjustment funtion

For the special cases of 1/3 <n< 1/2 and 1/2 <n < 2/3 which can be
considered as high axial force, it is important to mention that the compressive strength of
concrete op is limited to a maximum of 67MPa and 38MPa respectively. The yielding
strength of longitudinal reinforcement oy < 450MPa and yielding strength of lateral
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reinforcement owy < 600MPa. The limit of the strength of the materials is due to the ductile
behavior. It was intended to avoid materials that present brittle failure even the fact that
there are test results that presented large strength of ouy.

Additionally, the columns should have rectangular cross section, the aspect ratio
ho/D should be larger than 3.0, the ratio S/d should be lower than 0.38. For lateral
reinforcement, more than four hoops and ties were arranged in the cross section. For rebar,
more than 4 bars should be placed in each face of the cross section, all the reinforcing
bars should be deformed bars. For the cases of 1/3 <n < 1/2 the reinforcement ratio
should be 1.4% < pg < 2.3, and for the case of 1/2 <n < 2/3, it should be 1.7% < pyq
< 2.3%. The maximum axial force ratio is limited to that maximum axial force allowed
by AlJ [5.2] at the final stage of the columns in the hinge region.

Table 5-3 Characteristics per axial force range

n Fc oy Owy Pe Ties | ho/D | S/d | Ry Pw

MPa MPa MPa % Pcs. % %

min | max | min | max | min | max | min | max | min | max | min | Min | max | min | min

0 1/6 | 24 67 | 347 | 485 | 372 | 925 | 1.7 | 25
16| 13| 23 77 | 314 | 385 | 367 | 979 | 1.2 | 23
13| 12| 23 67 | 314 | 451 | 341 | 1398 | 14 | 23
2| 2/3| 23 38 | 363 | 423 | 341 | 396 | 1.7 | 23

24 1027 | 25 | 0.30
3.0 | 038 | 3.0 | 0.60
30 | 038 | 20 | 075
30 | 038 | 25 | 0.87

4
4
4
4
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5.5. Conclusion of Chapter 5

On this chapter, the proposal for the design of RC columns carrying high axial force
was presented. Two equations were proposed:

The first one was the index to avoid shear failure. This equation was the result of
the comparison of many other conventions of the coefficient of shear to flexural strength;
this equation is thoroughly known and easy to be applied. This equation provided the
most convenient way to classify the columns according to its failure mode. It is
determinates as the relationship of the :

1%
L o>11
Qmu

-The second equation is the index of shear stress, this equation came from the
empirical equation to get the lateral strength Qsu. This was the best result from many other

conventions tested during the research.

0.85./pwOwe

[0.068p223 (f,+18)]

(%+0.12)

> 13+ 0.65

A list of additional requirements was also shown, these complement the

requirements for the design of the columns.

Additional requirements

n FC Oy Owy pg TIeS hO/D S/d Ru pw

MPa MPa MPa % Pcs. % %

min | max | min | max | min | max | min | max | min | max | min | Min | max | min | min

0 16 | 24 67 | 347 | 485 | 372 | 925 | 1.7 | 25
6| 1/3| 23 77 | 314 | 385 | 367 | 979 | 1.2 | 23
3| 1/2| 23 67 | 314 | 451 | 341 | 1398 | 14 | 23
12| 2/3| 23 38 | 363 | 423 | 341 | 396 | 1.7 | 23

24 1027 | 25 | 030
30 [038 | 3.0 | 060
30 [ 038 | 20 | 0.75
30 |038 | 25 | 0.87

A A~ b b
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CHAPTER 6. CONCLUSIONS

6.1. Summary

In Japan, more and more tall buildings are being designed and constructed. For the
columns that are located at the corners of lower floors of this kind of buildings, high axial
force is demanded during an earthquake. To carry the demanding high axial force, high
strength concrete and rebar are mainly used in this type of columns. For the structural
design, it is an important matter to know if a column will fail in shear or flexural mode,

and if columns can develop enough ductility under specific axial force.

With regard to the latter, this work focused in propose a criteria to design columns
that develop large ductility when high axial force is applying during an earthquake. The
next paragraphs summarize every of the chapter presented previously.

During Chapter one, General view of the seismicity in Japan and the problematic
was presented. The problem was presented through one of the most famous cases ever
recorded in the history of the earthquake engineering. This case had the problem that
many columns face when an earthquake occurs, an increment of the axial force. At the
end of this chapter, it is summarized that the increment of the axial force during the
seismic event can lead to the collapse of the complete structure if the columns are not
well designed to develop large ductility.

In the second chapter, the study of the current bibliography in this matter was
presented. The new proposals of AIlJ for the design drastically decremented the
requirements for the design of this type of columns. Additionally, no column that meet
the minimum requirements of the new proposals of AlJ was found in the bibliography of
Japan experimental results. Therefore, the new criteria to design columns with high axial
force ratio of AlJ was evaluated.

This evaluation was presented in the Chapter 3, were, the most important results
were linked to the failure mode of the columns, all of them develop desirable ductile
behavior but the failure mode at the final stage was considered unacceptable. Another
problem was the unreliability of the current index to avoid shear failure that underestimate
the ductile capacity of many kind of columns.
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In the next chapter, Chapter 4, the called “Behavior Database” was presented. This
database contains the Skelton curves of 368 experimental tests of RC columns with
different characteristics in order to know the developed ductility of each test result. The
process of compilation was explained in the chapter, and the evaluation of the ductility of
the columns was done by some methods. As a result, it can be said that the current
philosophy of design is ignoring large quantity of columns that presented desirable

behavior but this are not qualify as potential toughness columns.

Collecting the information from the evaluation of the current design criteria and the
experimental results from the databases, the proposal for the design of columns that
develop large ductility under high axial force during an earthquake was presented Chapter
5. As a result, two main equations that ensure the flexural failure and large ductility
behavior were proposed. These equations are the Index to avoid shear failure and the
Index of Shear Stress. Additionally characteristic requirements to ensure a proper design
in the columns were attached.

The summary of the proposal for the structural design is presented in the section
6.2 of this Chapter.
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6.2. Proposal summary

The design of RC columns that carry high axial force can be done following the
next three requirements:

@ Index to Avoid Shear Failure:

Y

> 1.1

mu

-Shear strength 15, (N)
It is given by the minimum value of the next equations:

5P,.0, bD
Vi = UPyeOyybeje + <UO’B — %)71‘% 0
Avog + B,,.0,
Vu:< z 3W€ Wy>beje
Avog ]
W = ( 2 )be]e
Where:
u=2—20R,

Rp=0, Rotation angle
v is the effective compressive strength coefficient, v=(1-20Rp)vo

g
00=0.7-—2
200

Pwe. effective shear reinforcement ratio

oy - strength of shear reinforcement (MPa)

je: effective height of the cross section participating in the truss mechanism (mm), it
could be the distance center to center of extern line of the lateral reinforcement in the
height of the cross section

b,: effective width of the cross section participating in the truss mechanism (mm), it
could be the distance center to center of extern line of the lateral reinforcement in the

width of the cross section
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b: width of the cross section (mm)
D: height of the cross section (mm)

og compressive strength of concrete (MPa)

2 2

tanf = : angle formed by the truss mechanism (rad)

L: height of the clear span of the column (mm)
= 1- ot
2je 4.
S : spacing between hoops (mm)
_ _be
5T Ng+1

N;: number of tie bars

-Flexural strength Q,,,, (N)
- M/Q

Qmu

Where:

M,,: ultimate bending moment (Nemm)

M /Q: shear span (mm)

The ultimate bending moment M,, is determined according to the axial force NV as

follows:

1 1
M, = Eagayng + ENDg1

If 0<N=<Np

1 1
M, = Eagayng +=-ND (1 -

2 bDaB)

If NbSNSMmax

Nmax _N>

1
M, = {— agz0,9:D +0.024(1 + g,)(3.6 — gl)szaB} (—
Nmax - Nb

2
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Npin = —agoy (N)

ag,: total area of longitudinal reinforcement (mm)

a,. yield stress of longitudinal reinforcement (MPa)

g1:d”/D

d” : distance between the center of gravity of longitudinal bars in tension and the center
of gravity of longitudinal bars in compression (mm).
Npax = bdF, + ag40,

N, = 0.22(1 + g,)bDoj

& Shear Stress Index:

0.85./pwOwe

[0.068p223 (0 +18)]

(%+0.12)

> n3 + 0.65

p,, - Shear reinforcement ratio (%)
owe. effective strength of shear reinforcement, o,,, = min( g,,,., 85+/05) (MPa)
p¢. Main reinforcement ratio in tension
d: effective height of the cross section (mm)
n =22 Axial force ratio
oB
0, axial stress in the column g,=N/bD (MPa)

N : axial force (N)

pg- total main reinforcement ratio
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€ And also, the design should meet the characteristics of the next table according to the

axial force ratio.

Additional requirements

n O'B Oy Owy pg TIeS hO/D S/d Ru pw

MPa MPa MPa % Pcs. % %

min | max | min | max | min | max | min | max | min | max | min | min | max | min | min

3| 1/2| 23 67 | 314 | 451 | 341 | 1398 | 14 | 23 4 3.0 | 038 | 20 | 0.75
12| 2/3| 23 38 | 363 | 423 | 341 | 396 | 1.7 | 23 4 3.0 | 038 | 25 | 087

For the special cases of 1/3 <n< 1/2 and 1/2 <n < 2/3 is important to
mention that the compressive strength of concrete o is limited to a maximum of 67MPa
and 38MPa respectively. The yielding strength of longitudinal reinforcement oy <
450MPa and yielding strength of lateral reinforcement owy < 600MPa.

Additionally, the columns should have rectangular cross section, the aspect ratio
ho/D should be larger than 3.0, the ratio S/d should be lower than 0.38. For lateral
reinforcement, more than four hoops and ties were arranged in the cross section. For rebar,
more than 4 bars should be placed in each face of the cross section, all the reinforcing
bars should be deformed bars.

For the cases of 1/3 <n < 1/2 the reinforcement ratio should be 1.4% < pg <
2.3, and for the case of 1/2 <n < 2/3, it should be 1.7% < pg < 2.3%. The maximum
axial force ratio is limited to that maximum axial force allowed by AlJ [5.2] at the final
stage of the columns in the hinge region.
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APPENDIX 1
Characteristics of the RC columns



Columns's characteristics

Denomination Dimentions Materials

Num.
Name Ref. Digital file b D ho |ho/D)d/D | o5 | 0, |0
mm mm mm MPa MPa MPa
1 06-1.5-1 [4-1] #E-1991-Al-2 200 200 600 30 080 | 44 724 768
2 No.1 [4-2] HE-2002-F8-2 350 350 1050 3.0 080 | 24 446 925
3 No.2 [4-2] HE-2002-%5-2 350 350 1050 3.0 080 | 24 446 925
4 No.3 [4-2] HE-2002-FE-2 350 350 1050 3.0 080 | 24 446 925
5 No.4 [4-2] HE-2002-%5-2 350 350 1050 30 080 | 24 446 925
6 No.5 [4-2] HE-2002-18-2 350 350 1050 3.0 080 | 24 446 925
7 No.6 [4-2] HE-2002-%5-2 350 350 1050 3.0 080 | 41 446 925
8 No.7 [4-2] HE-2002-FE-2 350 350 1050 3.0 080 | 41 446 925
9 4 [4-3] HE-2002-4F-1 300 300 900 30 079 | 14 340 384
10 6 [4-3] HE-2002-4F-1 300 300 900 30 079 | 14 340 384
11 8 [4-3] HE-2002-4F-1 300 300 900 30 079 | 18 340 384
12 10 [4-3] #-2002-4-1 300 300 90 30 079 | 18 340 384
13 12 [4-3] HE-2002-4F-1 300 300 900 30 079 | 18 340 384
14 No.2-5 [4-4] #E-2004-18-3 400 400 1400 35 079 | 37 362 360
15 No.2-6 [4-4] HE-2004-15-3 400 400 1400 35 079 | 37 362 360
16 CSus1 [4-5] HE:-2008-1%-8 400 400 1200 30 080 | 34 314 369
17 CSus2 [4-5] HE-2008-1%-8 400 400 1200 30 080 | 36 314 369
18 CSUS3 [4-5] HE:-2008-1%-8 400 400 1200 30 080 | 36 326 404
19 Csus4 [4-5] HE-2008-1%-8 400 400 1200 30 080 | 35 314 369
20 F-2 [4-6] HE-2006-1#-001 300 300 900 30 081 | 43 326 1398
21 F-3 [4-6] HE-2006-1#-001 300 300 900 30 081 | 14 326 1398
22 F-4 [4-6] HE-2006-1#-001 300 300 900 30 081 | 43 326 1398
23 F-5 [4-6] HE-2006-1#-001 300 300 900 30 081 | 43 326 1398
24 F-6 [4-6] #E-2006-1#-001 300 300 900 30 081 | 43 326 1398
25 CA025C [4-7] #E-1989-4F-19 200 200 600 30 077 | 26 361 426
26 CA060C [4-7] #:-1989-4%-19 2000 200 600 30 077 | 26 361 426
27 CA010T [4-7] #E-1989-4F-19 200 200 600 30 077 | 26 361 426
28 CA01TO06C [4-7] #:-1989-4%-19 200 200 600 30 077 | 26 361 426
29 11 [4-8] HE-1992-4F-04 200 200 600 30 079 | 38 423 39
30 12 [4-8] H:-1992-4%-04 200 200 600 30 079 | 38 423 396
31 13 [4-8] HE-1992-4F-04 200 200 600 30 079 | 38 423 39
32 14 [4-8] H:-1992-4%-04 200 200 600 30 079 | 38 423 396
33 15 [4-8] HE-1992-4F-04 200 200 600 30 079 | 23 423 39
34 16 [4-8] H:-1992-4%-04 200 200 600 30 079 | 23 423 396
35 17 [4-8] HE-1992-4F-04 200 200 600 30 079 | 23 423 39
36 18 [4-8] H:-1992-4%-04 2000 200 600 30 079 | 23 423 396
37 19 [4-8] HE-1992-4F-04 200 200 600 30 079 | 27 423 39
38 20 [4-8] H:-1992-4%-04 2000 200 600 30 079 | 27 423 396
39 21 [4-8] HE-1992-4F-04 200 200 600 30 079 | 27 423 39
40 22 [4-8] H:-1992-4%-04 2000 200 600 30 079 | 27 423 396
41 23 [4-8] HE-1992-4F-04 200 200 600 30 079 | 27 423 39
42 PC25 [4-9] H:-1992-4%-10 500 500 1200 24 084 | 29 389 372
43 7 [4-10] #%-1992-4F-13 250 250 750 30 080 | 69 349 760
44 No.1 [4-11] #£-1993-4E-12 200 200 600 30 078 | 33 35 1392
45 No.2 [4-11] ##-1993-4F-12 200 200 600 30 078 | 33 356 1392
46 No.3 [4-11] #£-1993-4E-12 200 200 600 30 078 | 33 35 1392
47 No.4 [4-11] ##-1993-4F-12 200 200 600 30 078 | 33 356 1392
48 No.5 [4-11] #£-1993-4E-12 200 200 600 30 078 | 33 35 1392
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Columns's characteristics

Denomination Dimentions Materials

Num.
Name Ref. Digital file b D ho |ho/D)d/D | o5 | 0, |0
mm mm mm MPa MPa MPa
49 No.6 [4-11] #£-1993-4E-12 200 200 600 30 078 | 33 35 1392
50 No.7 [4-11] ##-1993-4F-12 200 200 600 30 078 | 33 356 1392
51 No.8 [4-11] #£-1993-4E-12 200 200 600 30 078 | 33 35 1392
52 No.9 [4-11] ##-1993-4F-12 200 200 600 30 078 | 33 356 1392
53 No.10 [4-11] #£-1993-4E-12 200 200 600 30 078 | 33 35 1392
54 No.1 [4-12] #%-1993-4F-18 450 450 1800 40 079 | 30 485 372
55 No.2 [4-12] #%-1993-4E-18 450 450 1800 40 079 | 31 485 372
56 No.3 [4-12] #%-1993-4F-18 450 450 1800 40 079 | 29 485 372
57 No.4 [4-12] #%-1993-4E-18 450 450 1800 40 079 | 33 485 372
58 No.1 [4-13] ##-1994-%5-163 200 200 600 30 079 | 30 423 39
59 No.2 [4-13] #%-1994-3%-163 200 200 600 30 079 | 30 423 39
60 No.3 [4-13] ##-1994-%5-163 200 200 600 30 079 | 30 423 39
61 No.4 [4-13] #%-1994-3%-163 200 200 600 30 079 | 30 423 39
62 No.5 [4-13] ##-1994-%5-163 200 200 600 30 079 | 38 423 39
63 No.6 [4-13] #%-1994-3%-163 200 200 600 30 079 | 38 423 39
64 No.7 [4-13] ##-1994-%5-163 200 200 600 30 079 | 38 423 39
65 No.8 [4-13] #%-1994-3%-163 200 200 600 30 079 | 38 423 39
66 No.9 [4-13] ##-1994-%5-163 200 200 600 30 079 | 27 423 39
67 No.10 [4-13] #%-1994-3%-163 200 200 600 30 079 | 23 423 39
68 No.11 [4-13] ##-1994-%5-163 200 200 600 30 079 | 23 423 39
69 No.12 [4-13] #%-1994-3%-163 200 200 600 30 079 | 23 423 39
70 No.13 [4-13] ##-1994-%5-163 200 200 600 30 079 | 23 423 39
71 No.14 [4-13] ##-1994-%5-163 200 200 600 30 079 | 27 423 39
72 No.15 [4-13] #%-1994-3%-163 200 200 600 30 079 | 27 423 39
73 No.16 [4-13] #%-1994-3%-163 200 200 600 3.0 079 | 27 423 396
74 No.17 [4-13] #%-1994-3%-163 200 200 600 3.0 079 | 27 423 39
75 RCC-SN-1 [4-14] #E-1994-4F-4 250 250 750 30 082 | 24 398 409
76 SSC-5 [4-15] H:-1994-=1-177 250 250 650 26 083 | 35 359 377
77 SDC-5 [4-15] H:-1994-=1-177 250 250 650 26 083 | 35 359 377
78 C-1 [4-16] #%-1995-#-01 278 278 646 23 081 | 40 496 371
79 C-2 [4-16] #%-1995-#-01 278 278 646 23 077 | 40 496 371
80 C-3 [4-16] #%-1995-#-01 278 278 646 23 077 | 41 496 371
81 CB-1 [4-16] #%-1995-#-01 278 278 646 23 077 | 46 441 413
82 CB-2 [4-16] #%-1995-#-01 278 278 646 23 077 | 46 441 413
83 CB-3 [4-16] #%-1995-#-01 278 278 646 23 077 | 46 441 413
84 RCC-SN-3 [4-17] #E-1995-4-02 250 250 750 30 083 | 24 421 437
85 RCC-SN-4 [4-17] #E-1995-4-02 250 250 750 30 083 | 25 421 437
86 RCC-NN-2 [4-18] #E-1995-4-25 250 250 750 30 083 | 26 409 398
87 RCC-NN-5 [4-18] #E-1995-4-25 250 250 750 30 083 | 34 421 437
88 HDC-3 [4-19] #E-1997-#%-03 300 300 90 30 075 35 363 979
89 HDC-4 [4-19] FE-1997-#5-03 300 300 900 30 075 | 104 363 979
90 HDC-5 [4-19] FE-1997-#%-03 300 300 900 30 075] 36 363 979
91 HDC-6 [4-19] FE-1997-#%-03 300 300 900 30 075| 68 363 979
92 HDC-7 [4-19] FE-1997-#%-03 300 300 900 30 075 | 108 363 979
93 CC97H-RS [4-20] #E -1998-4E-92 250 250 500 20 079 | 48 380 388
94 RC-20-119 [4-21] #E-2000-4-10 300 300 900 30 077 | 30 374 367
95 RC-1A [4-22] #E-2001-¥-0002 | 320 320 1020 32 077 | 55 451 449
96 RC-2 [4-22] #E-2001-¥%-0002 | 280 280 900 32 0.88 | 55 469 449
97 Cl¥VU—Xx Nol [4-23] ##-2003-3-0003 | 350 350 1050 3.0 080 | 55 378 890
98 Cl¥VU—Xx No.2 [4-23] ##-2003-3-0003 | 350 350 1050 3.0 080 | 55 378 890
99 Cl¥VU—Xx No3 [4-23] ##-2003-3-0003 | 350 350 1050 3.0 080 | 55 378 890
100 [Cl¥U—X No4 [4-23] F:-2003-#5-0003 | 350 350 1050 3.0 0.80 | 65 435 890
101 [Cl¥U—X Nob5 [4-23] H:-2003-#5-0003 | 350 350 1050 3.0 0.80 | 65 435 890




Columns's characteristics

Denomination Dimentions Materials

Num. ..
Name Ref. Digital file b D ho |ho/D)d/D | o5 | 0, |0
mm mm mm MPa MPa MPa
102 Cl> YV —X No.6b [4-23] #1-2003-35-0003 350 350 1050 3.0 0.80 65 435 890
103 Clv YU —X No.7 [4-23] #1-2003-35-0003 350 350 1050 3.0 0.80 105 508 890
104 Cl> YU —X No.8 [4-23] #1-2003-35-0003 350 350 1050 3.0 0.80 105 508 890
105 Cl> YU —X No.9 [4-23] #1-2003-3£-0003 350 350 1050 3.0 0.80 105 508 890
106 Cl¥U—2X No.10 [4-23] #E-2003-#%-0003 350 350 1050 3.0 0.80 65 435 890
107 Cl¥U—X No.ll [4-23] #E-2003-#%-0003 350 350 1050 3.0 0.80 65 435 890
108 Cl¥U—X No.12 [4-23] #E-2003-#%-0003 350 350 1050 3.0 0.80 65 435 890
109 Cl¥U—X No.13 [4-23] #E-2003-#%-0003 350 350 1050 3.0 0.80 94 508 890
110 C2vJ—X No.l [4-24] #4-2003-#5-0003-2| 350 350 1050 3.0 0.80 67 443 797
111 C2vJ—X No.2 [4-24] #4-2003-#5-0003-2| 350 350 1050 3.0 0.80 67 443 797
112 C2vJ—X No.3 [4-24] #4-2003-#5-0003-2| 350 350 1050 3.0 0.80 67 443 797
113 C2v Y —X No4 [4-24] #1-2003-#5-0003-2| 350 350 1050 3.0 0.80 67 443 381
114 C2vJ—X Nob5 [4-24] #4-2003-#%-0003-2| 350 350 1050 3.0 0.80 67 443 797
115 C2> Y —X No.6b [4-24] #4-2003-#5-0003-2| 350 350 1050 3.0 0.80 67 443 1343
116 C2v Y —X No.7 [4-24] #4-2003-#%-0003-2| 350 350 1050 3.0 0.80 67 443 381
117 C2>vJ—X No.8 [4-24] #4-2003-#%-0003-2| 350 350 1050 3.0 0.80 67 443 1343
118 C2vJ—X No.9 [4-24] #1-2003-#5-0003-2| 350 350 1050 3.0 0.80 67 443 1343
119 C3vJ—X No.l [4-25] #4-2003-#5-0003-3| 350 350 1050 3.0 0.80 24 446 925
120 C3vJ—X No.2 [4-25] #4-2003-#%-0003-3| 350 350 1050 3.0 0.80 24 446 925
121 C3vJ—X No.3 [4-25] #4-2003-#%-0003-3| 350 350 1050 3.0 0.80 24 446 925
122 C3vJ—X No.4 [4-25] #4-2003-#%-0003-3| 350 350 1050 3.0 0.80 24 446 925
123 C3vJ—X Nos5 [4-25] #4-2003-#%-0003-3| 350 350 1050 3.0 0.80 24 446 925
124 C3vJ—X No.6 [4-25] #4-2003-#%-0003-3| 350 350 1050 3.0 0.80 41 446 925
125 C3vJ—X No.7 [4-25] #4-2003-#%-0003-3| 350 350 1050 3.0 0.80 41 446 925
126 C3vJ—X No.8 [4-25] #4-2003-#%-0003-3| 350 350 1050 3.0 0.80 77 446 925
127 C3vJ—X No.9 [4-25] #4-2003-#%-0003-3| 350 350 1050 3.0 0.80 77 446 925
128 C3v U —X No0.10 [4-25] #E-2003-3%-0003-3 350 350 1050 3.0 0.80 77 446 925
129 C3vU—2X No.ll [4-25] #E-2003-3%-0003-3 350 350 1050 3.0 0.80 77 446 925
130 C3v U —X No.12 [4-25] #E-2003-3%-0003-3 350 350 1050 3.0 0.80 77 446 925
131 S2-4 [4-26] #£-2003-4-11 400 400 1600 4.0 0.78 30 390 420
132 S1-4 [4-26] #£-2003-4-11 400 400 800 2.0 0.78 30 390 420
133 F10-N [4-27] #1-2005-35-0002 470 470 1410 3.0 0.80 40 347 377
134 14 [4-28] #1-2005-35-0001 250 250 600 2.4 0.79 31 360 530
135 15 [4-28] #1-2005-35-0001 250 250 600 2.4 0.79 31 360 530
136 16 [4-28] #1-2005-35-0001 250 250 600 2.4 0.79 31 360 530
137 17 [4-28] #1-2005-35-0001 250 250 600 2.4 0.79 31 360 530
138 P01 [4-29] #£-1987-4--06 200 200 600 3.0 0.84 26 399 308
139 P03 [4-29] #£-1987-4--06 200 200 600 3.0 0.84 26 399 308
140 1 [4-30] #¥-1987-4--07 250 250 600 2.4 0.83 29 366 368
141 2 [4-30] #¥-1987-4--07 250 250 600 2.4 0.83 29 366 368
142 3 [4-30] #¥-1987-4--07 250 250 600 2.4 0.83 29 366 368
143 4 [4-30] #¥-1987-4--07 250 250 600 2.4 0.83 30 366 368
144 5 [4-30] #¥-1987-4--07 250 250 600 2.4 0.83 32 366 368
145 6 [4-30] #¥-1987-4--07 250 250 600 2.4 0.83 29 366 368
146 7 [4-30] #¥-1987-4--07 250 250 600 2.4 0.83 30 366 368
147 8 [4-30] #¥-1987-4--07 250 250 600 2.4 0.83 31 366 368
148 9 [4-30] #¥-1987-4--07 250 250 600 2.4 0.82 30 366 368
149 10 [4-30] #¥-1987-4--07 250 250 600 2.4 0.78 30 366 368
150 11 [4-30] #¥-1987-4--07 250 250 600 2.4 0.83 29 366 368
151 12 [4-30] #%-1987-4--07 250 250 600 2.4 0.83 28 366 368
152 13 [4-30] #¥-1987-4--07 250 250 600 2.4 0.83 30 366 368
153 14 [4-30] #¥-1987-4--07 250 250 600 2.4 0.83 31 366 368
154 No.2 [4-31] #£-1989-4-15 300 300 683 2.3 0.85 53 434 1294
155 No.3 [4-31] #£-1989-4-15 300 300 683 2.3 0.85 49 434 1294
156 No.4 [4-31] #£-1989-4-15 300 300 683 2.3 0.85 46 434 1049
157 No.10 [4-31] #£-1989-4-15 330 330 683 2.1 0.81 49 434 971
158 0Al [4-32] #£-1989-4-16 180 180 450 2.5 0.89 29 340 249




Columns's characteristics

Denomination Dimentions Materials

Num.
Name Ref. Digital file b D ho |ho/D)d/D | o5 | 0, |0
mm mm mm MPa MPa MPa
159 0A0 [4-32] #£-1989-4-16 180 180 450 2.5 0.89 29 340 249
160 0A2 [4-32] #£-1989-4-16 180 180 450 2.5 0.89 29 340 249
161 0A4 [4-32] #£-1989-4-16 180 180 450 2.5 0.89 29 340 249
162 0A5 [4-32] #£-1989-4-16 180 180 450 2.5 0.89 29 340 249
163 No.7 [4-33] #£-1989-4-13 220 220 550 2.5 0.79 46 465 487
164 CA06-6-1 [4-34] #£-1993-4-10 300 300 900 3.0 0.79 72 742 365
165 CA06-6-2 [4-34] #£-1993-47-10 300 300 900 3.0 0.79 72 742 405
166 CA06-6-3 [4-34] #£-1993-4-10 300 300 900 3.0 0.79 72 742 873
167 CA06-6-4 [4-34] #£-1993-4-10 300 300 900 3.0 0.79 72 742 1053
168 CA06-3-1 [4-34] #£-1993-4-10 300 300 900 3.0 0.79 72 742 365
169 CA06-3-2 [4-34] #£-1993-4-10 300 300 900 3.0 0.79 72 742 405
170 CA06-3-3 [4-34] #£-1993-47-10 300 300 900 3.0 0.79 72 742 873
171 CA06-3-4 [4-34] #£-1993-4-10 300 300 900 3.0 0.79 72 742 1053
172 HT6-4BL [4-35] #£-1993-4--09 300 300 900 3.0 0.79 61 919 1428
173 HT6-4CL [4-35] #£-1993-4-09 300 300 900 3.0 0.79 61 919 1337
174 HT6-2AH [4-35] #£-1993-4--09 300 300 900 3.0 0.79 61 919 1428
175 HT6-2BH [4-35] #£-1993-4--09 300 300 900 3.0 0.79 61 919 1428
176 HT6-4BH [4-35] #£-1993-4--09 300 300 900 3.0 0.79 61 919 1428
177 HT6-4CH [4-35] #£-1993-4--09 300 300 900 3.0 0.79 61 919 1337
178 RC-S3 [4-36] #£-1995-4--06 400 400 1000 2.5 0.88 41 494 350
179 B-0 [4-37] #£-1993-4-22 250 250 625 2.5 0.86 32 445 592
180 CA048-T6 [4-38] #£-1995-4-22 300 300 900 3.0 0.79 48 1025 1382
181 CA048-NO [4-38] #£-1995-4-22 300 300 900 3.0 0.79 48 1025 1382
182 CA048-C6 [4-38] #£-1995-4-22 300 300 900 3.0 0.79 48 1025 1382
183 CA048-C3 [4-38] #£-1995-4-22 300 300 900 3.0 0.79 48 1025 1382
184 No.1 [4-39] #£-1995-4-16 200 200 400 2.0 0.79 56 721 846
185 No.8 [4-39] #£-1995-4-16 200 200 400 2.0 0.79 56 721 846
186 No.9 [4-39] #£-1995-4-16 200 200 400 2.0 0.79 56 721 846
187 No.10 [4-39] #£-1995-4-16 200 200 400 2.0 0.79 56 721 846
188 No.12 [4-39] #£-1995-4-16 200 200 400 2.0 0.79 55 721 846
189 No.13 [4-39] #£-1995-4-16 200 200 400 2.0 0.79 55 721 846
190 No.14 [4-39] #£-1995-4-16 200 200 400 2.0 0.79 55 721 846
191 No.15 [4-39] #£-1995-4-16 200 200 400 2.0 0.79 55 721 846
192 No.16 [4-39] #£-1995-4-16 200 200 400 2.0 0.79 55 721 846
193 No.17 [4-39] #£-1995-4-16 200 200 400 2.0 0.79 55 721 846
194 RC-14 [4-40] #£-1999-4-57 500 500 1500 3.0 0.80 26 390 307
195 Al [4-41] #£-1999-4--53 300 300 900 3.0 0.78 26 343 365
196 P-324M [4-42] #£-1981-4--08 150 150 450 3.0 0.83 28 341 263
197 S3-00 [4-43] #£-1999-4-22 400 400 1200 3.0 0.87 26 755 363
198 A-4 [4-44] #£-1999-4-19 300 300 900 3.0 0.84 40 685 930
199 B-3 [4-44] #£-1999-4-19 300 300 900 3.0 0.84 21 685 832
200 B-5 [4-44] #£-1999-4-19 300 300 900 3.0 0.84 60 685 851
201 B-7 [4-44] #£-1999-4-19 300 300 900 3.0 0.84 64 685 851
202 B-8 [4-44] #£-1999-4-19 300 300 900 3.0 0.84 64 685 851
203 B-10 [4-44] #£-1999-4-19 300 300 900 3.0 0.84 64 685 851
204 B-12 [4-44] #£-1999-4-19 300 300 900 3.0 0.84 116 685 871
205 B-13 [4-44] #£-1999-4-19 300 300 900 3.0 0.84 116 685 871
206 B-14 [4-44] #£-1999-4-19 300 300 900 3.0 0.84 116 685 871
207 B-15 [4-44] #£-1999-4-19 300 300 900 3.0 0.84 116 685 871
208 B-16 [4-44] #£-1999-4-19 300 300 600 2.0 0.84 116 685 871
209 D-9 [4-44] #£-1999-4-19 300 300 900 3.0 0.84 102 685 1373
210 8 [4-45] #1-2009-35-0001 200 200 800 4.0 0.79 22 375 410
211 C13-J [4-46] #1-2007-35-0001 300 300 900 3.0 0.77 22 371 366
212 C13-T [4-46] #1-2007-35-0001 300 300 900 3.0 0.77 22 371 366
213 C13-H [4-46] #1-2007-35-0001 300 300 900 3.0 0.77 22 371 366
214 S6-N [4-27] #1-2005-35-0002 470 470 1410 3.0 0.80 40 1006 372
215 S6-G [4-27] #1-2005-35-0002 470 470 1410 3.0 0.80 40 1006 372




Columns's characteristics

Denomination Dimentions Materials
Num.
Name Ref. Digital file b D hy \ho/D| d/D | o3 o, | ow
mm mm mm MPa MPa MPa

216 S13-N [4-27] #1-2005-35-0002 470 470 1410 3.0 0.82 40 1014 337
217 S13-N-R [4-27] #1-2005-35-0002 700 700 2100 3.0 0.85 42 1014 337
218 No.1 [4-47] #-2003-3£-0001 300 300 1200 4.0 0.77 31 402 392
219 No.3 [4-47] #-2003-35-0001 300 300 1200 4.0 0.77 31 402 392
220 No.4 [4-47] #-2003-35-0001 300 300 1200 4.0 0.77 31 402 392
221 No.6 [4-47] #-2003-35-0001 300 300 1200 4.0 0.77 31 409 392
222 No.7 [4-47] #-2003-35-0001 300 300 1200 4.0 0.77 31 409 392
223 No.8 [4-47] #-2003-35-0001 300 300 1200 4.0 0.77 31 388 392
224 2C [4-48] #1-2003-35-0002 300 300 600 2.0 0.77 25 396 392
225 3C [4-48] #1-2003-35-0002 300 300 600 2.0 0.77 25 396 392
226 2C13 [4-48] #1-2003-35-0002 300 300 600 2.0 0.77 25 350 392
227 R99L-PO [4-49] #1-2001-35-0001 250 250 1000 4.0 0.80 21 359 333
228 CR96L-S0 [4-49] #1-2001-35-0001 250 250 1000 4.0 0.80 26 361 388
229 RC-3 [4-22] #1-2001-35-0002 320 320 730 2.3 0.77 53 451 449
230 No.8 [4-22] #1-2001-35-0002 300 300 720 2.4 0.77 44 444 470
231 4J11 [4-50] #¥-2009-4#%-0002 450 450 1500 3.3 0.79 20 403 360
232 4W11 [4-50] #¥-2009-4#%-0002 450 450 1500 3.3 0.79 20 403 360
233 4H11 [4-50] #¥-2009-4#%-0002 450 450 1500 3.3 0.79 20 403 360
234 6J11 [4-50] #¥-2009-4#%-0002 450 450 1500 3.3 0.79 20 403 360
235 4J21 [4-50] #¥-2009-4#%-0002 450 450 1500 3.3 0.79 20 403 360
236 6J21 [4-50] #¥-2009-4#%-0002 450 450 1500 3.3 0.79 20 403 360
237 N1 [4-51] #¥-2011-=-0001 300 300 900 3.0 0.84 19 329 424
238 N6 [4-52] #¥-2011-=-0001 300 300 900 3.0 0.84 23 329 424
239 N9 [4-53] #¥-2011-=-0001 300 300 900 3.0 0.84 41 329 424
240 N12 [4-54] #¥-2011-=-0001 300 300 600 2.0 0.84 23 329 424
241 N18 [4-55] #¥-2011-=-0001 300 300 600 2.0 0.84 23 329 424
242 No.1 [4-52] #£-2010-4-14 400 400 1200 3.0 0.86 18 405 337
243 RC-20-013 [4-21] #£-2000-4%-10 300 300 900 3.0 0.77 27 374 318
244 RC-20-060 [4-21] #£-2000-4%-10 300 300 900 3.0 0.77 27 374 367
245 R99S-PO [4-53] #¥-2000-4%-15 250 250 500 2.0 0.80 21 371 333
246 R98S-P0O [4-53] #£-2000-4%-15 250 250 500 2.0 0.80 32 360 333
247 N18M [4-54] #¥-2001-4F-3 300 300 900 3.0 0.77 27 380 375
248 N27M [4-54] #¥-2001-4F-3 300 300 900 3.0 0.77 27 380 375
249 N27C [4-54] #¥-2001-4F-3 300 300 900 3.0 0.77 27 380 375
250 150-4 [4-55] #¥-2002-4F-3 300 300 900 3.0 0.81 147 757 1460
251 150-5 [4-55] #¥-2002-4F-3 300 300 900 3.0 0.81 147 747 1460
252 S-1 [4-56] #¥-2002-4F-6 300 300 1200 4.0 0.87 38 991 446
253 S-2 [4-56] #¥-2002-4F-6 300 300 1200 4.0 0.87 38 991 446
254 S-3 [4-56] #¥-2002-4F-6 300 300 1200 4.0 0.87 36 991 446
255 S-4 [4-56] #¥-2002-4F-6 300 300 1200 4.0 0.87 36 991 446
256 S-5 [4-56] #¥-2002-4F-6 300 300 1200 4.0 0.87 38 991 446
257 S-000 [4-57] #¥-2003-4F-2 450 266 600 2.3 0.81 26 436 714
258 S-050 [4-57] #¥-2003-4F-2 450 266 600 2.3 0.81 26 436 714
259 S-033 [4-57] #¥-2003-4F-2 450 266 600 2.3 0.81 26 436 714
260 No.1 [4-58] #£-2003-4%-10 300 300 600 2.0 0.81 28 447 398
261 No.11 [4-58] #£-2003-4%-10 300 300 900 3.0 0.81 28 447 398
262 No.12 [4-58] #£-2003-4%-10 300 300 900 3.0 0.81 28 447 398
263 No.13 [4-58] #£-2003-4%-10 300 300 900 3.0 0.81 26 447 398
264 No.14 [4-58] #£-2003-4%-10 300 300 900 3.0 0.81 26 447 398
265 No.15 [4-58] #£-2003-4%-10 300 300 900 3.0 0.81 26 447 398
266 No.16 [4-58] #£-2003-4%-10 300 300 600 2.0 0.81 26 447 398
267 D-3 [4-59] #¥-2004-4F-2 250 250 900 3.6 0.88 31 391 400
268 S-3 [4-59] #¥-2004-4F-2 250 250 900 3.6 0.88 31 391 400
269 I-No.1 [4-60] #¥-2005-4F-2 360 360 720 2.0 0.78 136 710 1082
270 No.11 [4-61] #¥-2006-4F-2 300 300 1200 4.0 0.79 82 554 904
271 No.1 [4-62] #¥-2006-4F-3 250 250 375 15 0.80 18 353 379
272 No.2 [4-62] #¥-2006-4F-3 250 250 375 15 0.80 18 353 379




Columns's characteristics

Denomination Dimentions Materials
Num.
Name Ref. Digital file b D hy \ho/D| d/D | o3 o, | ow
mm mm mm MPa MPa MPa

273 No.3 [4-62] #¥-2006-4F-3 250 250 500 2.0 0.80 15 353 379
274 No.4 [4-62] #¥-2006-4F-3 250 250 500 2.0 0.80 17 353 379
275 HNO.16 [4-63] #¥-2006-4F--4 300 300 700 2.3 0.78 122 721 756
276 LcFS00 [4-64] #¥-2008-4-15 400 400 700 1.8 0.93 11 357 338
277 LcFMO00 [4-64] #£-2008-4-15 400 400 1000 2.5 0.83 11 341 365
278 LcFHOO0 [4-64] #£-2008-4-15 400 400 1250 3.1 0.83 11 340 365
279 V-NC3.65 [4-65] #¥-2009-4F-085 250 250 800 3.2 0.78 48 355 979
280 C-1 [4-66] #£-1992-4-03 317 317 700 2.2 0.80 58 433 878
281 C-2 [4-66] #¥-1992-4-03 317 317 700 2.2 0.80 58 433 818
282 C-3 [4-66] #£-1992-4--03 317 317 700 2.2 0.80 58 433 878
283 C-4 [4-66] #¥-1992-4-03 317 317 700 2.2 0.80 58 433 818
284 S6 [4-67] #£-1992-4--06 300 300 900 3.0 0.84 74 388 1235
285 S7 [4-67] #£-1992-4--06 300 300 900 3.0 0.84 74 388 1235
286 RC21 [4-9] #£-1992-4%-10 500 500 1200 2.4 0.84 29 389 372
287 PC22 [4-9] #£-1992-4%-10 500 500 1200 2.4 0.84 29 389 372
288 PC24 [4-9] #£-1992-4%-10 500 500 1200 2.4 0.84 29 389 372
289 PC26 [4-9] #£-1992-4-10 500 500 1200 2.4 0.84 29 389 372
290 pPC27 [4-9] #£-1992-4%-10 500 500 1200 2.4 0.84 29 389 372
291 PC28 [4-9] #£-1992-4%-10 500 500 1200 2.4 0.84 29 389 372
292 AR3 [4-68] #¥-1986-1-01 200 200 600 3.0 0.90 29 414 201
293 48-K12-6 [4-74] #£-1986-4--08 200 200 400 2.0 0.87 44 727 311
294 48-K12-4 [4-74] #£-1986-4--08 200 200 400 2.0 0.87 44 727 311
295 48-K12-2 [4-74] #£-1986-4--08 200 200 400 2.0 0.87 44 727 311
296 48-K12-0 [4-74] #£-1986-4--08 200 200 400 2.0 0.87 44 727 311
297 C3 [4-69] #¥-1984-1%-02 500 500 1000 2.0 0.82 24 318 336
298 No.1 [4-70] #£-1996-4--20 350 350 900 2.6 0.84 25 372 301
299 No.1 [4-71] #£-1996-4--19 300 300 1100 3.7 0.77 33 363 326
300 No.2 [4-71] #£-1996-4--19 300 300 1100 3.7 0.77 33 363 347
301 No.3 [4-71] #£-1996-4--19 300 300 1100 3.7 0.77 33 363 347
302 Al [4-72] #£-1996-4--06 300 300 600 2.0 0.83 24 867 395
303 A2 [4-72] #£-1996-4--06 300 300 600 2.0 0.83 24 867 395
304 A3 [4-72] #£-1996-4--06 300 300 600 2.0 0.83 22 867 395
305 Ad [4-72] #£-1996-4--06 300 300 600 2.0 0.83 23 867 395
306 A231 [4-72] #£-1996-4--06 400 400 800 2.0 0.82 44 425 1402
307 A232 [4-72] #£-1996-4--06 400 400 800 2.0 0.82 44 425 1402
308 A233 [4-72] #£-1996-4--06 400 400 800 2.0 0.82 44 425 1402
309 A234 [4-72] #£-1996-4--06 400 400 800 2.0 0.82 44 425 1402
310 CN-M1 [4-73] #1-1984-#5-03 250 250 750 3.0 0.86 14 441 0
311 13H-100M [4-73] #1-1984-#5-03 250 250 750 3.0 0.86 17 441 1362
312 13H-80M [4-73] #4-1984-#5-03 250 250 750 3.0 0.86 17 441 1362
313 13H-60M [4-73] #4-1984-#5-03 250 250 750 3.0 0.86 17 441 1362
314 8H-60M [4-73] #1-1984-#5-03 250 250 750 3.0 0.86 17 441 855
315 8H-50M [4-73] #1-1984-#5-03 250 250 750 3.0 0.86 17 441 855
316 8H-35M [4-73] #1-1984-#5-03 250 250 750 3.0 0.86 17 441 855
317 3N-50M [4-73] #1-1984-#5-03 250 250 750 3.0 0.86 14 441 295
318 3N-40M [4-73] #4-1984-#5-03 250 250 750 3.0 0.86 14 441 295
319 3N-30M [4-73] #4-1984-#5-03 250 250 750 3.0 0.86 14 441 295
320 CA12-6-1 [4-75] #£—1990—4F-02 300 300 900 3.0 0.79 114 736 406
321 CA12-6-2 [4-75] #£—1990—4F-02 300 300 900 3.0 0.79 114 736 765
322 CA12-6-3 [4-75] #£—1990—4F-02 300 300 900 3.0 0.79 114 736 765
323 CA12-3-1 [4-75] #£—1990—4F-02 300 300 900 3.0 0.79 114 736 406
324 CA12-3-2 [4-75] #£—1990—4F-02 300 300 900 3.0 0.79 114 736 765
325 CA12-3-3 [4-75] #£—1990—4F-02 300 300 900 3.0 0.79 114 736 765
326 SAOQ [4-76] #F -1988-4F-43 120 600 1200 2.0 0.73 29 501 329
327 SA4 [4-76] #F -1988-4F-43 120 600 1200 2.0 0.73 30 501 329
328 SB4 [4-76] #F -1988-4F-43 120 600 1200 2.0 0.73 30 501 329
329 SC4 [4-76] #F -1988-4F-43 120 600 1200 2.0 0.73 30 501 329




Columns's characteristics

Denomination Dimentions Materials

Num.
Name Ref. Digital file b D hy \ho/D| d/D | o3 o, | ow
mm mm mm MPa MPa MPa
330 SD4 [4-76] #F -1988-4F-43 120 600 1200 2.0 0.73 29 501 329
331 19 [4-82] #F -1988-4F-42 250 250 900 3.6 0.80 31 363 381
332 24 [4-82] #F -1988-4F-42 250 250 600 2.4 0.80 31 363 381
333 25 [4-82] #F -1988-4F-42 250 250 900 3.6 0.80 30 363 381
334 27 [4-82] #F -1988-4F-42 250 250 900 3.6 0.80 19 363 381
335 28 [4-82] #F -1988-4F-42 250 250 900 3.6 0.80 41 363 381
336 BS [4-77] #¥ -1998-1-119 300 300 600 2.0 0.79 19 767 367
337 S S-0-NO [4-78] #E-1983-4-35 300 300 900 3.0 0.87 24 390 307
338 S S-0-N1 [4-78] #E-1983-4-35 300 300 900 3.0 0.87 24 390 307
339 S S-0-N2 [4-78] #E-1983-4-35 300 300 900 3.0 0.87 24 390 307
340 S R-0-N1 [4-78] #E-1983-4-35 225 400 900 2.3 0.90 24 390 307
341 S-1 [4-79] #£-1998-4--59 300 300 900 3.0 0.77 25 366 304
342 S-2 [4-79] #£-1998-4--59 300 300 900 3.0 0.77 25 366 304
343 S-3 [4-79] #£-1998-4--59 300 300 900 3.0 0.77 25 366 304
344 S-4 [4-79] #£-1998-4--59 300 300 900 3.0 0.77 25 366 304
345 K1 [4-80] #-1998-4--57 250 250 500 2.0 0.81 27 829 346
346 K2 [4-80] #¥-1998-4--57 250 250 500 2.0 0.81 29 829 346
347 K3 [4-80] #-1998-4--57 250 250 500 2.0 0.81 29 829 346
348 K4 [4-80] #-1998-4--57 250 250 500 2.0 0.81 29 829 346
349 S00 [4-81] #£-1998-4--55 400 400 600 15 0.82 25 392 365
350 CC06-6-1 [4-83] #£-1994-4--53 300 300 900 3.0 0.79 67 744 369
351 CC06-3-1 [4-83] #£-1994-4--53 300 300 900 3.0 0.79 67 744 369
352 TC-1A [4-84] #E-1994-3%-161 300 300 1000 3.3 0.71 28 376 358
353 HNO.1 [4-85] #£-1991-4-42 300 300 800 2.7 0.77 71 611 312
354 HNO.4 [4-85] #£-1991-4-42 300 300 800 2.7 0.73 73 611 312
355 S1 [4-86] #£-1991-4-41 300 300 900 3.0 0.83 96 423 1250
356 S2 [4-86] #£-1991-4-41 300 300 900 3.0 0.83 89 423 795
357 S3 [4-86] #£-1991-4-41 300 300 900 3.0 0.83 92 423 1250
358 S4 [4-86] #£-1991-4-41 300 300 900 3.0 0.83 96 423 795
359 S5 [4-86] #£-1991-4-41 300 300 900 3.0 0.80 99 711 1250
360 S1 [4-87] #£-1991-4--43 200 800 1600 2.0 0.81 92 1002 1294
361 S2 [4-87] #£-1991-4--43 200 800 3200 4.0 0.81 83 1002 1294
362 S3 [4-87] #£-1991-4--43 200 800 3200 4.0 0.81 95 1002 1294
363 S4 [4-87] #£-1991-4--43 200 800 3200 4.0 0.81 95 1002 1294
364 S5 [4-87] #£-1991-4--43 200 800 3200 4.0 0.81 85 1002 1294
365 0ov25¢ [4-88] #£-1991-4-46 180 180 450 2.5 0.89 34 343 203
366 0oVv13e [4-88] #£-1991-4--46 180 180 450 2.5 0.89 33 343 203
367 OoV13m [4-88] #£-1991-4--46 180 180 450 2.5 0.89 46 343 203
368 OV12h [4-88] #£-1991-4-46 180 180 450 2.5 0.89 59 343 203
369 CB060C [4-89] #£-1991-4-29 278 278 646 2.3 0.77 46 441 413
370 CBO07T06C [4-89] #£-1991-4-29 278 278 646 2.3 0.77 46 441 413
371 HDC-1 [4-19] #£-1997-#%-03 300 300 900 3.0 0.79 22 363 439
372 HDC-2 [4-19] #£-1997-#%-03 300 300 900 3.0 0.79 24 363 439
373 1 This document 350 350 1100 3.1 0.89 30 420 341
374 2-A This document 325 325 975 3.0 0.81 31 420 341
375 2-B This document 325 325 1100 3.4 0.79 30 537 341
376 3 This document 325 325 975 3.0 0.81 31 420 341




Reinforcement

Rebar Stirrups Characteristics

Num.

Bars Denomination Bars S | Denomination Pe | P |Pw S/D | S/d S/ ¢ a/d

pz mm mm__mm % % %

1 4 D13 2 ¢93 75 127 0.63 091|038 047 58 150
2 12 D16 SD 390 4 D6 40 785 | 195 097 090|011 014 25 150
3 12 D16 SD 390 4 D6 40 785 | 1.95 097 090011 014 25 150
4 12 D16 SD 390 4 D6 40 785 | 195 097 090|011 014 25 150
5 12 D16 SD 390 4 D6 90 785 | 1.95 097 040|026 032 56 150
6 12 D16 SD 390 4 D6 60 785 | 195 097 0.60(0.17 021 38 150
7 12 D16 SD 390 4 D6 40 785 | 1.95 097 090|011 014 25 150
8 12 D16 SD 390 4 D6 40 785 | 195 097 090|011 014 25 150
9 12 D13 2 D6 75 169 0.84 028|025 032 58 150
10 12 D13 2 D6 75 169 084 028|025 032 58 150
11 12 D13 2 D6 75 169 0.84 028|025 032 58 150
12 12 D13 2 D6 75 169 084 028|025 032 58 150
13 12 D13 2 D6 75 169 0.84 028|025 032 58 150
14 20 D13 SD 345 4 D6 40 SD 345 | 158 0.79 0.79|0.10 0.13 31 175
15 20 D13 SD 345 4 D6 40 SD 345|158 0.79 0.79( 010 013 31 175
16 12 D19 4 D10 60 215 1.07 119]0.15 019 32 150
17 12 D19 4 D10 60 215 107 119|015 019 32 150
18 12 D19 4 D10 60 215 1.07 119]0.15 019 32 150
19 12 D19 2 D10 200 215 1.07 018|050 063 105 1.50
20 12 D13 4 uUs.1 75 169 084 035|025 031 58 150
21 12 D13 4 U551 40 169 0.84 065|013 016 3.1 150
22 12 D13 4 uUs.1 35 169 084 0.75|0.12 014 27 150
23 12 D13 4 U551 50 169 0.84 052|017 021 38 150
24 12 D13 4 uUs.1 35 169 084 0.75|0.12 014 27 150
25 12 D10 4 D6 70 214 107 090|035 046 7.0 150
26 12 D10 4 D6 71 214 1.07 089]036 046 7.1 150
27 12 D10 4 D6 72 214 107 088|036 047 7.2 150
28 12 D10 4 D6 73 214 1.07 087]037 048 73 150
29 12 D10 4 D6 60 214 107 107|030 038 6.0 150
30 12 D10 4 D6 60 214 1.07 1.07]0.30 038 6.0 1.50
31 12 D10 4 D6 60 214 107 107|030 038 6.0 150
32 12 D10 4 D6 60 214 1.07 1.07]0.30 0.38 6.0 1.50
33 12 D10 4 D6 60 214 107 107|030 038 6.0 150
34 12 D10 4 D6 60 214 1.07 1.07]030 0.38 6.0 1.50
35 12 D10 4 D6 60 214 107 107|030 038 6.0 150
36 12 D10 4 D6 60 214 1.07 1.07]030 0.38 6.0 1.50
37 12 D10 4 D6 40 214 107 160|020 025 4.0 150
38 12 D10 4 D6 40 214 1.07 160]0.20 025 40 150
39 12 D10 4 D6 40 214 107 160|020 025 4.0 150
40 12 D10 4 D6 40 214 1.07 160]0.20 025 40 1.50
41 12 D10 4 D6 40 214 107 160|020 025 4.0 150
42 16 D22 SD 345 4 D10 100 248 1.08 057]020 024 45 1.20
43 12 D13 4 D6 80 243 122 063|032 040 6.2 150
44 12 D10 2 U5.1 60 214 1.07 033]030 039 6.0 1.50
45 12 D10 2 Us1 60 214 107 033[030 039 6.0 150
46 12 D10 2 U5.1 60 214 1.07 033]030 039 6.0 1.50
47 12 D10 2 Us1 60 214 107 033[030 039 6.0 150
48 12 D10 2 Us.1 40 214 1.07 049]020 026 40 1.50




Reinforcement

Rebar Stirrups Characteristics

Num. o o

Bars Denomination Bars S | Denomination Pe | Pt |Pw S/D | S/d S/¢ a/d

pz mm mm  mm % % %

49 12 D10 2 U51 40 214 1.07 049|020 026 40 150
50 12 D10 2 U551 40 214 1.07 049|020 026 40 150
51 12 D10 2 U51 40 214 1.07 049|020 026 40 150
52 12 D10 2 U551 30 214 1.07 065|015 019 30 150
53 12 D10 2 Us1 30 214 1.07 065|015 019 30 150
54 12 D19 SD 390 4 D6 95 SD 295 | 1.70 0.85 0.30]0.21 0.27 50 2.00
55 12 D19 SD 390 4 D6 40 SD 295 | 1.70 0.85 0.70]0.09 0.11 21 2.00
56 12 D19 SD 390 4 D6 25 SD 295 | 1.70 0.85 1.13]0.06 0.07 1.3 2.00
57 12 D19 SD 390 4 D6 40 SD 295 | 1.70 0.85 0.70]0.09 0.11 21 2.00
58 12 D10 2 D6 60 214 1.07 053|030 038 6.0 150
59 12 D10 2 D6 60 214 1.07 053|030 038 6.0 150
60 12 D10 2 D6 60 214 1.07 053|030 038 6.0 150
61 12 D10 2 D6 60 214 1.07 053|030 038 6.0 150
62 12 D10 4 D6 60 214 1.07 106|030 038 6.0 150
63 12 D10 4 D6 60 214 1.07 106|030 038 6.0 150
64 12 D10 4 D6 60 214 1.07 106|030 038 6.0 150
65 12 D10 4 D6 60 214 1.07 106|030 038 6.0 150
66 12 D10 4 D6 40 214 1.07 158|020 025 40 150
67 12 D10 4 D6 60 214 1.07 106|030 038 6.0 150
68 12 D10 4 D6 60 214 1.07 106|030 038 6.0 150
69 12 D10 4 D6 60 214 1.07 106|030 038 6.0 150
70 12 D10 4 D6 60 214 1.07 106|030 038 6.0 150
71 12 D10 4 D6 40 214 1.07 158|020 025 40 150
72 12 D10 4 D6 40 214 1.07 158|020 025 40 150
73 12 D10 4 D6 40 214 1.07 158|020 025 40 150
74 12 D10 4 D6 40 214 1.07 158|020 025 40 150
75 12 D10 SD 295 4 D6 60 SD 345 | 1.37 0.68 0.84]0.24 0.29 6.0 150
76 16 D16 SD 345 4 D6 50 508 222 101|020 024 31 130
77 16 D16 SD 345 4 D6 50 508 222 101|020 024 31 130
78 12 D13 4 D6 52 197 098 0.88]0.19 023 4.0 116
79 24 D13 4 D6 52 393 164 088|019 024 40 116
80 24 D13 4 D6 52 393 164 088|019 024 40 116
81 24 D13 4 D6 52 393 164 088|019 024 40 116
82 24 D13 4 D6 52 393 164 088|019 024 40 116
83 24 D13 4 D6 52 393 164 088|019 024 40 116
84 12 D10 SD 345 4 D6 60 SD 295 | 1.37 0.68 0.84]0.24 0.29 6.0 150
85 12 D10 SD 345 4 D6 60 SD 295 | 1.37 0.68 0.84]0.24 0.29 6.0 150
86 12 D10 SD 345 4 D6 40 SD 295 | 1.37 0.68 1.27]0.16 0.19 4.0 150
87 12 D10 SD 345 4 D6 40 SD 295 | 1.37 0.68 1.27]0.16 0.19 4.0 150
88 16 D13 SD 345 4 D6 80 SD 785 | 225 1.13 0.53]0.27 036 6.2 150
89 16 D13 SD 345 4 D6 80 SD 785 | 225 1.13 0.53]0.27 036 6.2 150
90 16 D13 SD 345 4 D6 40 SD 785 | 225 1.13 1.06]0.13 0.18 31 150
91 16 D13 SD 345 4 D6 40 SD 785 | 225 1.13 1.06]0.13 0.18 31 150
92 16 D13 SD 345 4 D6 40 SD 785 | 225 1.13 1.06]0.13 0.18 31 150
93 12 D19 SD 345 4 D6 40 550 275 127|016 020 21 1.00
94 12 D13 2 D10 40 169 084 119(0.13 017 31 150
95 12 D16 SD 390 4 D6 35 SD 390 | 2.33 1.16 1.13]0.11 0.14 22 159
96 24 D13 SD 390 4 D6 40 SD 390 | 3.88 194 1.13]0.14 0.16 31 161
97 12 D16 SD 345 4 D6 120 785 | 1.95 097 0.30]034 043 75 150
98 12 D16 SD 345 4 D6 90 785 | 1.95 097 0.40]0.26 032 56 150
99 12 D16 SD 345 4 D6 60 785 | 1.95 097 0.60]0.17 0.21 38 150
100 12 D16 SD 390 4 D6 90 785 | 1.95 097 0.40]0.26 0.32 56 150
101 12 D16 SD 390 4 D6 60 785 | 1.95 097 0.60]0.17 0.21 38 150




Reinforcement

Rebar Stirrups Characteristics

Num. o o

Bars Denomination Bars S | Denomination | p ¢ | Pt |Pw S/D | S/d S/¢ a/d

pz mm mm  mm % % %

102 12 D16 SD 390 4 D6 40 785 | 1.95 0.97 090]0.11 014 25 150
103 12 D16 SD 49 4 D6 90 785 | 1.95 0.97 040]026 032 56 150
104 12 D16 SD 49 4 D6 60 785 | 1.95 0.97 060]0.17 021 38 150
105 12 D16 SD 49 4 D6 40 785 | 1.95 097 090]011 014 25 150
106 12 D16 SD 390 4 D6 90 785 | 1.95 0.97 040]026 032 56 150
107 12 D16 SD 390 4 D6 60 785 | 1.95 0.97 060]0.17 021 38 150
108 12 D16 SD 390 4 D6 40 785 |1 1.95 097 090]011 014 25 150
109 12 D16 SD 49 4 D6 40 785 | 1.95 097 090]0.11 014 25 150
110 12 D16 SD 390 4 D6 40 195 097 090(0.11 014 25 150
111 12 D16 SD 390 4 D6 40 195 097 090(011 014 25 150
112 12 D16 SD 390 4 D6 40 195 097 090(0.11 014 25 150
113 12 D16 SD 390 4 D6 90 195 097 040[026 032 56 150
114 12 D16 SD 390 4 D6 90 195 097 040[026 032 56 150
115 12 D16 SD 390 4 D6 90 195 097 040[026 032 56 150
116 12 D16 SD 390 4 D6 40 195 097 090(011 014 25 150
117 12 D16 SD 390 4 D6 40 195 097 090(0.11 014 25 150
118 12 D16 SD 390 4 D6 90 195 097 040[026 032 56 150
119 12 D16 SD 390 4 D6 40 785 | 1.95 0.97 090]0.11 014 25 150
120 12 D16 SD 390 4 D6 40 785 |1 1.95 097 090]011 014 25 150
121 12 D16 SD 390 4 D6 40 785 | 1.95 097 090]0.11 014 25 150
122 12 D16 SD 390 4 D6 90 785 | 1.95 0.97 040]026 032 56 150
123 12 D16 SD 390 4 D6 60 785 | 1.95 0.97 060]0.17 021 38 150
124 12 D16 SD 390 4 D6 40 785 | 1.95 097 090]011 014 25 150
125 12 D16 SD 390 4 D6 40 785 |1 1.95 097 090]011 014 25 150
126 12 D16 SD 390 4 D6 40 785 | 1.95 097 090]0.11 014 25 150
127 12 D16 SD 390 4 D6 40 785 | 1.95 097 090]011 014 25 150
128 12 D16 SD 390 4 D6 40 785 | 1.95 097 090]011 014 25 150
129 12 D16 SD 390 4 D6 90 785 | 1.95 0.97 040]026 032 56 150
130 12 D16 SD 390 4 D6 60 785 | 1.95 0.97 060]0.17 021 38 150
131 10 D16 4 D6 80 124 062 040020 026 5.0 200
132 10 D16 4 D6 80 124 062 040020 026 5.0 1.00
133 12 D22 4 D10 80 210 1.05 076 0.17 021 36 150
134 8 D16 4 D3 337 254 127 037|013 017 21 240
135 8 D16 4 D3 337 254 127 037|013 017 21 240
136 8 D16 4 D3 337 254 127 037|013 017 21 240
137 8 D16 4 D3 337 254 127 037|013 017 21 240
138 16 D10 2 04 314 285 125 040016 019 31 150
139 16 D10 2 04 314 285 125 040|016 019 31 15
140 12 D16 SD 345 2 @6 105 381 191 022|042 051 65 1.20
141 12 D16 SD 345 2 @6 52.2 381 191 043|021 025 33 120
142 12 D16 SD 345 0 ©6 0 381 1.91 0.00(0.00 000 0.0 120
143 12 D16 SD 345 2 @6 105 381 191 022|042 051 65 1.20
144 12 D16 SD 345 2 @6 105 381 191 022|042 051 65 1.20
145 12 D16 SD 345 2 @6 52.2 381 191 043|021 025 33 120
146 12 D16 SD 345 2 @6 52.2 381 191 043|021 025 33 120
147 12 D16 SD 345 2 @6 52.2 381 191 043|021 025 33 120
148 16 D16 SD 345 2 @6 52.2 508 254 043|021 026 33 1.20
149 8 D16 SD 345 2 @6 52.2 254 127 043|021 027 33 120
150 12 D16 SD 345 0 ©6 0 381 1.91 0.00(0.00 000 0.0 120
151 12 D16 SD 345 2 @6 105 381 191 022|042 051 65 1.20
152 12 D16 SD 345 2 @6 52.2 381 191 043|021 025 33 120
153 12 D16 SD 345 2 06 37 381 191 061|015 018 23 1.20
154 18 D13 4 ¢4 85 253 1.13 020|028 033 65 114
155 18 D13 4 ¢4 85 253 1.13 020|028 033 65 114
156 18 D13 4 04 42 253 1.13 040|014 016 32 114
157 32 D13 4 04 30 3.72 1.69 051|009 011 23 1.04
158 8 D13 2 ¢4 64.3 313 1.17 022|036 040 49 1.25
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Reinforcement

Rebar Stirrups Characteristics

Num. o o

Bars Denomination Bars S | Denomination | p ¢ | Pt |Pw S/D | S/d S/¢ a/d

pz mm mm  mm % % %

159 8 D13 2 ¢4 64.3 313 1.17 022|036 040 49 1.25
160 8 D13 2 ¢4 64.3 313 1.17 022|036 040 49 1.25
161 8 D13 2 ¢4 64.3 313 1.17 022|036 040 49 1.25
162 8 D13 2 ¢4 64.3 313 1.17 022|036 040 49 1.25
163 12 D13 4 D6 39 314 157 148|018 022 3.0 125
164 12 D19 4 D6 80 3.82 191 053|027 034 42 150
165 12 D19 4 D10 80 3.82 191 119027 034 42 150
166 12 D19 4 D6 80 3.82 191 053|027 034 42 150
167 12 D19 4 D10 80 3.82 191 119027 034 42 150
168 12 D19 4 D6 80 3.82 191 053|027 034 42 150
169 12 D19 4 D10 80 382 191 119027 034 42 150
170 12 D19 4 D6 80 3.82 191 053|027 034 42 150
171 12 D19 4 D10 80 3.82 191 119027 034 42 150
172 12 D19 4 ®5 80 3.82 191 033|027 034 42 150
173 12 D19 4 ©7 76 382 191 068|025 032 40 150
174 12 D19 2 ®5 60 382 191 022|020 025 32 150
175 12 D19 2 @5 40 382 191 033|013 017 21 150
176 12 D19 4 ®5 80 3.82 191 033|027 034 42 150
177 12 D19 4 @7 76 382 191 068|025 032 40 150
178 10 D19 SD 390 2 D10 60 SD 295 |1 1.79 072 059]0.15 0.17 32 1.25
179 8 D16 2 ¢4 180 254 127 0.06|0.72 084 11.3 250
180 12 D16 4 D4 50 265 1.32 033|017 021 31 150
181 12 D16 4 D4 50 265 1.32 033|017 021 31 150
182 12 D16 4 D4 50 265 1.32 033|017 021 31 150
183 12 D16 4 D4 50 265 1.32 033|017 021 31 150
184 12 D13 SD 685 4 D6 106 SD 785 |1 3.80 190 0.60]053 0.67 82 1.00
185 12 D13 SD 685 4 D6 106 SD 785 |1 3.80 190 0.60]053 0.67 82 1.00
186 12 D13 SD 685 4 D6 106 SD 785 |1 3.80 190 0.60]053 0.67 82 1.00
187 12 D13 SD 685 4 D6 106 SD 785 |1 3.80 190 0.60]053 0.67 82 1.00
188 12 D13 SD 685 2 D6 106 SD 785 |1 3.80 190 0.30]053 0.67 82 1.00
189 12 D13 SD 685 2 D6 106 SD 785 |1 3.80 190 0.30]053 0.67 82 1.00
190 12 D13 SD 685 2 D6 106 SD 785 |1 3.80 190 0.30]053 0.67 82 1.00
191 12 D13 SD 685 2 D6 106 SD 785 |1 3.80 190 0.30]053 0.67 82 1.00
192 12 D13 SD 685 4 D6 53 SD 785 1380 190 120]027 033 41 1.00
193 12 D13 SD 685 4 D6 53 SD 785 1380 190 120]027 033 41 1.00
194 12 D22 2 D10 200 186 093 0.14]040 050 91 150
195 12 D13 2 D6 180 169 0.84 0.12]0.60 0.77 138 150
196 8 D10 2 04 40 254 127 042|027 032 40 150
197 8 D19 SD 685 2 D10 120 SD 295 | 143 072 030]030 034 6.3 150
198 16 D16 SD 685 2 962 50 353 154 040|017 020 31 150
199 16 D16 SD 685 2 962 50 353 154 040|017 020 31 150
200 16 D16 SD 685 2 962 50 353 154 040|017 020 31 150
201 16 D16 SD 685 2 962 50 353 154 040|017 020 31 150
202 16 D16 SD 685 2 962 50 353 154 040|017 020 31 150
203 16 D16 SD 685 4 @62 35 353 154 115(012 014 22 150
204 16 D16 SD 685 2 6.2 100 353 154 020|033 040 63 150
205 16 D16 SD 685 2 962 50 353 154 040|017 020 31 150
206 16 D16 SD 685 2 962 50 353 154 040|017 020 31 150
207 16 D16 SD 685 2 962 35 353 154 058|012 014 22 150
208 16 D16 SD 685 2 962 50 353 154 040|017 020 31 1.00
209 16 D16 SD 685 4 @62 35 353 154 115(012 014 22 150
210 12 D10 SD 295 2 D4 124 SD 295 | 214 1.07 0.10]062 0.78 124 2.00
211 12 D13 2 D6 200 169 084 0.11]0.67 086 154 150
212 12 D13 2 D6 200 169 084 0.11]0.67 086 154 150
213 12 D13 2 D6 200 169 084 0.11]0.67 086 154 150
214 12 D25 4 D6 80 275 138 034017 021 32 150
215 12 D25 2 D6 40 275 138 034|009 011 16 150
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Reinforcement

Rebar Stirrups Characteristics

Num. o o

Bars Denomination Bars S | Denomination | p ¢ | Pt |Pw S/D | S/d S/¢ a/d

pz mm mm  mm % % %

216 16 D32 4 D13 140 575 216 077030 036 44 150
217 16 D32 4 D13 100 259 0.97 072|014 017 31 150
218 12 D16 SD 345 2 D6 100 SD 345 | 265 132 021]033 043 6.3 2.00
219 12 D16 SD 345 2 D6 200 SD 345 | 265 132 0.11]067 0.86 125 2.00
220 12 D16 SD 345 2 D6 100 SD 345 | 265 132 021]033 043 6.3 2.00
221 12 D13 SD 345 2 D6 100 SD 345 |1 1.69 084 0.21]033 043 7.7 2.00
222 12 D13 SD 345 2 D6 150 SD 345 | 1.69 0.84 0.14]050 0.65 115 2.00
223 12 D10 SD 295 2 D6 150 SD 345 1 0.95 0.48 0.14]050 0.65 15.0 2.00
224 12 D16 SD 345 2 D6 100 SD 345 | 265 132 021]033 043 6.3 1.00
225 12 D16 SD 345 2 D6 100 SD 345 | 265 132 021]033 043 6.3 1.00
226 12 D13 SD 295 2 D6 100 SD 345 |1 1.69 084 021]033 043 7.7 1.00
227 12 D13 SD 345 2 04 125 243 122 0.08| 050 062 9.6 2.00
228 12 D13 SD 345 2 D6 150 243 122 017|060 0.75 115 2.00
229 20 D16 SD 390 4 D6 35 SD 390 | 3.88 116 113|011 014 22 114
230 12 D16 SD 390 4 D6 60 SD 390 | 265 132 070|020 0.26 38 1.20
231 12 D19 SD 345 2 D10 300 SD 295 | 1.70 0.85 0.11]0.67 0.85 158 1.67
232 12 D19 SD 345 2 D10 300 SD 295 | 1.70 0.85 0.11]0.67 0.85 158 1.67
233 12 D19 SD 345 2 D10 300 SD 295 | 1.70 0.85 0.11]0.67 0.85 158 1.67
234 12 D19 SD 345 2 D10 300 SD 295 | 1.70 0.85 0.11]0.67 0.85 158 1.67
235 12 D19 SD 345 2 D10 150 SD 295 | 1.70 085 0.21]033 042 79 167
236 12 D19 SD 345 2 D10 150 SD 295 | 1.70 085 0.21]033 042 79 167
237 16 D13 SD 295 2 D6 100 SD 295 | 225 099 0.21]033 040 7.7 150
238 16 D13 SD 295 2 D6 100 SD 295 | 225 099 0.21]033 040 7.7 150
239 16 D13 SD 295 2 D6 100 SD 295 | 225 099 0.21]033 040 7.7 150
240 16 D13 SD 295 2 D6 100 SD 295 | 225 099 0.21]033 040 7.7 1.00
241 16 D13 SD 295 2 D6 100 SD 295 | 225 099 0.21]033 040 7.7 1.00
242 10 D22 SD 345 2 D10 200 SD 295 | 242 097 0.18]050 058 9.1 150
243 12 D13 2 D6 160 169 0.84 0.13]053 069 123 150
244 12 D13 2 D10 80 169 084 059027 035 6.2 150
245 12 D10 2 04 125 1.37 0.68 0.08]050 062 125 1.00
246 12 D10 2 04 125 1.37 0.68 0.08]050 062 125 1.00
247 12 D16 SD 345 2 D6 100 SD 345 | 265 132 021]033 043 6.3 150
248 12 D16 SD 345 2 D6 100 SD 345 | 265 132 021]033 043 6.3 150
249 12 D16 SD 345 2 D6 100 SD 345 | 265 132 021]033 043 6.3 150
250 12 D16 SD 685 4 @6 75 265 132 050025 031 47 150
251 12 D16 SD 685 4 @6 75 265 132 050025 031 47 150
252 8 D22 2 D6 110 344 1.72 019037 042 50 200
253 8 D22 2 D6 55 344 172 038|018 021 25 2.00
254 8 D22 2 D6 55 344 172 038|018 021 25 2.00
255 8 D22 2 D6 55 344 172 038|018 021 25 2.00
256 8 D22 2 D6 55 344 172 038|018 021 25 2.00
257 12 D16 SD 390 0 04 0 199 1.00 0.00[0.00 0.00 0.0 169
258 12 D16 SD 390 2 ¢4 50 199 100 011019 023 31 169
259 12 D16 SD 390 2 04 33 199 100 0.17]0.12 015 21 169
260 12 D13 2 D6 50 169 070 042]0.17 020 38 1.00
261 16 D13 2 D6 150 225 0.99 014|050 061 115 1.50
262 16 D13 2 D6 150 225 0.99 014|050 061 115 1.50
263 16 D13 2 D6 50 225 0.99 042|017 020 38 150
264 16 D13 2 D6 50 225 0.99 042|017 020 38 150
265 16 D13 4 D6 50 225 0.99 084|017 020 38 150
266 12 D13 2 D6 50 169 070 042]0.17 020 38 1.00
267 8 D13 2 D6 50 162 061 051[/020 023 38 180
268 8 D13 2 D6 50 162 061 051[/020 023 38 180
269 12 D19 SD 685 4 D10 134 265 1.33 059|037 048 7.1 1.00
270 12 D16 SD 49 4 @5 52 265 1.32 050|017 022 33 200
271 12 D10 2 D4 54 137 068 0.19]0.22 027 54 0.75
272 12 D10 2 D4 54 137 068 0.19]0.22 027 54 0.75
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Reinforcement

Rebar Stirrups Characteristics

Num. o o

Bars Denomination Bars S | Denomination | p ¢ | Pt |Pw S/D | S/d S/¢ a/d

pz mm mm  mm % % %

273 12 D10 2 D4 54 137 068 0.19]0.22 027 54 100
274 12 D10 2 D4 54 137 068 0.19]0.22 027 54 100
275 21 D13 685 4 D6 55 293 132 077|018 024 42 117
276 8 D13 SD 295 2 D6 75 063 024 021|019 020 58 175
277 12 D16 SD 295 2 D10 150 149 074 0241038 045 94 250
278 12 D19 SD 295 2 D10 150 215 1.07 024|038 045 79 3.13
279 12 D13 SD 345 2 D6 55 SD 785 | 243 122 046]022 028 42 1.60
280 16 D13 SD 390 4 04 54 202 0.88 0.290.17 021 42 111
281 16 D13 SD 390 4 @5 54 202 0.88 046|017 021 42 111
282 16 D13 SD 390 4 04 54 202 0.88 0.29|0.17 021 42 111
283 16 D13 SD 390 4 @5 54 202 0.88 046|017 021 42 111
284 16 D13 4 @5 50 225 0.99 052|017 020 38 150
285 16 D13 4 @5 50 225 0.99 052017 020 38 150
286 16 D22 SD 345 4 D10 100 248 1.08 057|020 024 45 1.20
287 16 D22 SD 345 4 D10 100 248 1.08 057|020 024 45 1.20
288 16 D22 SD 345 4 D10 100 248 1.08 057|020 024 45 1.20
289 16 D22 SD 345 2 D10 100 248 1.08 029|020 024 45 1.20
290 16 D22 SD 345 4 D10 100 248 1.08 057|020 024 45 1.20
291 16 D22 SD 345 44 D10 100 248 1.08 0.63|020 024 45 1.20
292 13 D10 SD 35 2 ¢4 50 235 1.00 025|025 028 50 150
293 12 D13 4 06 47 3.80 1.27 120|024 027 36 1.00
294 12 D13 4 06 47 380 1.27 120|024 027 36 1.00
295 12 D13 4 06 47 3.80 1.27 120|024 027 36 1.00
296 12 D13 4 06 47 3.80 1.27 120|024 027 36 1.00
297 12 D22 2 @9 100 1.86 093 0.25[0.20 024 45 1.00
298 10 D16 SD 345 2 D6 100 SD 295 | 1.62 0.65 0.18]029 034 63 143
299 12 D16 SD 295 2 D6 160 265 1.32 013|053 069 10.0 1.83
300 12 D16 SD 295 2 D10 160 265 1.32 030|053 069 10.0 1.83
301 12 D16 SD 295 2 D10 80 265 132 059|027 035 50 1.83
302 16 D13 SD 8 2 D6 50 SD 295 | 225 0.99 042]0.17 020 38 1.00
303 16 D13 SD 8 2 D6 50 SD 295 | 225 0.99 042]0.17 020 38 1.00
304 16 D13 SD 8 2 D6 50 SD 295 | 225 0.99 042]0.17 020 38 1.00
305 16 D13 SD 8 2 D6 100 SD 295 | 225 099 0.21]033 040 7.7 1.00
306 16 D19 2 @6 140 287 143 010|035 043 7.4 1.00
307 16 D19 2 @6 70 287 143 020018 021 37 1.00
308 16 D19 2 06 47 287 143 030012 014 25 1.00
309 16 D19 2 6 35 287 143 040|009 011 18 1.00
310 6 D19 0 0 0 275 1.38 0.00(0.00 000 0.0 150
311 6 D19 2 ¢4 100 275 1.38 010040 047 53 150
312 6 D19 2 o4 80 275 1.38 013|032 037 42 150
313 6 D19 2 ¢4 60 275 1.38 017|024 028 32 150
314 6 D19 2 ¢4 60 275 1.38 017|024 028 32 150
315 6 D19 2 ¢4 50 275 138 020|020 023 26 150
316 6 D19 2 ¢4 35 275 138 029|014 016 18 150
317 6 D19 2 @6 50 275 138 045|020 023 26 150
318 6 D19 2 06 40 275 138 057|016 019 21 150
319 6 D19 2 06 30 275 138 075|012 014 16 150
320 12 D19 SD7 4 D10 80 SD 35 (382 191 119027 034 42 150
321 12 D19 SD7 4 D10 180 SD 8 382 191 053|060 076 95 150
322 12 D19 SD7 4 D10 80 SD 8 3.82 191 119027 034 42 150
323 12 D19 SD7 4 D10 80 SD 35 (382 191 119027 034 42 150
324 12 D19 SD7 4 D10 180 SD 8 382 191 053|060 076 95 150
325 12 D19 SD7 4 D10 80 SD 8 3.82 191 119|027 034 42 150
326 12 D8 SD 2 04 45 0.83 0.28 0.47(0.08 010 56 1.00
327 12 D8 SD 2 04 45 0.83 0.28 0.47(0.08 010 56 1.00
328 12 D8 SD 2 04 45 0.83 0.28 0.47(0.08 010 56 1.00
329 12 D8 SD 2 04 45 0.83 0.28 0.47(0.08 010 56 1.00
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Reinforcement

Rebar Stirrups Characteristics

Num. o o

Bars Denomination Bars S | Denomination | p ¢ | Pt |Pw S/D | S/d S/¢ a/d

pz mm mm  mm % % %

330 12 D8 SD 2 04 45 0.83 0.28 0.47(0.08 010 56 1.00
331 12 D16 2 @6 75 381 191 030|030 038 47 1.80
332 12 D16 2 @6 75 381 191 030|030 038 47 1.20
333 12 D16 2 @6 75 381 191 030|030 038 47 1.80
334 12 D16 2 @6 75 381 191 030|030 038 47 1.80
335 12 D16 2 @6 75 381 191 030|030 038 47 1.80
336 12 D16 SD 685 2 @6 150 SR 295 | 2.65 1.10 0.13]050 0.64 94 1.00
337 8 D19 2 @6 63 255 0.96 030021 024 33 150
338 8 D19 2 @6 63 255 0.96 030021 024 33 150
339 8 D19 2 @6 63 255 0.96 030021 024 33 150
340 8 D19 2 06 71 255 0.96 035|018 020 37 1.13
341 12 D16 2 D6 100 265 132 021|033 043 63 150
342 12 D16 2 D6 100 265 1.32 021|033 043 63 150
343 12 D16 2 D6 50 265 1.32 042017 022 31 150
344 12 D16 2 D6 50 265 1.32 042|017 022 31 150
345 16 D13 2 D6 65 324 142 039|026 032 50 1.00
346 16 D13 2 D6 65 324 142 039|026 032 50 1.00
347 16 D13 2 D6 65 324 142 039|026 032 50 1.00
348 16 D13 2 D6 65 324 142 039|026 032 50 1.00
349 16 D22 2 D10 180 387 1.69 020|045 055 82 225
350 12 D19 SD 685 4 D10 80 SD 345 1382 191 119]027 034 42 150
351 12 D19 SD 685 4 D10 80 SD 345 1382 191 119]027 034 42 150
352 38 D16 SD 345 4 D6 50 SD 345 1838 397 084]017 024 31 1.67
353 12 D16 4 D6 50 265 132 084|017 022 31 133
354 16 D16 4 D6 50 353 1.99 084|017 023 31 133
355 16 D13 4 @5 50 225 0.99 052|017 020 38 150
356 16 D13 4 ®5 30 225 0.99 087|010 012 23 150
357 16 D13 4 @5 50 225 0.99 052017 020 38 150
358 16 D13 4 @5 35 225 099 075|012 014 27 150
359 12 D13 4 @5 50 169 084 052017 021 38 150
360 12 D22 2 06 95 290 145 030012 015 43 1.00
361 12 D22 2 06 95 290 145 030012 015 43 2.00
362 12 D22 2 06 47 290 145 060 0.06 007 21 200
363 12 D22 2 06 47 290 145 060 0.06 007 21 200
364 12 D22 2 06 47 290 145 060 0.06 007 21 200
365 8 D13 SD 3 3 04 45 3.13 1.17 047|025 028 35 1.25
366 8 D13 SD 3 3 04 45 3.13 1.17 047|025 028 35 1.25
367 8 D13 SD 3 3 04 45 3.13 1.17 047|025 028 35 1.25
368 8 D13 SD 3 3 04 45 3.13 1.17 047|025 028 35 1.25
369 24 D13 4 D6 52 393 1.64 088|019 024 4.0 1.16
370 24 D13 4 D6 52 393 1.64 088|019 024 4.0 1.16
371 12 D13 SD 345 2 D6 125 SD 295 | 1.69 0.84 0.17]042 053 96 150
372 12 D13 SD 345 2 D6 125 SD 295 | 1.69 0.84 0.17]042 053 96 150
373 8 D13 SD 390 2 D6 30 SD 295 1 0.83 031 060]009 010 23 157
374 14 D13 SD 390 4 D6 45 SD 295 | 1.71 086 0.87]0.14 0.17 35 150
375 12 D16 SD 49 4 D6 45 SD 295 | 226 113 0.87]0.14 017 28 170
376 14 D13 SD 390 4 D6 45 SD 295 | 1.71 086 0.87]0.14 0.17 35 150
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Behavior Database

Num. he /
Failure mode Q() Qy Qmax Qu R 0 Rv Rmax Rﬂ :uy Ha
Omax
kN kN kN % % %
1 0 105 140 112 0O 08 20 34 40 17 3.0
2 Flexural 0 287 383 373 0 04 12 6.1 141 52 6.3
3 Flexural 0 341 455 45 0 04 09 59 158 6.8 6.2
4 Flexural 0 373 497 398 0 03 10 6.6 232 69 5.3
5 Flexural-with Shear Collapse] 0 338 451 361 O 03 10 19 56 1.9 2.0
6 Flexural-with Shear Collapse] 0 347 462 370 0 03 12 6.1 182 51 1.6
7 Flexural 0 461 614 491 O 1.0 6.7 6.7
8 Flexural 0 509 678 575 0 03 11 6.7 212 59 5.7
9 0 129 173 138 0O 02 05 11 6.1 23 1.2
10 0 153 204 164 O 02 03 11 73 32 1.0
11 0 175 234 187 0O 03 06 1.0 4.0 17 0.9
12 0 197 263 210 0O 02 04 09 52 22 1.0
13 0 163 218 174 0 03 07 16 59 23 1.6
14 0 446 595 476 0 03 09 32 96 35 2.9
15 0 443 591 473 0 03 06 31 116 4.9 2.9
16 Flexural 0 420 560 577 0O 03 08 4.0 119 48 3.9
17 Flexural 0 584 778 622 0 03 30 53 163 17 3.7
18 Flexural 0 606 808 646 0 04 28 43 112 15 3.8
19 Shear 0 365 487 390 0 03 06 07 24 11 0.5
20 Flexural 0 380 506 405 0 02 09 19 88 22 1.6
21 Flexural 0 392 523 418 0 04 09 21 6.0 25 2.0
22 Flexural 0 405 541 432 0 03 09 26 81 30 2.2
23 Flexural 0 381 507 406 O 03 09 24 83 27 2.3
24 Flexural 0 411 548 438 0 04 15 29 6.7 19 2.6
25 Flexural 0 98 131 105 O 05 15 27 57 19 24
26 Flexural 0 102 135 108 O 03 08 15 57 20 13
27 Flexural 0O 48 5 72 0 05 08 65 133 82 7.2
28 Flexural 0 101 135 108 O 04 09 22 59 23 19
29 Flexural 0 135 180 144 O 4.9
30 Flexural 0 142 189 151 O 5.0
31 Flexural 0 146 195 156 O 4.8
32 Flexural 0 153 204 163 O 34
33 Flexural 0 115 153 122 O 4.8
34 Flexural 0 123 165 132 O 2.5
35 Flexural 0 135 179 143 O 2.6
36 Flexural 0 125 167 133 O 2.5
37 Flexural 0 133 177 142 O 5.0
38 Flexural 0 154 205 164 O 4.9
39 Flexural 0 151 202 162 O 5.3
40 Flexural 0 148 197 158 O 5.0
41 Flexural 0 159 213 170 O 5.0
42 Flexural 0 826 1102 881 0 06 15 41 7.0 26 3.7
43 Flexural 0 323 430 344 0 04 15 30 72 20 2.7
44 Flexural 0 94 125 100 O 05 19 3.7
45 Flexural 0 104 139 111 O 05 17 3.3
46 Flexural 0 93 124 100 O 05 1.2 24
47 Flexural 0 99 132 106 O 05 11 21
48 Flexural 0 98 130 104 O 04 14 23 65 17 1.8
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Behavior Database

Nuam. Failure mode Q 0 Qy Q max Q u R 0 R y R max R u" :uy Ha he /
Omax
kN kN kN % 0{1 0{1

49 Flexural 0 104 139 111 0 03 07 18 56 27 16
50 Flexural 0 106 141 113 0O 03 08 15 57 18 0.9
51 Flexural 0 94 125 100 O 02 05 11 51 22 0.9
52 Flexural 0 110 147 118 O 05 24 4.7

53 Flexural 0 110 146 117 O 05 17 34

54 Flexural 0 264 352 281 0 05 10 39 72 41 3.8
55 Flexural 0 388 517 414 0 05 11 40 81 37 3.6
56 Flexural 0 439 58 468 0 03 11 39 114 35 3.7
57 Flexural 0 204 272 218 0 04 10 40 98 4.0 3.9
58 Flexural 0 123 165 132 0 05 17 40 84 24 3.7
59 Flexural 0 121 162 129 0 04 12 29 73 25 2.3
60 Flexural 0 121 162 129 0O 04 13 23 55 18 1.9
61 Flexural 0 130 173 139 0 04 13 15 34 12 1.3
62 Flexural 0 133 177 178 0 06 15 31 51 21 4.4
63 Flexural 0 138 183 187 O 06 12 33 59 28 4.7
64 Flexural 0 146 195 184 0 06 19 42 74 22 4.4
65 Flexural 0 153 204 163 0 05 20 35 6.7 17 3.2
66 Flexural 0 151 201 212 O 06 21 6.2 104 3.0 6.0
67 Flexural 0 116 154 162 0O 06 19 47 76 25 4.4
68 Flexural 0 123 165 132 0O 05 16 28 6.0 18 25
69 Flexural 0 135 179 143 0 04 15 34 79 22 34
70 Flexural 0 125 167 133 0 03 15 27 79 18 2.3
71 Flexural 0 133 177 142 0 04 15 27 71 18 24
72 Flexural 0 128 171 204 0 04 12 49 120 4.2 51
73 Flexural 0 136 182 200 O 05 11 50 11.0 44 54
74 Flexural 0 140 187 197 0O 05 15 49 99 33 4.9
75 Flexural 0 146 195 179 0 03 11 30 99 27 2.7
76 Flexural 0 259 345 276 0O 07 17 36 49 21 3.1
77 Flexural 0 291 388 310 0 05 13 35 65 27 3.0
78 Flexural 0 323 431 345 0 04 16 20 57 12 1.7
79 Flexural 0 375 500 400 0O 03 08 12 35 14 14
80 Flexural 0 376 502 401 O 04 08 16 45 20 0.7
81 Flexural 0 145 193 193 0 07 28 30 45 11 25
82 Flexural 0 387 516 413 0 03 07 10 29 13 0.7
83 Flexural 0 382 510 408 0 04 08 15 42 19 1.0
84 Flexural 0 175 234 187 0O 03 09 23 69 25 0.9
85 Flexural 0 162 216 173 0 02 10 29 128 29 15
86 Flexural 0 150 200 160 O 03 10 3.0 105 29 14
87 Flexural 0 186 248 199 0 03 09 28 103 31 14
88 Flexural 0 315 420 336 0O 04 08 13 34 16 1.2
89 Flexural-with Shear Collapse 0 538 717 574 0 039 102 151 39 15 13
90 Flexural 0 307 410 328 0 041 071 420 101 59 35
91 Flexural 0O 440 587 470 0 034 074 501 146 6.8 43
92 Flexural 0 563 751 601 O 036 104 369 103 35 35
93 Flexural 0 279 373 298 0 039 095 097 25 1.0 0.4
94 Flexural 0 205 273 218 0 040 097 322 80 33 2.8
95 Flexural 0 430 573 458 0 034 096 512 152 54 4.8
96 Flexural 0 374 498 398 O 3.00

97 Flexural-with Shear Collapse 0 424 565 452 0 047 099 294 62 30 2.8
98 Flexural-with Shear Collapse 0 428 571 457 0 034 304 583 172 19 5.6
99 Flexural 0 422 562 450 O 033 424 667 201 16 6.3
100 Flexural-with Shear Collapse 0O 482 643 514 0 036 143 400 111 238 3.3
101 Flexural 0 487 649 519 O 150 6.67 45

I- 16



Behavior Database

Nuam. Failure mode Q 0 Qy Q max Q u R 0 Ry R max R u" :uy Ha he /
Omax
kN kN kN % 0{1 0{1

102 Other 0 647 863 690 0 026 100 526 206 5.2 4.7
103 Flexural-with Shear Collapse 0 593 790 632 O 0.86 1.92 2.2

104 Flexural-with Shear Collapse 0 63 847 678 0 031 099 435 139 44 3.2
105 Flexural 0 612 816 653 O 1.00 6.67 6.7

106 Other 0 551 734 587 O 1.00 1.59 1.6

107 Other 0O 559 745 596 0 019 100 2338 124 24 2.2
108 Flexural 0O 653 870 696 O 3.04 6.67 2.2

109 Other 0 770 1027 822 O 144 455 3.2

110 Flexural 0O 485 646 566 O 031 093 667 216 7.1 6.2
111 Flexural-with Shear Collapse 0 644 859 687 0 028 143 526 187 37 4.8
112 Flexural-with Shear Collapse 0O 652 89 695 0 028 094 250 88 26 2.3
113 Flexural-with Shear Collapse 0 484 645 516 0O 051 077 099 19 13 0.9
114 Flexural-with Shear Collapse 0 467 623 498 0 037 076 417 114 55 3.8
115 Flexural-with Shear Collapse 0O 486 648 518 0 026 093 500 189 54 5.0
116 Flexural-with Shear Collapse 0O 664 885 708 O 022 046 130 60 28 11
117 Flexural 0O 638 81 681 0 020 09 667 337 7.0 6.2
118 Flexural-with Shear Collapse 0 55 741 593 O 0.81 1.47 1.8

119 Flexural 0 278 371 367 0 043 083 667 154 7.6 6.5
120 Flexural 0 328 437 450 O 036 082 6.67 183 82 6.3
121 Flexural 0 371 495 424 0 028 086 6.67 238 7.7 6.1
122 Flexural-with Shear Collapse 0 321 428 342 0 026 129 200 7.7 15 2.0
123 Flexural-with Shear Collapse 0O 343 457 366 O 030 099 556 185 5.6 6.3
124 Flexural 0 461 614 491 O 091 6.67 7.3

125 Flexural 0 509 678 578 0 023 086 667 291 738 6.0
126 Flexural 0 489 652 522 O 0.71 6.67 9.4

127 Flexural 0 634 845 676 O 0.68 6.67 9.8

128 Flexural 0O 659 878 702 0 025 049 400 16.0 8.2 35
129 Flexural-with Shear Collapse 0 603 804 643 O 0.89 1.00 11

130 Flexural-with Shear Collapse 0 609 812 650 O 0.69 3.45 5.0

131 Flexural 0 251 33 267 O 038 118 400 6.7 27

132 Flexural 0 449 598 478 O 0.80 1.20 15

133 Flexural 0 602 803 642 0 027 055 347 127 6.3 3.7
134 Flexural-with Shear Collapse 0 0 0 0 0 6.50

135 Flexural-with Shear Collapse 0 106 141 113 O 3.30

136 Flexural-with Shear Collapse 0 101 134 107 O 3.30

137 Flexural-with Shear Collapse 0 106 141 113 O 2.50

138 Shear 0 9 126 101 O 052 145 291 57 20 2.6
139 Shear 0 117 1556 124 0 053 1.123 224 42 2 1.9
140 Shear 0 123 164 131 O 033 107 231 70 22 2.0
141 Shear 0 149 199 159 O 046 117 300 66 26 2.7
142 Shear 0 116 155 124 O 013 026 084 64 33 0.7
143 Shear 0 146 195 156 0 020 076 160 81 21 14
144 Shear 0 127 169 135 0 013 036 117 90 32 11
145 Shear 0 164 219 175 0 027 098 212 79 22 1.9
146 Shear 0 157 210 168 O 025 105 183 74 18 1.7
147 Shear 0 187 249 199 0 041 125 279 68 22 25
148 Shear 0 172 229 183 0 032 108 231 72 21 2.0
149 Shear 0 161 214 171 0 032 122 235 73 19 2.1
150 Shear 0 120 159 128 O 0.07 018 049 74 27 0.5
151 Shear 0 140 18 149 0 011 059 125 113 21 1.2
152 Shear 0 177 23 189 O 023 086 179 79 21 1.6
153 Shear 0 204 272 218 0 029 110 226 79 21 2.0
154 Shear 0O 364 48 389 0 036 108 180 50 17 15
155 Shear 0 392 523 418 0 027 049 137 50 28 1.2
156 Shear 0O 380 506 405 O 049 105 178 36 17 14
157 Shear 0O 58 78 628 0 029 060 158 55 26 1.3
158 Shear 0 50 67 54 0 038 084 150 40 18 1.2
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Behavior Database

Nuam. Failure mode Q 0 Qy Q max Q u R 0 R y R max R u" :uy Ha he /
Omax
kN kN kN % 0(1 0(1
159 Shear 0 72 97 77 0 044 09 225 51 23 19
160 Shear 0 9% 128 102 0O 030 0.78 125 42 16 11
161 Shear 0 106 142 114 0 021 047 059 29 12 0.4
162 Shear 0 94 125 100 O 015 030 057 37 19 0.5
163 Shear 0O 303 404 323 0 022 084 206 92 24 19
164 Shear 0 342 45 365 0 036 099 174 48 18 15
165 Shear 0 489 652 522 0 086 201 409 48 20 35
166 Shear 0 419 559 447 (0 048 173 311 64 18 2.6
167 Shear 0O 518 690 552 0 0.85 258 482 57 19 4.2
168 Shear 0 391 521 417 0 037 078 163 44 21 14
169 Shear 0 519 692 554 0 057 188 284 50 15 24
170 Shear 0O 430 573 459 0 037 119 269 73 23 25
171 Shear 0O 549 732 586 0 0.66 265 448 68 17 3.9
172 Shear 0 420 560 448 0 0.65 1.73 353 54 20 3.0
173 Shear 0 492 656 524 0 066 179 364 55 20 31
174 Shear 0O 402 536 429 0 029 089 106 37 12 0.8
175 Shear 0 417 557 445 (0 031 089 117 38 13 1.0
176 Shear 0O 467 623 499 0 040 090 210 52 23 19
177 Shear 0 474 632 506 0O 036 1.06 361 101 34 3.3
178 Shear 0 507 676 541 0 029 097 149 51 15 13
179 Shear 0 82 110 88 0 045 105 171 38 16 14
180 Shear 0 308 411 328 0 124 184 496 40 27 3.9
181 Shear 0 324 432 346 0 111 247 450 40 18 3.6
182 Shear 0 328 437 30 0 050 157 358 71 23 3.0
183 Shear 0O 375 500 400 O 040 099 161 40 16 13
184 Shear 0 234 313 250 0O 040 089 209 53 23 18
185 Shear 0 201 269 215 0 0.89 1.78 347 39 20 31
186 Shear 0 245 327 262 0 087 195 190 22 10 13
187 Shear 0O 259 346 277 0 048 085 104 22 12 0.7
188 Shear 0 135 180 144 0 0.62 165 387 62 23 3.2
189 Shear 0 161 215 172 0 0.18 093 192 108 21 1.7
190 Shear 0 184 246 197 0 015 044 091 62 20 0.8
191 Shear 0 198 265 212 0 014 038 092 64 24 0.8
192 Shear 0O 289 38 308 0 041 182 742 179 41 6.9
193 Shear 0 296 395 316 0 015 049 387 256 79 3.6
194 Shear 0O 468 624 499 0 022 051 101 47 20 0.9
195 Shear 0O 196 261 209 0 032 077 093 29 12 0.7
196 Shear 0 52 69 55 0 023 093 323 138 35 2.9
197 Shear 0 323 431 345 0 041 094 226 55 24 19
198 Shear 0 320 427 342 0 032 098 166 52 17 14
199 Shear 0 298 397 318 0 066 204 326 49 16 2.8
200 Shear 0 331 441 353 0 028 129 192 70 15 1.7
201 Shear 0O 413 550 440 0 043 097 125 29 13 1.0
202 Shear 0O 460 613 490 0 0.63 150 251 40 17 21
203 Shear 0O 401 535 428 0 026 050 111 42 22 0.9
204 Shear 0 504 672 538 0 025 044 109 43 25 0.9
205 Shear 0 573 764 611 0 036 052 077 21 15 0.6
206 Shear 0O 683 911 729 0 042 110 215 51 20 19
207 Shear 0O 745 993 794 0 030 141 261 87 19 2.3
208 Shear 0O 687 916 733 0 018 050 122 67 24 11
209 Shear 0 793 1057 846 0 056 191 319 57 17 2.8
210 Shear 0 57 76 61 0 067 179 197 30 11 1.6
211 Shear 0 143 191 153 0 024 063 088 36 14 0.7
212 Shear 0 151 201 161 O 034 063 081 23 13 0.6
213 Shear 0 159 212 170 O 040 088 115 29 13 0.9
214 Shear 0 524 699 559 0 026 075 285 108 3.8 13
215 Shear 0O 568 757 606 O 029 107 189 64 18 1.6
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Nuam. Failure mode Q 0 Qy Q max Q u R 0 Ry R max R u" :uy Ha he /
Omax
kN kN kN % 0(1 0(1
216 Shear 0O 750 1000 800 O 0.61 136 223 37 16 1.7
217 Shear 0 1721 2295 1922 O 0.67 156 235 35 15 15
218 Shear 0 176 234 187 0 039 094 138 35 15 1.6
219 Shear 0 173 230 184 0 036 094 124 34 13 1.0
220 Shear 0O 196 261 209 0 040 095 117 29 12 0.9
221 Shear 0 164 219 175 0 036 1.18 741 203 6.3 4.8
222 Shear 0 160 213 170 0O 040 146 257 65 18 2.3
223 Shear 0 131 174 139 0 031 143 764 248 54 7.2
224 Shear 0 167 222 178 0 0.07 030 076 10.7 26 0.7
225 Shear 0 198 264 211 0 0.09 053 101 109 19 0.9
226 Shear 0O 195 260 208 O 024 072 138 58 19 1.2
227 Shear 0 76 101 81 0 023 056 109 48 19 0.9
228 Shear 0 139 185 148 0 043 095 123 29 13 0.9
229 Shear 0 611 815 652 0 038 093 154 41 17 13
230 Shear 0 459 612 490 0 032 093 127 40 14 11
231 Shear 0 310 413 330 0 044 075 084 19 11 0.5
232 Shear 0 324 432 346 0 047 060 067 14 11 0.4
233 Shear 0 296 395 316 0 053 075 081 15 11 0.5
234 Shear 0 327 436 349 0 052 076 091 17 12 0.6
235 Shear 0O 33 447 358 0 0.8 156 229 26 15 1.7
236 Shear 0 326 434 347 0 044 074 128 29 17 1.0
237 Shear 0 218 290 232 0 028 063 178 64 28 1.6
238 Shear 0O 200 266 213 0 035 065 179 51 28 0.8
239 Shear 0O 345 460 368 0 033 091 149 44 16 1.2
240 Shear 0 237 316 253 0 023 039 070 31 18 0.6
241 Shear 0 244 326 260 0 019 056 095 51 17 0.6
242 Shear 0 270 360 288 0 019 042 079 42 19 0.7
243 Shear 0 202 269 215 0 040 090 127 32 14 1.0
244 Shear 0 203 271 217 0O 042 090 193 46 21 1.7
245 Shear 0 98 131 105 O 0.10 0.26 048 47 18 0.4
246 Shear 0 134 178 142 0 023 051 082 35 16 0.7
247 Shear 0O 200 266 213 0 035 078 109 31 14 0.9
248 Shear 0 220 293 234 0 021 075 129 62 17 11
249 Shear 0O 200 266 213 0 030 056 081 27 14 0.6
250 Shear 0O 649 865 692 0 033 055 164 50 3.0 14
251 Shear 0O 656 875 700 O 032 09 198 62 21 1.7
252 Shear 0 118 157 126 0 046 137 150 33 11 1.2
253 Shear 0O 180 240 192 0 0.61 113 132 21 12 0.9
254 Shear 0 204 272 218 0 042 106 187 44 18 15
255 Shear 0O 188 250 200 O 0.80 133 163 20 1.2 11
256 Shear 0 167 222 178 0 086 141 181 21 13 13
257 Shear 0 140 187 150 0O 0.09 0.17 067 73 39 0.6
258 Shear 0 184 245 19 0 014 041 085 61 21 0.7
259 Shear 0O 186 248 198 0 016 050 134 85 27 1.2
260 Shear 0 240 320 256 0O 018 0.76 129 70 17 11
261 Shear 0O 180 240 192 0 0.17 050 089 52 18 0.8
262 Shear 0O 188 250 200 O 020 048 095 47 20 0.8
263 Shear 0 200 266 213 0 024 080 132 55 16 1.2
264 Shear 0 225 300 240 0 033 106 210 63 20 19
265 Flexural 0 248 330 264 0 044 163 497 114 30 4.7
266 Shear 0O 258 344 275 0 025 093 128 51 14 11
267 Shear 0 203 271 217 0O 035 1.02 237 69 23 21
268 Shear 0 183 244 195 0O 034 102 213 63 21 19
269 Shear 0 975 1300 1040 O 0.28 0.63 153 54 24 13
270 Shear 0 523 697 558 0 035 09 161 46 17 13
271 Shear 0 116 155 124 0 0.07 0.73 127 180 1.7 1.2
272 Shear 0 105 140 112 0 0.05 024 077 141 31 0.7
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Behavior Database

Nuam. Failure mode Q 0 Qy Q max Q u R 0 Ry R max R u" :uy Ha he /
Omax
kN kN kN % 0(1 0(1
273 Shear 0 97 130 104 0O 0.09 054 151 169 28 14
274 Shear 0 101 135 108 O 019 052 086 46 17 0.7
275 Shear 0 670 894 715 0 019 059 105 57 18 0.9
276 Shear 0 209 279 223 0 0.05 030 064 136 21 0.6
277 Shear 0 176 234 187 0 010 032 111 11.7 35 1.0
278 Shear 0 165 220 176 0O 0.13 033 125 100 3.8 11
279 Shear 0 241 321 257 0O 043 095 156 37 17 1.2
280 Shear 0O 430 573 459 0 0.23 080 177 78 22 1.6
281 Shear 0O 468 624 499 0 025 102 171 67 17 15
282 Shear 0 503 670 53 0 021 049 094 45 19 0.8
283 Shear 0 520 694 555 0 018 048 131 71 27 1.2
284 Shear 0 513 684 547 0 026 062 224 87 36 2.0
285 Shear 0 517 689 551 0O 025 058 285 115 49 2.6
286 Shear 0O 795 1060 848 0 051 153 207 40 14 2.0
287 Shear 0 774 1033 826 0 055 179 214 39 12 2.6
288 Shear 0 761 1015 812 0 051 174 213 42 12 18
289 Shear 0 582 776 621 0 013 048 093 69 19 0.8
290 Shear 0 707 942 754 0 045 125 216 49 17 2.6
291 Shear 0 794 1059 847 0 040 128 416 104 33 3.4
292 Shear 0 112 150 120 0O 024 105 150 62 14 13
293 Shear 0 250 333 267 0 027 090 247 91 28 2.2
294 Shear 0 244 325 260 0O 038 138 249 66 18 2.2
295 Shear 0O 231 308 246 0 042 158 367 88 23 3.2
296 Shear 0 215 287 230 0 084 164 417 50 25 35
297 Shear 0 388 517 414 0 019 037 090 49 24 0.8
298 Shear 0O 248 330 264 0 020 040 106 54 26 0.9
299 Shear 0 168 224 179 0 047 102 133 28 13 1.0
300 Shear 0 177 235 188 0 048 101 155 32 15 1.2
301 Shear 0 184 245 196 0 049 097 158 32 16 13
302 Shear 0 196 262 209 0O 047 148 347 73 23 41
303 Shear 0O 188 250 200 O 0.60 145 436 72 3.0 3.8
304 Shear 0O 180 240 192 0 0.76 166 449 59 27 5.0
305 Shear 0O 140 186 149 0 0.68 125 234 35 19 19
306 Shear 0 594 792 633 0 0.09 025 063 67 26 0.6
307 Shear 0O 568 758 606 O 016 0.71 107 65 15 0.9
308 Shear 0 774 1032 826 0 017 058 111 65 19 1.0
309 Shear 0 772 1029 823 0 0.28 068 111 40 16 1.0
310 Shear 0 69 92 74 0 009 023 038 41 16 0.4
311 Shear 0 91 122 97 0 014 033 102 71 31 11
312 Shear 0 89 118 95 0 012 028 249 205 9.0 2.3
313 Shear 0 94 125 100 O 0.14 0.38 344 240 89 2.7
314 Shear 0 9% 127 102 0 015 044 256 165 59 2.3
315 Shear 0 94 126 100 O 0.15 0.39 441 286 11.2 2.8
316 Shear 0 117 130 122 0 0.26 1.00 326 125 33 31
317 Shear 0 84 112 90 0 015 094 353 242 38 29
318 Shear 0 89 119 95 0 016 071 376 232 53 2.9
319 Shear 0 110 146 117 0 0.28 136 378 135 28 3.0
320 Shear 0O 700 934 747 0 106 250 337 32 13 2.7
321 Shear 0O 598 798 638 0 081 198 295 37 15 2.4
322 Shear 0 684 912 730 0 1.09 281 49 46 18 4.2
323 Shear 0 707 943 754 0 054 132 189 35 14 15
324 Shear 0 627 836 669 0 051 110 204 40 19 1.7
325 Shear 0 759 1011 809 O 057 184 427 74 23 3.8
326 Shear 0 110 147 147 0 038 181 302 80 17 2.7
327 Shear 0 251 334 268 0 022 048 105 48 22 0.9
328 Shear 0 256 341 273 0 021 059 123 60 21 11
329 Shear 0 252 33 268 0 021 055 127 60 23 11
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Behavior Database

Nuam. Failure mode Q 0 Qy Q max Q u R 0 Ry R max R u" :uy Ha he /
Omax
kN kN kN % 0(1 0(1
330 Shear 0 253 337 270 0O 022 061 129 58 21 11
331 Shear 0 137 183 147 0 046 118 238 51 20 2.0
332 Shear 0 168 224 179 0 022 098 175 78 18 1.6
333 Shear 0 149 199 159 0 036 113 218 60 19 19
334 Shear 0 131 175 140 0 037 113 195 52 17 1.7
335 Shear 0 174 232 185 0 041 108 189 46 17 1.6
336 Shear 0 162 216 173 0 034 138 223 65 16 2.0
337 Shear 0O 154 206 165 O 031 072 082 27 11 0.6
338 Shear 0 195 260 208 O 022 061 124 57 20 11
339 Shear 0 197 263 210 0O 018 061 107 60 18 0.9
340 Shear 0 172 229 184 (0 016 048 131 81 27 1.2
341 Shear 0 195 260 208 O 019 049 055 30 11 0.4
342 Shear 0 206 274 219 0 027 067 093 34 14 0.7
343 Shear 0 201 268 214 0 029 085 127 44 15 11
344 Shear 0 210 280 224 0 022 067 096 44 14 0.8
345 Shear 0 131 175 140 0 149 266 699 47 26 5.8
346 Shear 0 185 247 198 0 033 113 180 54 16 15
347 Shear 0 164 219 175 0 054 124 264 49 21 2.3
348 Shear 0 159 212 169 0O 040 065 141 36 22 11
349 Shear 0 311 414 331 0 030 072 159 53 22 14
350 Shear 0 473 631 505 0O 086 205 353 41 17 3.0
351 Shear 0O 437 583 466 0 046 127 230 50 18 2.0
352 Shear 0 272 363 290 0 042 116 190 45 16 1.6
353 Shear 0 513 684 547 0 041 094 128 31 14 1.0
354 Shear 0 53 714 571 0 025 048 084 33 18 0.7
355 Shear 0O 559 745 596 0 039 1.03 453 115 44 4.0
356 Shear 0 574 765 612 0 043 164 552 129 34 51
357 Shear 0 552 735 588 0 049 105 204 42 19 1.6
358 Shear 0 581 775 620 0O 034 077 230 68 3.0 2.0
359 Shear 0 633 843 675 0 032 076 200 62 26 1.7
360 Shear 0 1020 1360 1088 O 0.52 1.02 097 18 09 0.3
361 Shear 0O 648 84 691 0 037 133 226 61 17 1.7
362 Shear 0O 740 987 789 0 034 128 195 57 15 1.7
363 Shear 0 695 927 741 0 030 147 260 86 18 18
364 Shear 0 714 952 762 0 055 183 310 57 17 2.7
365 Shear 0 9% 128 102 0 022 065 139 64 21 1.2
366 Shear 0 90 120 96 0 019 044 155 84 36 14
367 Shear 0 112 149 119 0 017 046 159 93 34 14
368 Shear 0 131 174 139 0 017 035 086 50 25 0.7
369 Shear 0O 375 500 400 O 031 078 093 30 12 0.7
370 Shear 0O 368 490 392 0 037 080 144 39 18 1.2
371 Shear 0 189 252 201 O 019 051 082 42 16 0.7
372 Shear 0 178 237 190 0 020 050 078 39 16 0.6
373 Flexural 0 279 372 298 0 034 097 285 85 29 45
374 Flexural 0 299 399 319 0 051 101 340 6.7 34 31
375 Flexural 0 318 424 339 0 064 201 616 97 31 5.9
376 Flexural 0 317 423 338 0 076 200 439 58 22 3.7
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Analysis

Shear Moment Factors
Num. osu | omu | vu | mu Kent- | Kent- Kent- | NewRC | Qsu / SRI Vu/ Ss7
Park | Park 1C | Park 2C ocC Omu Omu
kN kN kN kN*m  kN*m kN*m kN*m kN*m
1 129 127 104 38 38 38 41 102 233 082 154
2 362 335 496 176 194 179 190 179 108 250 148 1.79
3 392 414 496 217 221 198 219 187 095 210 120 172
4 412 392 496 206 219 189 231 169 105 166 1.27 158
5 322 414 424 217 205 188 212 185 0.78 093 102 115
6 353 414 476 217 212 191 215 186 085 140 115 141
7 489 566 737 297 286 247 271 241 086 191 130 139
8 524 532 737 279 275 228 296 219 099 151 139 1.27
9 143 183 122 83 81 78 83 76 0.78 0.72 0.67 116
10 151 102 122 46 59 54 68 48 148 029 120 0.62
11 160 212 150 95 92 88 94 88 0.75 0.68 0.71 1.09
12 171 107 150 48 0 0 73 0 160 027 140 0.58
13 149 185 150 83 86 83 87 83 0.80 0.78 081 112
14 482 454 669 318 357 209 215 344 106 093 147 1.28
15 482 454 669 318 250 209 215 344 106 093 147 128
16 476 504 766 303 290 265 273 305 094 220 152 151
17 573 544 794 327 277 227 221 376 105 134 146 122
18 578 548 807 329 284 233 225 378 106 148 147 1.29
19 364 518 298 311 281 257 304 279 0.70 032 058 0.57
20 358 326 481 147 171 140 165 142 110 053 148 0.76
21 267 171 241 77 110 98 101 81 15 121 141 150
22 413 326 586 147 194 155 177 143 127 114 180 111
23 385 326 566 147 181 147 170 143 118 080 174 093
24 413 326 586 147 194 155 177 143 127 114 180 111
25 102 121 124 36 42 39 40 37 084 216 103 170
26 112 97 123 29 52 47 46 35 115 121 126 1.30
27 77 36 122 11 19 18 19 18 211 242 336 172
28 112 97 121 29 52 47 46 37 115 118 124 1.28
29 133 176 189 53 60 55 57 48 0.75 174 107 135
30 143 176 189 53 65 56 61 52 082 149 108 1.28
31 143 155 189 46 69 61 63 50 093 126 122 118
32 143 134 189 40 70 60 62 47 107 106 141 1.05
33 107 136 147 41 47 44 44 40 079 241 108 182
34 113 135 147 40 50 46 46 41 084 206 109 1.73
35 113 121 147 36 52 47 47 41 093 175 121 159
36 113 108 147 32 53 48 46 39 105 147 136 143
37 125 147 182 44 52 47 48 43 0.85 323 124 203
38 133 147 182 44 56 50 51 44 091 277 124 192
39 133 131 182 39 59 52 52 45 101 234 139 177
40 133 115 182 35 60 54 51 43 115 197 158 159
41 133 115 182 35 60 54 51 43 115 197 158 159
42 541 548 938 329 479 464 473 505 099 131 171 090
43 275 334 343 125 133 112 111 129 082 140 103 0.89
44 133 145 146 44 45 41 38 42 092 082 101 096
45 143 167 146 50 51 46 43 48 086 0.72 0.88 0.93
46 153 176 146 53 57 51 43 51 0.87 0.62 0.83 0.88
a7 153 155 146 46 61 52 45 53 0.99 052 095 0281
48 146 145 161 44 45 42 39 42 100 122 111 117
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Analysis

Shear Moment Factors
Num. osu | omu | vu | Mu Kent- | Kent- Kent- | NewRC | Osu / SRI Vu/ SS7
Park | Park 1C | Park 2C oC Omu Omu
kN kN kN  kN*m  kN*m kN*m kN*m kN*m
49 156 167 161 50 52 a7 44 48 0.93 1.08 097 1.14
50 166 176 161 53 59 52 45 52 094 093 092 1.08
51 166 155 161 46 63 54 a7 54 1.07 0.78 104 1.00
52 166 167 169 50 53 a7 44 48 1.00 144 101 1.32
53 176 176 169 53 61 53 46 52 1.00 124 096 1.25
54 295 245 454 221 285 279 283 306 1.20 067 185 1.14
55 437 462 790 416 394 357 375 424 0.94 144 171 173
56 548 575 867 517 384 341 331 473 0.95 194 151 216
57 324 148 814 134 200 195 196 207 2.19 147 549 1.69
58 109 163 118 49 54 50 43 52 0.67 093 0.72 1.07
59 113 142 118 43 58 50 45 54 0.80 0.76 083 0.99
60 113 122 118 37 59 53 42 53 093 0.62 097 0.87
61 113 103 118 31 57 51 39 51 1.10 051 114 0.75
62 131 172 189 52 59 54 56 48 0.76 177 110 1.35
63 140 182 189 b5 64 56 60 a7 0.77 155 1.04 1.30
64 143 161 189 48 68 56 63 51 0.89 131 117 1.20
65 143 142 189 43 70 61 63 49 1.01 1.12 133 1.10
66 133 88 182 26 59 51 48 39 1.50 146 2.06 1.23
67 113 127 147 38 51 a7 a7 42 0.89 184 116 1.64
68 113 106 147 32 53 48 46 39 1.07 142 138 1.40
69 113 86 147 26 51 46 44 36 1.32 1.10 171 1.13
70 113 65 147 20 49 43 283 31 1.73 087 225 0.87
71 132 148 182 44 55 50 50 44 089 279 123 1.93
72 133 128 182 38 60 52 52 45 1.04 224 143 173
73 133 107 182 32 61 53 50 42 1.24 1.79 170 1.48
74 133 88 182 26 59 51 48 39 1.50 146 206 1.23
75 154 158 220 59 63 59 61 59 0.97 212 139 178
76 172 249 289 81 116 112 115 112 0.69 208 116 0.99
77 172 249 289 81 116 112 115 112 0.69 208 116 0.99
78 295 495 385 160 157 140 145 134 0.60 1.23 0.78 0.89
79 263 324 384 105 147 122 129 133 0.81 058 119 051
80 269 317 391 102 146 119 127 132 0.85 055 123 048
81 149 70 421 23 63 60 61 61 2.14 1.37 6.03 0.86
82 293 331 421 107 158 127 137 138 0.88 0.63 127 051
83 293 331 421 107 158 127 137 138 0.88 0.63 127 051
84 180 167 254 63 80 72 70 71 1.08 142 152 151
85 178 199 262 75 78 72 73 71 0.90 1.80 131 1.66
86 176 169 304 63 69 64 66 64 1.04 295 179 204
87 220 239 357 90 95 83 88 81 0.92 227 149 173
88 296 266 384 120 150 127 148 124 1.11 0.77 144 0.98
89 466 602 389 271 273 223 234 260 0.77 1.10 0.65 0.69
90 349 272 445 122 177 143 162 129 1.28 152 164 1.36
91 441 538 582 242 244 194 204 219 0.82 209 108 1.22
92 519 600 409 270 280 229 238 260 0.86 220 068 0.96
93 330 717 371 179 184 159 174 156 0.46 1.64 052 0.67
94 237 247 295 111 120 110 113 111 0.96 237 120 177
95 430 578 589 295 270 222 238 260 0.74 151 1.02 1.17
96 334 368 492 166 232 180 196 202 0.91 099 134 0.74
97 402 466 556 245 246 213 248 242 0.86 0.72 119 0.73
98 421 466 630 245 248 214 248 242 0.90 096 135 0.84
99 452 466 725 245 251 216 249 242 0.97 145 155 1.03
100 463 546 651 286 289 254 274 279 0.85 094 119 0.77
101 494 546 748 286 292 257 275 279 0.90 141 137 094

I- 23




Analysis

Shear Moment Factors
Num. osu | omu | v | mu Kent- | Kent- Kent- | NewRC | Qsu / SRI Vu/ SS7
Park | Park 1C | Park 2C ocC Omu Omu
kN kN kN  kN*m  kN*m kN*m kN*m kN*m
102 671 716 863 376 354 255 353 280 0.94 140 121 102
103 630 789 521 414 407 345 373 396 0.80 087 0.66 0.58
104 661 789 609 414 411 346 374 396 084 130 0.77 0.72
105 699 789 666 414 415 348 376 396 089 195 0.84 0.88
106 546 765 651 401 345 275 325 317 071 079 085 0.74
107 577 765 748 401 352 283 330 317 0.75 118 098 0091
108 615 765 863 401 370 292 336 312 080 177 113 111
109 774 1048 783 550 480 360 445 405 0.74 167 075 0.90
110 529 560 836 294 301 264 282 286 0.94 210 149 113
111 615 786 836 412 377 293 342 320 0.78 177 106 1.09
112 672 735 836 386 358 258 353 287 091 139 114 1.00
113 423 560 428 294 293 256 277 286 0.76 051 0.76 0.56
114 464 560 640 294 296 259 279 286 0.83 093 114 0.76
115 502 560 715 294 298 262 281 286 0.90 093 128 0.76
116 612 735 706 386 330 235 343 287 083 076 096 0.74
117 731 735 886 386 389 279 375 288 099 139 120 1.00
118 589 786 715 412 361 287 337 320 075 0.78 091 0.73
119 362 335 496 176 194 179 190 179 108 250 148 179
120 392 414 496 217 221 198 219 187 095 210 120 172
121 412 392 496 206 219 189 231 169 105 166 127 158
122 322 414 424 217 205 188 212 185 0.78 093 102 115
123 353 414 476 217 212 191 215 186 085 140 115 141
124 489 566 737 297 286 247 271 241 086 191 130 139
125 524 532 737 279 275 228 296 219 0.99 151 139 127
126 585 612 872 321 328 283 303 311 0.96 205 142 105
127 683 870 872 457 417 316 377 352 079 173 100 102
128 749 814 872 427 399 276 388 316 092 136 107 0.93
129 613 870 654 457 389 301 364 352 0.70 0.77 0.75 0.68
130 645 870 753 457 398 309 370 352 0.74 115 087 0.83
131 303 301 462 241 220 198 212 237 101 090 153 153
132 412 602 494 241 220 198 212 237 0.68 090 0.82 0.80
133 623 697 1011 492 466 423 451 486 089 134 145 110
134 145 139  #N/A 42 64 62 62 64 1.05 1.03 #N/A 153
135 161 225  #N/A 67 79 75 75 77 0.72 098 #N/A 153
136 161 225  #N/A 67 79 75 75 77 0.72 098 #N/A 153
137 161 225  #N/A 67 79 75 75 77 0.72 098 #N/A 153
138 74 114 98 34 45 44 42 44 0.65 080 0.86 0.87
139 88 155 98 47 54 51 48 52 057 065 063 0.84
140 141 237 138 71 95 92 92 94 059 050 058 0.50
141 156 237 201 71 95 93 93 95 0.66 098 085 0.70
142 129 316 93 95 102 102 102 105 041 0.00 030 0.00
143 158 316 141 95 106 103 103 105 0.50 047 044 049
144 163 317 145 95 108 105 104 107 051 045 046 047
145 170 316 199 95 106 103 103 105 054 096 0.63 0.70
146 173 316 203 95 108 104 104 106 055 093 0.64 0.68
147 176 317 206 95 109 105 104 106 056 091 0.65 0.66
148 178 384 204 115 127 123 123 125 046 092 053 0.64
149 149 215 203 64 77 73 73 74 0.70 093 094 0.79
150 145 373 94 112 110 110 110 114 039 0.00 0.25 0.00
151 169 372 136 112 114 111 110 113 045 043 036 0.50
152 190 376 204 113 119 114 113 116 050 083 054 0.67
153 200 377 248 113 120 112 111 116 053 116 066 0.78
154 345 584 422 199 209 186 189 205 059 045 0.72 042
155 391 650 415 222 219 188 215 205 0.60 035 0.64 040
156 339 537 503 184 199 180 180 190 0.63 094 094 064
157 528 755 642 258 273 220 285 230 0.70 0.64 085 0.46
158 48 53 61 12 22 22 21 22 091 033 116 044
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Analysis

Shear Moment Factors
Num. osu | omu | v | mu Kent- | Kent- Kent- | NewRC | Qsu / SRI Vu/ SS7
Park | Park 1C | Park 2C ocC Omu Omu
kN kN kN  kN*m  kN*m kN*m kN*m kN*m
159 53 69 61 15 27 27 26 27 0.77 033 089 044
160 65 126 61 28 38 36 33 37 051 030 049 043
161 75 151 61 34 43 41 34 42 049 024 041 041
162 78 137 61 31 45 41 37 44 057 021 045 0.39
163 217 350 294 96 105 92 100 85 0.62 261 084 119
164 367 792 343 356 328 278 305 046 0.60 043 0.51
165 409 792 501 356 333 283 304 052 151 063 0.81
166 407 792 484 356 332 282 304 051 119 061 0.72
167 480 792 572 356 369 296 304 0.61 269 072 108
168 426 945 343 425 321 264 300 045 051 036 0.50
169 469 945 501 425 329 270 300 050 129 053 0.78
170 466 945 484 425 328 269 300 049 102 051 0.70
171 540 945 572 425 357 282 300 057 229 060 105
172 369 864 474 389 312 268 286 043 0.76 055 0.62
173 414 864 556 389 333 274 286 048 157 064 0.89
174 399 994 376 447 298 253 273 040 043 038 049
175 420 994 434 447 315 257 273 042 065 044 0.60
176 420 994 474 447 300 254 273 042 065 048 0.60
177 464 994 556 447 322 265 273 047 134 056 0.86
178 439 711 562 355 362 314 375 340 0.62 092 0.79 0.78
179 131 203 75 64 79 78 78 79 0.64 016 037 0.57
180 210 333 454 150 193 181 190 0.63 081 136 0.78
181 260 471 454 212 250 216 223 055 088 096 0.78
182 310 671 454 302 232 205 212 046 081 0.68 0.77
183 359 789 454 355 228 195 206 046 066 057 0.74
184 218 557 193 111 110 96 101 039 120 035 0.58
185 171 320 193 64 84 77 83 053 152 0.60 0.60
186 194 464 193 93 102 91 99 042 143 042 0.60
187 233 450 193 90 108 90 98 052 0.73 043 045
188 153 320 122 64 83 77 83 048 0.76 038 043
189 177 461 122 92 100 90 99 038 0.72 0.27 043
190 200 553 122 111 108 94 100 036 0.60 0.22 041
191 215 448 122 90 104 87 97 048 037 0.27 0.32
192 214 461 255 92 103 92 99 046 286 055 0.85
193 252 448 255 90 116 94 97 056 147 057 0.64
194 439 697 356 523 433 420 520 431 0.63 027 051 0.59
195 153 223 114 100 101 98 101 101 0.69 025 051 0.60
196 56 85 42 19 21 20 19 21 0.65 057 050 0.77
197 337 603 316 362 306 296 300 056 0.68 052 0.90
198 301 647 397 291 261 233 237 047 086 061 0.1
199 219 527 273 237 211 194 190 041 096 052 102
200 307 560 450 252 289 265 283 055 099 080 0.69
201 396 802 455 361 321 265 287 049 079 057 0.64
202 396 802 455 361 321 265 287 049 079 057 064
203 501 705 710 317 323 250 268 071 164 101 094
204 577 1126 225 507 433 339 393 051 034 020 031
205 606 1126 302 507 451 343 393 054 068 0.27 044
206 606 1126 302 507 451 343 393 054 068 0.27 044
207 625 1126 329 507 457 355 393 055 097 029 0.53
208 742 1689 302 507 451 343 393 044 068 018 0.31
209 660 1040 564 468 452 343 362 0.63 209 054 0.83
210 53 75 41 30 34 34 32 35 071 028 055 0.79
211 136 208 80 94 94 92 95 94 0.65 0.26 0.38 0.63
212 136 208 80 94 94 92 95 94 0.65 0.26 0.38 0.63
213 136 208 80 94 94 92 95 94 0.65 0.26 0.38 0.63
214 568 1592 641 1122 662 625 650 036 059 040 0.68
215 568 1592 616 1122 666 627 650 036 059 039 0.68
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Analysis

Shear Moment Factors
Num. osu | omu | vu | Mu Kent- | Kent- Kent- | NewRC | Osu / SRI Vu/ SS7
Park | Park 1C | Park 2C ocC Omu Omu
kN kN kN  kN*m  kN*m kN*m kN*m kN*m
216 608 2249 978 1585 953 866 881 027 122 043 0.87
217 1293 2891 2337 3036 1731 1622 1680 045 110 081 094
218 164 241 150 145 147 138 147 145 0.68 044 062 0.90
219 150 241 100 145 144 137 146 145 0.62 022 042 064
220 182 275 150 165 154 136 149 150 0.66 039 054 0.88
221 156 195 147 117 118 111 118 116 080 044 075 1.00
222 147 195 117 117 117 110 117 116 0.75 030 0.60 0.82
223 138 156 115 93 91 88 90 91 089 030 0.74 0.93
224 211 431 158 129 133 128 134 131 049 051 037 0.53
225 226 490 158 147 139 129 139 135 046 045 032 0.52
226 198 319 153 96 98 95 98 96 0.62 051 048 0.59
227 85 135 60 68 70 70 70 71 0.63 0.18 0.44 0.63
228 122 174 88 87 85 80 79 84 0.70 032 050 0.83
229 462 761 584 278 264 224 239 234 0.61 166 0.77 0.90
230 339 588 415 212 204 182 191 181 058 123 0.70 0.85
231 271 404 185 303 276 269 320 276 0.67 028 046 0.73
232 271 404 185 303 276 269 320 276 0.67 028 046 0.73
233 271 404 185 303 276 269 320 276 0.67 028 046 0.73
234 271 404 185 303 276 269 320 276 0.67 028 046 0.73
235 302 404 286 303 283 272 321 276 0.75 057 071 103
236 302 404 286 303 283 272 321 276 0.75 057 071 103
237 159 243 155 109 112 108 114 109 0.65 051 064 0.84
238 187 204 167 92 107 99 119 101 0.92 030 082 0.62
239 240 377 213 170 164 141 86 162 0.64 035 056 0.57
240 209 397 180 119 120 115 122 117 053 049 045 0.55
241 225 306 182 92 107 99 119 101 0.73 030 059 043
242 236 437 186 262 269 262 299 264 054 044 042 0.76
243 153 233 114 105 104 101 104 104 0.66 024 049 0.59
244 197 234 210 105 110 103 106 105 084 127 090 133
245 115 200 85 50 52 51 51 52 058 019 043 0.38
246 147 251 116 63 65 62 61 65 058 0.14 046 0.30
247 170 282 147 127 131 127 132 130 0.60 048 052 0.74
248 185 321 147 144 138 129 139 135 0.58 043 046 0.72
249 185 321 147 144 138 129 139 135 058 043 046 0.72
250 837 1342 -115 604 492 371 409 0.62 082 -0.09 047
251 837 1338 -115 602 492 371 420 0.63 082 -0.09 047
252 123 437 176 262 274 270 272 028 040 040 0.69
253 209 599 272 359 312 288 293 035 088 045 0.96
254 240 686 269 412 280 267 273 035 083 039 0.98
255 169 504 269 302 309 301 304 034 089 053 100
256 134 409 272 245 259 255 258 033 075 066 0.98
257 187 286 176 86 106 106 110 111 0.65 0.00 0.61 0.00
258 230 286 223 86 112 106 110 111 0.80 032 0.78 0.89
259 245 286 262 86 112 106 110 111 086 049 091 110
260 256 433 231 130 119 111 118 115 059 094 053 0.79
261 160 291 132 131 137 131 139 137 055 031 045 061
262 160 291 132 131 137 131 139 137 055 031 045 061
263 184 289 223 130 140 131 138 134 0.63 097 0.77 1.09
264 184 289 223 130 140 131 138 134 0.63 097 0.77 1.09
265 211 289 310 130 142 132 135 139 0.73 194 107 155
266 250 427 223 128 117 109 116 112 059 097 052 081
267 133 165 189 74 87 78 77 82 081 096 115 131
268 134 167 192 75 88 79 78 83 0.80 094 115 129
269 1195 2316 76 834 676 519 584 052 110 0.03 0.39
270 435 578 489 347 314 247 277 282 0.75 095 085 0091
271 133 237 104 44 48 46 46 47 056 051 044 050
272 133 237 104 44 48 46 46 47 056 051 044 050
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Analysis

Shear Moment Factors
Num. osu | omu | vu | Mu Kent- | Kent- Kent- | NewRC | Osu / SRI Vu/ SS7
Park | Park 1C | Park 2C ocC Omu Omu
kN kN kN  kN*m  kN*m kN*m kN*m kN*m
273 108 165 86 41 44 43 43 43 0.66 053 052 0.68
274 113 167 95 42 45 44 44 45 0.68 053 057 0.66
275 649 1358 251 475 411 307 357 048 109 019 048
276 241 333 229 117 103 99 131 96 0.72 051 069 133
277 273 382 217 191 161 156 189 152 0.72 057 057 169
278 257 380 220 238 204 201 235 197 0.67 057 058 1093
279 250 286 253 114 134 108 113 120 0.88 082 088 0091
280 393 672 504 235 230 192 217 223 058 0.64 0.75 0.53
281 412 672 598 235 233 194 219 223 0.61 101 0.89 0.66
282 459 666 504 233 238 185 229 218 0.69 045 0.76 0.46
283 477 666 598 233 247 192 235 218 0.72 070 090 0.58
284 494 511 610 230 274 195 231 226 0.97 073 119 0.66
285 496 513 610 231 275 196 232 227 0.97 073 119 0.65
286 587 819 935 491 540 522 530 596 072 128 114 0.90
287 590 822 938 493 542 524 532 598 072 127 114 0.89
288 590 822 938 493 542 538 532 598 072 127 114 0.89
289 579 1037 612 622 580 535 658 562 056 059 059 0.63
290 640 1037 938 622 589 541 564 662 0.62 1.17 091 0.89
291 650 1037 987 622 590 542 564 663 0.63 129 095 0.93
292 82 155 69 47 56 54 49 55 053 025 044 050
293 154 322 211 64 91 78 83 048 085 0.66 0.54
294 154 384 211 77 93 82 86 040 120 055 0.66
295 132 364 211 73 93 83 91 036 158 058 0.72
296 111 224 211 45 84 73 76 050 1.77 094 0.72
297 #NIA 447 543 223 363 353 406 358 #N/A 059 1.22 058
298 218 378 185 170 161 156 176 160 0.58 030 049 0.58
299 163 257 119 141 141 134 144 141 0.64 022 046 057
300 182 257 154 141 143 135 136 141 0.71 053 0.60 0.89
301 204 257 237 141 146 137 138 141 079 106 092 126
302 186 462 230 138 175 156 172 040 117 050 0.78
303 171 404 230 121 159 154 156 042 114 057 0.78
304 150 346 214 104 139 137 138 043 109 062 0.84
305 133 346 167 104 139 137 138 038 054 048 0.58
306 566 1228 479 491 434 392 469 420 046 021 039 0.28
307 610 1228 638 491 461 405 483 420 050 042 052 0.39
308 644 1228 727 491 475 415 492 420 052 0.63 059 048
309 673 1228 805 491 488 423 499 421 055 084 066 0.55
310 72 229  #N/A 86 85 85 85 84 031 0.00 #N/A 0.00
311 129 241 97 91 91 89 89 89 053 0.28 040 0.56
312 134 241 109 91 91 89 89 89 056 035 045 0.62
313 142 241 126 91 92 89 89 89 059 046 052 0.72
314 130 241 112 91 91 89 89 89 054 046 046 0.72
315 134 241 120 91 92 89 89 89 056 055 050 0.79
316 145 241 138 91 92 89 89 89 0.60 0.79 057 094
317 118 229 99 86 86 85 85 85 052 121 043 120
318 123 229 108 86 87 85 85 85 054 152 047 134
319 131 229 120 86 87 85 85 85 057 202 053 155
320 554 963 349 434 435 346 375 057 112 036 0.56
321 544 963 256 434 430 345 387 056 093 0.27 051
322 597 963 349 434 441 351 375 0.62 210 036 0.76
323 672 1248 349 561 433 330 382 0.54 090 0.28 0.53
324 662 1248 256 561 428 329 382 053 0.76 0.21 048
325 716 1248 349 561 454 347 382 057 170 0.28 0.73
326 115 61 -341 36 81 80 79 81 190 095 -563 1.00
327 169 260 217 156 260 249 166 258 0.65 0.63 0.83 0.90
328 169 259 216 156 260 249 165 258 0.65 0.63 0.83 0091
329 169 259 216 156 260 249 165 258 0.65 0.63 0.83 0091
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Analysis

Shear Moment Factors
Num. osu | omu | vu | Mu Kent- | Kent- Kent- | NewRC | Osu / SRI Vu/ SS7
Park | Park 1C | Park 2C ocC Omu Omu
kN kN kN  kN*m  kN*m kN*m kN*m kN*m
330 166 254 214 152 260 249 162 258 0.65 0.65 0.84 0.92
331 87 123 142 55 101 97 97 100 071 066 116 0.86
332 119 244 152 73 111 106 106 109 049 060 0.62 0.58
333 98 161 140 73 110 105 105 108 0.61 0.61 0.87 0.87
334 89 129 119 58 98 94 93 94 0.68 0.66 092 1.05
335 108 169 155 76 118 108 107 117 0.64 052 092 0.71
336 150 437 128 131 146 144 146 034 038 029 048
337 123 139 169 63 106 104 106 105 0.88 064 121 0.82
338 146 240 169 108 133 126 132 128 0.61 059 070 0.81
339 170 297 169 134 141 135 141 137 0.57 048 057 0.77
340 180 334 211 150 166 163 176 165 054 0.70 0.63 0.65
341 178 314 133 141 132 123 133 129 057 035 042 0.67
342 178 314 133 141 132 123 133 129 057 035 042 0.67
343 195 314 188 141 136 125 135 129 0.62 0.70 0.60 0.95
344 195 314 188 141 136 125 135 129 0.62 0.70 0.60 0.95
345 119 360 140 90 119 115 118 033 084 039 0.62
346 183 549 144 137 110 103 105 033 049 026 051
347 136 414 144 103 133 118 119 033 085 035 0.60
348 138 414 146 103 133 118 120 033 084 035 0.59
349 487 1395 285 419 357 345 424 351 035 035 020 061
350 382 758 490 341 319 279 303 050 145 065 0.82
351 451 932 490 419 318 258 282 048 119 053 0.79
352 234 493 400 246 222 204 209 214 047 132 081 121
353 429 806 416 323 271 215 241 247 053 0.70 052 0.58
354 457 660 416 264 256 182 219 233 0.69 043 063 043
355 524 753 515 339 331 259 279 293 0.70 096 0.68 0.66
356 515 734 569 330 324 248 271 283 0.70 156 0.78 0.87
357 566 663 529 298 332 238 274 275 085 0.77 080 0.62
358 576 701 513 315 340 244 281 289 082 108 073 0.71
359 624 820 503 369 341 247 292 0.76 080 0.61 0.65
360 984 2150 802 1720 1378 1328 1381 046 0.68 037 0.34
361 1134 1251 843 2001 1091 975 1027 091 064 0.67 0.68
362 1304 1271 926 2034 1334 1274 1126 103 129 0.73 0.90
363 1302 1267 926 2027 1336 1277 1129 1.03 129 0.73 0.90
364 1231 1254 1007 2006 1297 1054 1042 098 129 080 0.95
365 89 148 84 33 49 44 39 48 0.60 0.34 057 047
366 81 158 83 36 45 40 36 44 051 043 052 0.52
367 102 199 95 45 55 51 40 54 051 033 048 041
368 113 212 101 48 59 51 45 58 053 031 048 0.35
369 293 358 421 116 158 125 137 140 082 063 117 0.52
370 293 358 421 116 158 125 137 140 082 063 117 0.52
371 179 200 129 90 94 88 104 89 0.89 027 0.64 0.66
372 190 212 136 95 98 92 110 94 0.90 026 064 0.64
373 355 354 410 194 158 136 187 134 100 078 116 125
374 323 288 390 140 156 134 130 176 112 119 136 127
375 321 403 411 196 180 165 163 195 080 084 102 111
376 303 323 406 178 171 153 148 188 0.94 077 126 0.97
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APPENDIX 2
Lateral Force- Lateral Drift Angle
Relationship
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