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ABSTRACT

COST OPTIMUM DESIGN OF REINFORCED CONCRETE BRIDGE
PIERS FOR STANDARD HIGHWAY BRIDGES

Orak, Celil
Master of Science, Civil Engineering
Supervisor : Prof. Dr. Baris Binici

February 2022, 108 pages

Bridges are among the most important cost items of transportation projects in Turkey
and in the world. In bridge engineering, superstructures are designed with
optimization through years of experience. However, the same is not true for
infrastructre elements such as piers. The evaluation of the bridge piers,built in
Turkey and around the world, considering structural design shows that they are
"overdesign" elements suitable for optimization. The ratio of the cost of the piers to
the total bridge cost is around 10-15%. Bridge piers are generally built with
reinforced concrete similar to other infrastructure. An economical design is obtained
using trial and error method: the most economical design in question is a work that
requires a lot of time. In this thesis, it is shown that a more economical design of
standard highway bridge columns is possible quickly with the prepared bridge
column optimization tool. For this tool, 14630 different reinforced concrete column
sections were collected in the dataset. The loads acting on the bridge columns,
displacement demands and various bridge parameters are given by the user as input

to the program, and under these demands, the most economical column in the dataset



is determined. Within the scope of the study, 11 actual bridges were examined and

more economical columns were designed with the proposed optimization tool.

Keywords: Bridge, Column, Optimization, Seismic Design, Optimum Design
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STANDART KARAYOLU KOPRULERI iCIN BETONARME
KOLONLARININ EN EKONOMIK TASARIMI

Orak, Celil
Yiiksek Lisans, insaat Miihendisligi
Tez Yoneticisi: Prof. Dr. Barig Binici

Subat 2022, 108 sayfa

Tiirkiye’de ve diinyada koprii maliyeti ulagtirma projelerinin en 6nemli maliyet
kalemleri arasinda yer almaktadir. Koprii mithendisliginde koprii iist yapilar1 uzun
yillara dayanan tecriibelerle optimize edilerek tasarlanmaktadir. Fakat ayni durum
altyap1 elemani olan kolonlar i¢in gecerli degildir. Koprii kolonlar1 hem tilkemizde
hem diinyada yapisal tasarim agisindan degerlendirildiginde “asir1 tasarim”
elemanlardir ve optimize edilmeye miisaittir. K&prii kolon maliyetlerinin toplam
koprii maliyetlerine oran1 %10-15 mertebesindedir. Koprii altyapilarinda genellikle
betonarme kolonlar tercih edilmektedir. Koprii miihendisleri i¢in betonarme
kolonlarin en ekonomik tasarimi, deneme yanilma yontemiyle miimkiindiir ve s6z
konusu en ekonomik tasarima ulagsma olduk¢a zaman gerektiren bir ¢alismadir. Bu
tez calismasinda hazirlanan koprii kolonu eniyileme araciyla standart karayolu koprii
kolonlarinin daha ekonomik tasariminin hizli sekilde miimkiin olacagi
gosterilmektedir. Bu ara¢ i¢in 14630 adet farkli betonarme kolon kesiti veri
havuzunda toplanmistir. Kullanici tarafindan koprii kolonlarina etkiyen yiikler, yer
degistirme talepleri ve gesitli koprii parametreleri programa girdi olarak verilmekte

ve bu talepler altinda veri seti havuzundaki en ekonomik kolon c¢ikti olarak

vil



almabilmektedir. Calisma kapsaminda 11 adet mevcut koprii yapisi incelenmis ve

onerilen eniyileme araci ile daha ekonomik kolonlar tasarlanmistir.

Anahtar Kelimeler: Koprii, Kolon, Eniyileme, Sismik tasarim, En Ekonomik

Tasarim
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CHAPTER 1

INTRODUCTION

Bridges have been the most important focus of civil engineering for centuries. Aside
from their functional role, they form crucial symbols and landmarks for the region
they are built in. The key purpose of bridges is connecting two locations and serving
as lifelines for the transportation infrastructure. Since they are of vital importance
due to the needs of society, they should be designed to be safe under extreme effects.
Bridges are expensive investments along with the tunnels among the civil
engineering highway projects. Economically designed bridges and viaducts are
important in reducing the cost of public transportation. In the upcoming sections of
this study, cost details will be presented for typical bridges, after a brief introduction

to bridge design in the next sections.

1.1 General Bridge Design in Turkey

Bridges differ from buildings as they are designed to accommodate unique design
specifications. With the introduction of the Turkish Bridge Earthquake Specification
(2020), Turkish bridge engineers were provided with the local bridge design code.
In the past, standard highway bridges in Turkey were designed according to the
AASHTO, American standards. AASHTO design is based on a load and resistance
factor approach for the standard highway bridges. However, the new Turkish bridge
specification includes load and resistance factor design as the primary design
approach and prescribes performance based design for more detailed evaluation.

Although there are large similarities in the principles used in the two specifications,



there are also some differences. The standard highway bridge design according to

these two specifications will be briefly described below.

1.2 Design Based on AASHTO

In the preliminary design, the initial dimensions of the substructures and
superstructures are determined based on past experience complying with the
geographical constraints Bridges are analyzed with these initial dimensions under
the required loads to calculate the internal force and deformation demands.
Following the load and resistance factor approach the resistance is adjusted through
reinforcement amount such that it is larger than the demands. This applies to both
substructures and superstructures i.e. girders, piers, foundations, piles, abutments,
cap beams, etc. This thesis focuses on bridge pier design and the design method

discussed hereafter is particular to reinforced concrete(RC) bridge columns.

RC bridge column internal force demands are axial loads, moments and shear forces
in two perpendicular directions. These demands are calculated according to the load

combinations given in Table 1-1.

Table 1-1 Governing Combinations for Column Design according to AASHTO LRFD

Dead Load Live Load EQx EQy
Strength I 1.25 1.75 0.00 0.00
Strength IV 1.50 0.00 0.00 0.00
Extreme Event 1a 1.25 0.50 +1.00 +0.30
Extreme Event 1b 1.25 0.50 +0.30 +1.00
Extreme Event 1c 0.90 0.50 +1.00 +0.30
Extreme Event 1d 0.90 0.50 +0.30 +1.00

In column design slenderness effect of column must be taken into consideration,

AASHTO proposes an approximate method for slenderness effect. It is assumed that;



Kl
" = < 22 — slenderness can be neglected (1.1a)
K=*1, T .
22 > > 100 - moment magnification factor will be used (1.1b)
K=xl , ,
> 100 - out of scope of this thesis (1.1c)
where,

K= effective length factor

l,,= unsupported length of column

r=radius of gyration

Factored moments should be increased according to the following equation:
M, = 6, * My, + 65 x Myg (1.2)

where,

M,,=Moment on column due to factored gravity loads that result in no

appreciable sidesway calculated by first-order elastic frame analysis

M,,=Moment on column due to factored lateral or gravity loads that result in

sidesway calculated by first-order elastic frame analysis

C

5,,=—"‘Puz 1.0 (1.3a)
1_®K*Pe

= >

S 7 > 1.0 (1.3b)
Dk * X P

where,
@,=0.75 for concrete columns

P,=factored axial load



My
Crn = 0.6+ 045

2b

(for column braced against sidesway) (1.4)

C,, = 1 (for other cases)
where,

M, M,p=smaller and larger end moments respectively

P = w2 x El r
e — (K * lu)z ( . )
Where,
E.*1y, E.* 1,
s*ls —5©
El = max : (1.6)

1+ 8, 14 By

[s=ratio between factored permanent load moment and factored total moment (must

be positive)

Effective length factor ‘K’ has an important role in column design, Mathematically,

it is defined with the equation given below.

oo P |mreEL
= B e 47

Where P. is Euler elastic buckling load of a pin-ended column, P.; is elastic buckling
of an end-restrained column. End-restrained and pin-ended column illustrations are

shown in Figure 1-1.



T

KL

EI
constant

3 —

(a)

Figure 1-1(a) End-restrained columns; (b) pin-ended columns

K is a factor that, when multiplied by actual column length of end-restrained column,
gives the length of equivalent pin-ended column.

AASHTO recommends two different formulations for braced and unbraced frames,

to obtain K value needed to calculate G values for both end.

For braced columns K is obtained by solving the following equation:

G.G 2 GG L 2tan(-%)

Gabp (MN®  Gabp [ K 2K’ _ 1

() +57 (1 (0] gt =1 (18)
K K

For unbraced columns the form of the nonlinear equation is as follows:

GG, (%)2 -36
6(Go +Gp)  tan (%) (1.9

' Sub ¢ refers column members and sub g refers to restraining members
Sub a refers to top of column end sub b refers to bottom of column end



In which:

w(Eeley
G =—F— (1.10)
2y

These above formulation assumes only elastic action and all columns will buckle in

an elastic manner.

While AASHTO suggests calculating the G factor for column and cap beam
connection, the G factors for the column and foundation connection are given based

on soil and foundation type.

e G=1.5 = footing anchor on rock
e G=3 - footing not anchor on rock
e G=5 - footing on soil

e G=1 - footing on multiple rows of end bearing piles

It is also possible to use standard alignment charts to compute effective length factors

both for braced and unbraced columns.

1.2.1 Bridge Classification for Seismic Analysis

AASHTO divides bridges into three main categories according to importance class

e C(ritical Bridges
o [Essential Bridges

e Other Bridges

Most standard highway bridges are involved in the other bridges category. This
thesis study covers only essential and other bridges according to AASHTO.

According to horizontal response spectrum acceleration coefficient (Sq1), bridges are
categorized into four seismic zones as shown in the Table 1-2. Bridge importance

categories and seismic zone categories define the minimum required analysis to



calculate the earthquake demand according to AASHTO LRFD 4.7.4.3. Minimum
requirements of analysis according to AASHTO is given in Table 1.3 according to
regular or irregular bridge definition. The requirement for regular bridge is described

in Table 1-4

Table 1-2 Seismic Zone Definition (AASHTO LRFD 3.10.6)

Acceleration Coefficient, Sp; Seismic Zone
Sp1 <0.15 1
0.15< 853 <030 2
0.30 < 5p; <0.50 3
0.50 < Spy 4

Table 1-3 Minimum Analysis Requirements for Seismic Effects (AASHTO LRFD 4.7.4.3)

Multispan Bridges
Seismic Single-Span Other Bridges Essential Bridges Critical Bridges
Zone Bridges regular irregular regular irregular regular irregular
1 . . * * * * * *
2 N;’n’;‘i‘;‘::w SM/UL SM SM/UL MM MM MM
3 rcquil:c;:l SM/UL MM MM MM MM TH
4 SM/UL MM MM MM TH TH

Table 1-4 Regular Bridge Requirements (AASHTO LRFD 4.7.4.3)

Parameter Value

Number of Spans 2 3 4 5 6
Maximum subtended angle for a curved bridge o0° 90° 90° 90° 920°
Maximum span length ratio from span to span 3 2 2 1.5 1.5
Maximum bent/pier stiffness ratio from span to span, —_ 4 4 3 2
excluding abutments

The bridges satisfying the requirements of Table 1-4 may be taken as regular bridges.

According to Table 1-3, all bridges can be analyzed with multimode elastic response

spectrum except critical bridges which is out of scope of this thesis.

2 *= No seismic analysis required; UL= uniform load elastic method; SM= single mode elastic
method; MM= multi-mode elastic method; TH= time history method



1.2.2 Response Spectrum Analysis

The modal spectrum analysis is an effective tool to calculate the dynamic response
of complex structures which are exposed to earthquake excitations. This method is
simple yet conservative to calculate seismic demands for structures with
irregularities. These irregularities cause coupling in three orthogonal directions for
each mode of vibration. For standard highway bridges, several modes of vibration
contribute to the complete response of bridges. A multimode spectral analysis is
usually done by modelling the bridge structure consisting of three-dimensional frame
elements with structural mass lumped at various locations to represent the vibration
modes of components. To obtain reasonable response, mass participation of each
directions should be at least 90%. This analysis is usually performed with computer
program such as SAP2000, LARSA4D, Midas Civil or RM Bridge in the engineering

practice of Turkey.

Multiple mode elastic method is sufficient to estimate the behavior of multiple span
non-critical bridges for earthquake loads according to AASHTO LRFD 4.7.4.3.1.
Elastic seismic response spectrum shall be used for each mode. The member forces
and displacement can be estimated by combining results for each mode. Complete
quadratic combination (CQC) or squares method (SRSS) should be used according
to AASHTO LRFD 4.7.4.3.3. Response spectrum parameters such as PGA, Sqs, Sai
must be determined according to local soil parameters and the selected return period.
Bridges are generally designed for 475, 1000 or 2475 year return periods depending

on their importance and owner’s request.

In elastic multiple mode analysis column bending inertias are decreased by %50 to
consider cracking of piers under lateral loads. Response modification factor, R for
bridge column must be taken into consideration for reducing the earthquake
demands. Column bending moment in both directions are divided by R factor defined
in AASHTO LRFD 3.10.7.1-1 Table 1-5. R factor for column shear design must be
taken as 1 based on AASHTO LRFD 3.10.9.4.3d.



Table 1-5 Response Modification Factors (AASHTO LRFD 3.10.7.1)

Importance Category

Substructure Critical | Essential | Other
Wall-type piers—larger
dimension 1.5 1.5 2.0
Reinforced concrete pile bents
e Vertical piles only 1.5 2.0 3.0
e  With batter piles 1.5 1.5 2.0
Single columns 1.5 2.0 3.0

Steel or composite steel and
concrete pile bents

e Vertical pile only 1.5 35 5.0
e  With batter piles 1.5 2.0 3.0
Multiple column bents 1.5 3.5 5.0

Standard highway bridges are defined in the other importance category. Column R
factor is assumed 3 if it is a single pier and 5 for a multi-span system. These factors
are only applicable for bending demands, not for shear and axial loads. According to
AASHTO LRFD, aspect ratio (ratio of column height to maximum plan dimensions)
should be larger than 2.5 to be considered as a bridge column. Otherwise it should

be considered as wall-type pier with different R factors.

1.2.3 P-A Requirements for Column
The displacement of any column or pier in the longitudinal or transverse direction
shall satisfy the following according to AASHTO LRFD 4.7.4.5:
AP, <0250 M, (1.11)
In which;
A=R; A, (1.12)

o IfT<1.25*T;

R _(1 1)1.25Ts+1 113

o IfT>1.25*Ts



where;
Ae = column tip displacement calculated from elastic seismic analysis
T = period of fundamental mode, Ts = corner period
R =R factor specified in Table 1-5
P, = axial load on column
@ = flexural resistance factor for column
M= nominal flexural strength of column
This formula can be converted to
4AP, < M, (1.14)
4xAxPy can be named as P-A demand due to the seismic forces.

As stated in AASHTO LRFD 2012 C4.7.4.5, bridges subject to earthquake ground
motion may be susceptible to instability due to P-A effects. Inadequate strength can
result in ratcheting of structural displacements to larger and larger values causing
excessive ductility demand on plastic hinges in the columns, large residual
deformations, and possibly collapse. The maximum value for A given is intended to
limit the displacements such that P-A effects will not significantly affect the response

of the bridge during an earthquake.

1.2.4 Design of a Bridge Column
In this part with the help of the above explanation, steps of pier design will be
summarized. Bridge columns are designed in two main steps which are coupled.
* Design of longitudinal reinforcement
* Designing of transverse reinforcement

The design flow chart for both cases are given in the Figure 1-2 and Figure 1-3.
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[ 1. Define initial column dimensions ]*

l_l

2.1.a Apply reduced
bending stiffhess to column

+

2.1.b. Estimate Natural Periods

¥

2.1.c. Calculate Elastic EQ
forces and displacement from
response spectrum analysis

¥

2.1.d. Apply B factor to
column moment demands

—

3

2.2 Estimate Dead Load, ]

[ Live Load, etc.

—

v

-~

3. Combine estimated loads
and displacement

o

¥

4. Apply slenderness
moment magnification

5. Build a column cross-section layout with longitudinal
rebars by meeting the initial dimension

J.._

{

6. Generate 3-D P-M-M interaction surface and check if the cross-
section satisfies combined and magnified P-M-WM and P-A demands

‘_I

—

7.1. Cross-Section satisfies
P-M-M and P-A demand

-

|

7.2. Cross-Section does not
satisfy P-M-M and P-A demand

i

8.1 Start shear design

Figure 1-2 Design steps of longitudinal reinforcements

11

!

8.2. Turn back to
step 5 or step 1




According to Figure 1-2, the steps are followed and when the step 8.1 is reached
shear reinforcement design of bridge column starts. The flow chart of shear design

is given in Figure 1-3.

1.1. Compute the 1.2. Compute elastic shear
plastic hinging shear force demand and combine
capacity of column according to specification

v

2. Take the lesser of the as
shear design force

design forces are lesser
than Vamax

\

4.1. Change column 4.2. Design the transverse
dimensions and restart reinforcements for plastic
to column design hinging zone and rest of the

3. Check whether }

column based on the design

(Turn back to step 1 of forces and specification limits

Figure 1-2)

Figure 1-3 Design steps of transverse reinforcements

Shear design forces are the lesser of either the elastic forces calculated at step 3 in
Figure 1-2 or plastic hinging shear capacity of column. Column shear reinforcement
are designed according to those loads. Plastic hinging region and rest of column
should also satisfy the AASHTO requirements. Above all, determined section
maximum shear resistance, Vimax Which is defined in AASHTO LRFD 5.8.3.3-2,

should be larger than column shear design forces, otherwise, dimensions of column
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must be changed and should be started from step 1 in Figure 1-3. Then, shear design
of the column is finalized according to specification. Plastic hinging shear capacity

of column is determined according to AASHTO LRFD 3.10.9.4.3.

Plastic hinging capacity calculations are incorporated in the following steps for

single and multi column piers.

For single column:

Axial Forces: Those determined at step 3 at Figure 1-3.

Moments: Magnified moment capacity with over strength factor of 1.3 under

representative axial loads for column.
Shear: Calculated directly from the plastic moment capacity of column

For multiple columns; Mechanism is illustrated in Figure 1-4.

A >
—V sum

b‘:’ .

'-.

i

|
th

I

I

1.3* Mn 1.3*% Mn !

1

T |
Ve— D \H-l v

AP AP

Figure 1-4 Plastic hinging mechanism for multiple column

a= distance between columns
b= distance between superstructure center and column top

h= column height
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_2x13x M,

- (1.15)

_[ZVH = %(13  My)]
a

AP

(1.16)

where; H=h+b

Step 1: Calculate M, according to Axial load for each column
Step 2: Calculate shear from formula 1

Step 3: Determine AP from formula 2

Step 4: Revise axial load by adding AP

Step 5: Follow same procedure with new axial loads, stop when Vsum difference

between two iterations is smaller than 10%

At the final iteration, column plastic hinge capacities can be determined.

1.3 Design Based on Turkish Bridge Earthquake Specification (TBES)

In this section, the design principles of Turkey Bridge Earthquake specification will
be explained. The load and capacity design is similar to the AASHTO described in
the previous section, but there are fundamental differences between these two
specifications. In addition to the capacity design, there are seismic performance
targets in TBES. In this specification, there is a two-stage design requirement for
earthquake design. Bridges are categorized according to earthquake design classes
and importance classes. Two stage design requirement will be explained shortly but
first, bridge categorization needs to be examined. Table 1-6 presents the earthquake
design classes and Table 1-7 presents bridge importance categories. These classes
and categories are required to determine analysis methods and to define earthquake

return periods required to be taken into consideration.
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Table 1-6 Earthquake Design Class (Table 3.1 TBES)

DD-2 Short Period Design Spectral Earthquake Design Class
Acceleration Coefficient (Sgs)

S4s<0.33 DTS=4
0.33<S45<0.67 DTS=3
0.67<S4s<1.00 DTS=2

1.00<Sgs DTS=1

DD-2 = earthquake ground motion level with a recurrence period of 475 years

Table 1-7 Bridge Importance Class (3.2 TBES)

KOS:1 Strategic and Important Bridges
KOS:2 Normal Bridges
KOS:3 Simple Bridges

In addition to these two categories, the load carrying system behavior is divided into
critical and non-critical bridges. Most of the standard highway bridges can generally
be qualified as critical by definition in the specification. In this context, the
calculation methods determined according to the specification according to the

classification details for critical bridges are given in the Table 1-8
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Table 1-8 Bridge Calculation and Evaluation Method under EQ (Table 3.3 TBES)

Bridge EQ EQ Design Class
Importance | Steps | Ground B B B
Class Motion DTS=1 DTS=2,3 DTS=4
First Linear Calculation | Linear Calculation|Linear Calculation
Szrs DD-2a (Load Capacity | (Load Capacity | (Load Capacity
KOS=1 °p Evaluation) Evaluation) Evaluation)
Second DD-1 Non-Linear (THA)|[Non-Linear (MA) i
Step /Strain Evaluation | /Strain Evaluation
First Linear Calculation | Linear Calculation|Linear Calculation
Ste DD-3 (Load Capacity | (Load Capacity | (Load Capacity
KOS=2 P Evaluation) Evaluation) Evaluation)
Second DD-1 Non-Linear (PO) |Non-Linear (MA) i
Step /Strain Evaluation | /Strain Evaluation
First Linear Calculation | Linear Calculation|Linear Calculation
KOS=3 Szrs DD-3 (Load Capacity | (Load Capacity | (Load Capacity
°p Evaluation) Evaluation) Evaluation)

The performance limits of the bridge, whose analysis and calculation method is

determined according to the Table 1-8 above, are also specified according to the

ground motion level and the importance class of the bridge from the Table 1-9 below.

According to Sethy (2011), pushover analysis is mainly used to estimate the strength

and drift capacity of structure and the seismic demand of the structure subjected to

the earthquake. The effectiveness of pushover analysis and its computational

simplicity brought this procedure in to several seismic guidelines. Pushover analysis

is defined as an analysis wherein a mathematical model directly incorporating the

nonlinear load-deformation characteristics of individual components and elements

3 DD-1= earthquake ground motion level with a recurrence period of 2475 years

DD-2= earthquake ground motion level with a recurrence period of 144 years
DD-3= earthquake ground motion level with a recurrence period of 72 years
THA= Time History Analysis

PO= Pushover Analysis

MA= Mixed Analysis (kind of Pushover)
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of the structure shall be subjected to monotonically increasing lateral loads

representing inertia forces in an earthquake until a ‘target displacement’ is exceeded.

Time history analysis is an important technique for structural seismic analysis
especially when the evaluated structural response is nonlinear. Time history analysis
is used to determine the seismic response of a structure under dynamic loading of a
representative earthquake. The structure is evaluated in a step by step analysis for

dynamic loading that varies with time.

Under the required analysis method determined according to Table 1-8, the bridge

must satisfy the performance targets given in Table 1-9.

Table 1-9 Bridge Performance Target (Table 3.2 TBES)

EQ Ground Bridge Importance Class
Motion Level KOS=1 | KOS=2 | KOS=3
DD-3 - KK KK
DD-2a KK - -
DD-1 KH GO -

As can be understood from the bridge classification methods and ground motion
levels, according to TBES, bridges are designed linearly according to the earthquake
levels that are encountered more frequently and are redesigned with nonlinear
methods according to the earthquake ground motion levels that will be encountered

less frequently.

In AASHTO, the nonlinear method is not required for every bridges. However, the
TBES specification includes nonlinear analysis and evaluation according to strain

for almost every bridge.

In the first stage linear design in TBES, unlike AASHTO, there is no response

modification factor. In addition, in the first stage design, the structural stiffness of

4 KK= Immediate occupancy; KH= Limited damage; GO= Collapse prevention

17



bridge elements is assumed as the cracked stiffness for seismic calculation. For
example, the moment of inertia of columns is reduced by 50%. This can be met
naturally due to the low ground motion of the earthquake in the first stage.
In the second stage, stiffness is reduced in columns and other elements according to
the principles specified in the specification. The reduction for the columns is applied
according to the calculated effective inertia. The calculations and performance limit

values used in the second order analyzes will be explained below.

While using non-linear methods, plastic hinges are defined with the plastic hinge
length calculated according to Equation 1.17 at the column ends to determine column
performance. Moment-curvature and moment-axial load interactions of these hinges
are calculated by increasing the characteristic material properties of steel and
concrete by 1.2 and 1.3, respectively. The concrete confinement effects are taken
into account by the Mander method, and the plastic hinge properties are determined
accordingly. Using these hinge properties, non-linear analysis of bridge columns can
be conducted for seismic situations. Performance limits are computed using strain
limits for the most compressed fiber in confined concrete and highest tensile strain

in steel reinforcement. The limits are listed in Table 1-10.

L, = 0.08 * Ly + 0.022 * f,,, * dy; = 0.044 % f,, * dpy, (1.17)5

Table 1-10 Strain limits for performance (TBES 5.6.1)

Concrete strain performance limits Steel strain performance limits

Limited Damage | Collapse Prevention | Limited Damage | Collapse Prevention
€ (KH) <0.5%€ | € (GO)<0.67*E | & (KH)<0.5*€w | & (GO) <0.67*Ey
€ (KH) <0.0135 € (GO)<0.018 € (KH) <0.04 € (GO) <0.053

5 Lx = Length of column from the point of maximum moment to contra-flexure
fye = expected yield strength of column longitudinal rebars
dvi = nominal diameter of longitudinal bars
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Concrete ultimate strain calculations;

Rectangular Sections

£, = 0.0035 + 0.04 = [k, *w, (1.18)

Circular Sections

& = 0.0035+0.07 * \/k, xw,  (1.19)
Where;

For rectangular sections

Y a? s s Ag
be = (1= g5, o) (7o) (7o) (- 55%)
6 * by * h 2 * b, 2 *h, by * hy

For circular sections

ps for rectangular section

ps = 2 * min(px, py) (1.23)

ASW)C
= 1.24
px ho xS ( )

_ Agyx
Py =g (129

ps for circular section

4 xAg,
_— 1.26
2 (126)

pS:DO*
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The performance based evaluation is conducted with the following steps

according to TBES:

1- Conduct non-linear analysis (Pushover or Non-Linear Time History),
2- Compute plastic rotation demands,

3- Compute ultimate curvature,

4- Determine €.ppq, and Egpq, from M-C analysis,

5- Compute ™ and g™t for desired performance target,

6- Compare €.y, With €2 and eg,,,4, With g1,

7- Check if performance target is satisfied,

8- If satisfied stop, otherwise revise design.

14 Literature Review

There has been a lot of research on the optimization of the RC structures in the
literature. In most of these studies, various optimization algorithms such as genetic
algorithms and direct search method algorithm were used. In this section, the
prominent studies will be briefly mentioned with the emphasis on the reinforcement

optimization in RC sections rather than structural optimization.

Rafig and Southcombe (1998) studied a new approach to optimal design of
reinforced concrete biaxial columns using genetic algorithms. In that study, an
algorithm was developed to obtain optimum longitidunal reinforcement layout for
given size, axial load and biaxial moment according to British Standard (BS8110)
requirements. The aim was to satisfy the demands with minimum longitidunal
reinforcement ratio for given cross-section sizes. With the help of the decision
support tool developed in this study, designers are able to make decisions to quickly
evaluate exact bending capacities of the section satisfying the ultimate limit state
requirements. According to the study, the longitudinal reinforcement ratio could be
reduced by 20%. Transverse reinforcement design or detailing optimization was not

considered.
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Singh and Chutani (2015) focused on optimizing reinforced concrete columns using
direct search algorithm minimizing the cost for a given axial load and biaxial
moments. The cost of a reinforced concrete column was calculated as the sum of the
costs of concrete and steel as well as the formwork. The shear reinforcement design
was not taken into account. The optimum column cross-section dimension was
determined to be dependent on the demand levels. The optimization generally
resulted in an increase the column size and reduction of the longitudinal

reinforcement.

Verma and Priestley (1993) conducted a study on the optimization of seismic design
of single circular reinforced concrete bridge piers. The effect of axial load ratio,
column height and design displacement ductility demand on the total cost was
investigated following the New Zealand and United States bridge specifications.
Concrete and steel material cost and formwork costs were taken into account. As a
result of this study, the relationship between the axial load and cost was obtained
considering various column lengths. As axial load ratio increased, the total cost
decreased for different column lengths. The relationship between the ductility
capacity and the total cost were also investigated: the results show that for the
acceptance of higher ductility resulted in less cost up to a certain optimal ductility
capacity beyond which the costs start increasing. The study proposed optimal

ductility capacity and axial load ratio ranges for the specified bridge pier heights.

Malapur et al. (2018) investigated the optimization of RC column and footings using
genetic algorithm. The optimization algorithm minimized the total cost by satisfying
the constraints, without considering detailing or constructability of the structure (i.e.
bar fit, lap splice placement, dimensions that are not rounded etc.). As a pure
theoretical study, the proposed tool gives the most economic column and footing

designs for the given demands.

Lee et al. (2007) studied the optimum RC column reinforcement design considering
multiple load combinations. The design problem was formulated as a general

constrained nonlinear optimization problem and was solved both mathematical and
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graphically. According to the results of the study, the use of asymmetric
reinforcement rather than symmetric distributions of reinforcement can provide
lower construction costs. This result was shown with the mathematical approach and
the reinforcement sizing graph. Optimization was done only on the amount of
longitudinal reinforcement and concrete. Transverse reinforcement or detailing was

not considered.

Upon examining the above studies, some peculiar features stand out. Asymmetric
reinforcement placement and reinforcement placement of different diameters for
longitidunal bars were observed in in some cases. In others, dimension of the
columns was not appropriate for construction. These factors make it difficult to use
the results of optimization in the actual design. In addition, the reinforcement
detailing and joint details were not included in the column optimization calculations.
Both of these issues are very important in terms of cost. In most studies, column
optimization is conducted by reducing the amount of longitudinal reinforcement for
fixed geometries for the demand axial loads and moments. Transverse reinforcement
cost which is at least as effective as longitudinal reinforcement on the total cost, were

not considered in the total cost calculations

A bridge pier cost optimization study, conducting design in accordance with
AASHTO LRFD, while minimizing cost with respect to all reinforcement details and
cross-section dimensions is not present in the literature. In the light of the results of
this literature review, it was decided to conduct this study, where the scope and

objective will be explained in the next section.

1.5 Objective and Scope

While the superstructures of the bridges, which are one of the most expensive
structures among the transportation projects, are designed more economically, the
infrastructure elements, especially the columns, are usually over-designed. It is

known that bridge columns are designed for approximately 10% axial load levels.
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The design habits developed by bridge engineers all over the world are in this
direction. In an average standard highway bridge, if the bridge columns length is not
too short, the ratio of columns’ cost to the cost of the whole bridge is around 10-
15%. Considering the serious expenditure on bridges, the importance of optimization

1S obvious.

In this study, a tool for optimizing columns of standard highway bridges is
developed. This optimization tool was developed according to the AASHTO LRFD
2012 specification. It is also suitable for the first stage calculations specified in the

TBES.

Optimum column is defined as the most economic column among alternatives that
satisfy the safety limits according to specification with capacity/demand ratio larger
than one. For RC piers determining optimum section with optimum rebars layout is
a complex process: It does not have closed form solution. The most economical
solution is determined by numerical methods. To calculate optimum bridge column

section a MATLAB code was prepared.

In the proposed optimization tool, a database of 14630 column cross-sections was
prepared. Instead of conducting numerical optimization, the best selection for the
given constraints are sought within this database to optimize the bridge pier. These
cross-sections have different geometric properties and different reinforcement
arrangements and comply with all the limitations that must be met in the AASHTO
LRFD.

The scope of this study was determined according to the column conditions specified
in AASHTO. Optimizer tool is applicable to columns with aspect ratio larger than
2.5. In addition, the column slenderness limit of 100 was also applied as the upper
limit. In terms of ease of construction and economy, the cap beam is adjusted so that
the overhang length does not exceed 4.5 meters. The construction of cap beams with
a cantilever length greater than 4.5 meters increases a lot in terms of cost. Column is
determined by choosing the most economical one among the database created

according to the limits specified above. In addition, all of the sections in the
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constructed database have a longitudinal reinforcement ratio between 1% and 4%,
and the maximum and minimum spacing between the longitudinal reinforcements
placed on these sections has been adjusted according to the specification. In the shear
calculation, the longitudinal and transverse spacing for stirrups and hooks are

designed in accordance with AASHTO standards.

The optimization procedure is then employed to 11 bridges designed and constructed
in Turkey. Critical evaluation regarding the cost and the expected seismic
performance are presented based on comparison of the existing drawings and the

optimized design in addition to the non-linear analysis results.
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CHAPTER 2

BRIDGE COLUMN DESIGN OPTIMIZATION

2.1 Introduction of Algorithm

The goal of the bridge column optimization tool presented in this study is to provide
the most economical and at the same time safe section for demands acting on the
bridge piers. The workflow process of the optimizer tool is shown in Figure 2-1
below. It can be observed that first, the given bridge is analyzed and
force/deformation demands are computed. Herein any elastic structural analysis tool
can be used. Afterwards the cost optimizer tool is invoked. The output of the cost
minimum algorithm, which is explained in the next paragraph is then used as the new
input for estimating demands. The iterations are continued until the convergence of

the column dimensions.
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User needs first assume initial
bridge column dimensions to

, analyze bridge and calculate — Inputs
demand forces which’s are

required for inputs.

COST
MINIMIZATON
TOOL

¥

Outputs

(Column Dimensions)

— —

Output dimensions are Output dimensions are
not the same with same with initially
initially assumed column assumed column

: |

Restart analysis with
output dimensions

Finalize the
design

Figure 2-1 Workflow process of optimizer tool

The algorithm allows the user to choose the geometry of the column section from an
architectural point of view or leave a decision of the most economical section choice
to the design tool. Circular section (CS), rectangular section(RS), semi-circular
section(SCS) and hollow section(HS) options are currently available as they are the

most commonly used section in the bridge design practice. In addition, the designer
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can specify the splice type for longitudinal bars. One or more of the lap splice or
mechanical splice options can be selected. In addition to these features selected by
the user, the most economical bridge column can be calculated with other inputs
calculated according to the column dimensions accepted in the preliminary design.
The necessary inputs for the program are given in Figure 2-2 below. In addition to
these visible inputs, the user will input the axial load and corresponding biaxial
moments for strength limit state in a text file format. For extreme event limit state,

in addition to axial load and biaxial moment, computed column tip displacement

should be provided.
Inputs
Considered Section Types Colum Parameters
Circular Section Kx 2
Rectangular Section Ky 2
SemiCircular Section : 2
Hollow Section Material Parameters
Accuracy Parameters Fy (Mpa) 420
Delta 25 fc (Mpa) 30
Spacing 100 ecu 0.003
Angle 15 Es (Mpa) 200000
Length of Columns (m) Bridge Parameter
23.2,30.8,33.1,23.6,20.5 Sd1 01044
Preferred Splice Type Sds 0,485
Lap Splice Tx () 1.856
Mechanical Splice Ty (s) 1.523

Other Parameters

Shear Loadings
Cap Beam Width {m) 13.2

Vhingex (x,y) (kN)| 2017 | 888
Vhingey (y.x) (kM) | 2320 | 853
Mhingex (kM) 22454

Mhingey (kN) 16873 ‘® Single Column

Cap Beam Thickness (m) | 15
Foundation Thickness (m) | 2

RUN

Figure 2-2 Cost minimization tool user interface for inputs
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The input parameters shown in Figure 2-2 are familiar to civil engineers except

accuracy parameters such as delta, spacing and angle as explained later.

The generated tool calculates the three-dimensional P-M-M capacity interaction
surface for the column sections. For this purpose, the column cross section is divided
into small square cell areas. Delta expresses the side length of this small square in
mm. Since the biaxial moment capacity is calculated, the section capacities need to
be calculated by rotating the section center at different degrees. Angle is the
parameter that specifies how many degree slices the 360-degree angle will be divided
into and with what precision this surface area calculation will be made. Spacing, on
the other hand, specifies the iteration interval (depth/spacing) to determine the
correct distance between neutral axis and extreme compression fiber. (c=0.1: (Depth
/ Spacing): (Depth * 3.4)) Upon increasing the spacing, accuracy of the capacity

result will obviously increase.

In the light of the information explained and shown in the above parts, the steps of

the algorithm are as follows:

Step 1:

Algorithm eliminates the cross-sections that does not satisfy the following 4

requirements.

e Aspectratio of column should be larger than 2.5 in both directions (AASHTO
LRFD 5.10.11.4.1)

e Slenderness ratio of column should be lower than 100 (AASHTO LRFD
5.7.4.3)

e Cap beam cantilever part should be less than 4.5 meters if it is single column

(for construction reasons)

e Maximum and minimum axial load demands should be satisfied by
maximum and minimum axial load capacities for each section (both for

earthquake and strength combinations) (To eliminate some sections quickly)
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Step 2:

e P-Mx-My interaction capacity diagram for remaining cross-sections are

generated for strength combinations.

e P-Mx-My interaction capacity diagram for remaining cross-sections are

generated for earthquake combinations.

e P-Mx-My interaction capacity diagram for remaining cross-sections are

generated for P-delta requirements.

The sections that do not satisfy capacity>demand relation are eliminated.

Step 3:

Cost calculations are done for only 1-meter length of columns which only includes

longitudinal bars.

At the end of the cost calculations, minimum costs are taken for each main cross-
section types (CS-RS-SCS-HS separately). Then in the same type of cross sections
(CS-RS-SCS-HS individually) which having a cost larger than 1.5 times minimum
cost for considered type of sections are eliminated. Then from all remaining cross
sections (CS-RS-SCS-HS all included) which have a cost larger than the 2 times

minimum cost are eliminated.

Step 4:

Shear design of remaining cross-sections are conducted following the AASHTO
shear design requirements and the sections that do not satisfy ’Vmax” (AASHTO
LRFD 5.8.3.3-2) requirements are eliminated.

Step 35:

Exact longitudinal reinforcement and transverse reinforcement detailing are done.
Splice and construction joint details are considered to calculate exact rebar amount.
Four each column length including cap beam and foundation thicknesses all

reinforcement detailing are considered in design.
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Step 6:

For all remaining sections, final cost calculation is done by considering amount of
materials used, cost of labor and formwork. The cross-section having a minimum

cost are selected.

2.2 Database of Pier Section Designs

In this section, the database of bridge column sections formed for the cost optimizer
tool will be explained. The design limits taken into account in the construction of

this database will also be explained.

In this dataset, which was generated using 4 basic bridge column geometries, circular
section (CS), rectangular section (RS), semicircular section (SCS) and hollow
section (HS), 296 different cross sections with different dimensions (ignoring the
longitudinal reinforcement layout) were designed. By changing the longitudinal
reinforcement layout of these sections in various diameters in various spacing and in
various rebars ratios a total of 14630 different column cross-sections were prepared.

Shape distribution of database is illustrated in Figure 2-3.
SHAPE DISTRIBUTION SHAPE DISTRIBUTION

Rectangular Rectangular;
; 85;29% 4005; 27% “m

Hollow;
7411;
Semi-Circular; Circular; 51%

31; 10% 2028; 14%

Figure 2-3 Shape distribution of sections; Left: rebar layout is not considered, Right: rebar
layout is considered
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Cross-section rebar layout is generated according to Table 2-1 longitudinal

reinforcement spacing limit. All sections are between 1% and 4% rebar ratio

according to AASHTO LRFD.

Table 2-1 Minimum and maximum spacing of longitudinal reinforcements (AASHTO
LRFD 5.10.3.1)

Rebar Diameter (mm) | Min spacing (mm) | Max spacing (mm)
22 65 200-360
24 67 200-360
26 70 200-360
28 75 200-360
30 80 200-360
32 85 200-360
36 95 200-360

» 360 mm for RS, SCS, HS (5.10.11.4.1.d)

» 200 mm for CS, SCS (5.10.11.4.1.d)

Circular Sections

Twelve different circular sections; diameter increasing with 0.2 meters between 0.8m

and 3m were designed. This corresponds to a total of 770 different circular sections

with various reinforcement layout configurations. Distribution of longitudinal bar

ratio to gross cross section area is shown in Figure 2-4.

Number of Cross-Sections
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l B mz =
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Rebar Ratio (%)

Figure 2-4 Distribution of longitudinal rebar ratios of circular sections
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Rectangular Sections

Starting from 0.75m*0.75m of rectangular sections, a total of 85 cross sections were
created by first increasing the width by 0.25, and when the width reaches 2 times the
depth, the depth was increased by 0.25 meters, up to 3m*6m. A total of 4005 sections
were obtained by changing the reinforcement layouts. Distribution of longitudinal

bar ratio to the gross cross section area is shown in Figure 2-5.

Rectangular Cross-Section
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Figure 2-5 Distribution of rebar ratios on rectangular section

Semi-Circular Sections

Starting from 0.8 meters in diameter and 0.5 meters in rectangular width which are
illustrated in Figure 2-6, a total of 31 different sections were created, ranging from 3
meters in diameter and 5 meters in rectangular width. This number increased to 1181
in total with various reinforcement layouts. Distribution of longitudinal bar ratio to

the gross cross section area is shown in Figure 2-7

___ Rectangular ______
Dia Width

Figure 2-6 Definition of dimensions for SCS
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Figure 2-7 Distribution of rebar ratios on semi-circular sections

Hollow Sections

Hollow rectangular column sections starting from 3m* 3m outer dimensions with
0.5 meters’ thickness were generated 168 different column section up to 4.5m.*9.5m
with 0.5m and 1 m thickness respectively. A total of 7411 hollow rectangular
sections were obtained by changing the reinforcement layout. Distribution of

longitudinal bar ratio to the gross cross section area is shown in Figure 2-8.
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Figure 2-8 Distribution of rebar ratios on hollow sections
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2.3

This tool is built for bridge columns, therefore it should include details such for
transverse reinforcement and longitudinal reinforcements. In addition, it also
calculates the construction joint lengths that should be designed according with the
longitudinal reinforcement diameter for each column length, which decreases the
cost if lap splice is to be used. The cost calculation details are provided below. For
the costs calculation, the data in the unit cost table of the General Directorate of

Highways was taken as a basis, and for the missing costs, information was collected

Assumptions in the Optimizer Tool

from the market on July 2021.

Rebar cost includes both material and labor cost

®16, D18, ©20, D22, D24, D26, 28, P30 = 8970 TL/ton

®32, ®36 > 9720 TL/ton

Concrete cost includes both material and worker cost

C30 - 500 TL/m?

Formwork cost includes both material and worker cost

Circular Section = 220 TL/m?
Rectangular Section = 240 TL/m?
Semi-Circular Section = 220 TL/m?
Hollow Section = 260 TL/m?3

Mechanical splice cost includes both material and worker cost

@22 =120 TL/piece
@24 = 140 TL/piece
@26 = 160 TL/piece
®28 = 180 TL/piece
®30 =200 TL/piece
®32 =220 TL/piece
@36 =260 TL/piece
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Transverse reinforcement detailing, longitudinal reinforcement splice length and
shear capacity calculations are taken from the relevant sections in AASHTO LRFD.

Following requirements are satisfied in each design:

Transverse Bars Spacing Limits

e For CS (spirals) (AASHTO LRFD 5.10.6.2)

v" Maximum spacing minimum of (6*d;15 cm)
v" Minimum spacing (25.4 mm+d) where d: diameter of spiral

reinforcement
e For SCS, RS, HS (ties) (AASHTO LRFD 5.10.6.3)

v" Maximum longitudinal spacing is 30 cm but if diameter of 32 mm or
larger longitudinal bars bundled (2 or more) together, spacing limit is 15
cm

v" Maximum lateral spacing of transverse rebar is 600 mm

Plastic Hinge Region Definition and Rebar Limits (AASHTO LFRD 5.10.11.4)

v" Maximum of (0.45m; maximum column dimensions; column height/6)

v" Maximum lateral spacing of transverse rebar is 360 mm

v" Minimum dist. between longitudinal bars with restrained and non-
restrained is 170 mm

v' Maximum longitudinal spacing of transverse bars 10 cm

End Region Connections (AASHTO LFRD 5.10.11.4)

Longitudinal reinforcement should be extended as 1.25%60*®°,

Transverse reinforcement shall be continued half of maximum dimension of column

or 38 cm.

¢ @ refers to longitidunal rebar diameter
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Lap Splice and Rebar End Detailing

The required bending angle and minumum bending length for end detailing of
transverse rebars are listed based on the rebar bar diameters in the Figure 2-9. The
minimum lap splice and end hook length for longitidunal rebars are also listed based
on the rebar diameters in the Table 2-2.The lap splice lengths is presented in Table
2-2 is valid only for C30 concrete class and S420 class steel according to AASHTO.

AASHTO 2002 8.23 ' E GUORE

i 2

o
90" KIVIRMA 135" KIVIRMA

P O T e ] 55 g ] " @) 8 e ] i o)
8 5| 3|8 |32 8 5 49|32
10 6 | 4| 1040 10 6|5 | 1140
12 8 | & |12 |48 12 8| 6 | 14|48
14 9| 51456 14 9| 7 |16 |56
16 10| 5 |15 |64 16 0] 8 | 18 | 6.4
18 22| 9 | 31 [08] 18 11| 13 | 24 [108
20 24 [ 10 [ 34 [120] 20 12 [ 15 [ 27 [120
22 27 | 11 | 8 [132] 22 12 | 16 | 30 |13.2
24 29 [ 12 | 4 [144] 24 15 | 17 | 32 |144
25 30 |12 | 42 [150] 25 15 | 18 | 33 |15.0
26 3|13 | 44 [156] 26 1619 | 35 |158
32 39 [ 20 | 59 [256] 32 20 | 30 | 50 256

Figure 2-9 Bending length details of rebars

Table 2-2 Lap splice and hook bending length (C30&S420)

Lap Splice (m) | Hook Length (m)
D22 1.30 0.50
D24 1.45 0.50
D26 1.55 0.50
D28 1.70 0.50
D30 1.80 0.50
D32 1.90 0.60
D36 2.15 0.70
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24 Verification of the Interaction Surface

The generated tool computes the 3D P-M-M interaction for the cross-sections in the
dataset mentioned in the previous sections. In the next step, it designs transverse
reinforcement based on shear demands according to the specification. In this section,
the validity of the 3-dimensional P-M-M interaction generated by the algorithm is

demonstrated.

A total of 8 different sections were selected, for 2 random column sections with the
4 different geometries in the dataset. The results of P-M-M calculated by the
optimizer tool for these 8 randomly selected cross-sections are compared with the
results of P-M-M calculated by the Sp-Column software (Structure Point,
LLC.,2016), which is widely used in the bridge design practice.

For each column section, first the P-Mx one-way interaction diagram and then the
Mx-My interaction diagram under 2 different axial loads are compared.

The P-M-M results of the tool are directly dependent on accuracy parameters which
are described in section 2.4.1. The results to be presented in this part are obtained by
taking the accuracy parameters as shown in the Figure 2-2. Briefly, delta was taken
as 25, spacing was taken as 100 and angle was taken as 12. The definitions of these
parameters are given in section 2.4.1.

Before comparing the results, the assumptions for computing the P-M-M capacities

of sections and comparing the results are presented.

2.4.1 Definitions and Assumptions Behind the P-M-M calculations

All computations are done based on the load and capacity design method with the
following assumptions:

e Equilibrium and strain compatibility are satisfied.

e Strain in the concrete and the reinforcement are directly proportional to the

distance from neutral axis based on plane sections remain plane hypothesis.
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Maximum ultimate strain of extreme concrete fiber under compression is

0.003 (AASHTO LRFD).

Uniform rectangular concrete stress block is used with the following

assumptions:

» The maximum uniform concrete compression stress is equal to 0.85f;
» Block depth is equal to k¢

Where;

c is distance between the neutral axis and the extreme compression fiber

0.65 < k; = (149 — £.)/140 < 0.85  (MPa) (2.1)

For concrete replaced by rebars; corresponding area is deducted from the

gross arca.

Elastic-plastic stress strain distribution is used. Stress on the rebar is
proportional to the steel strain up to yield strain. If steel strains are greater

than yield strain rebar stress is assumed as fy.
The tensile strength of concrete is neglected.
Stresses in the reinforcing bars are calculated based on strain at bars centroid.
Axial and flexural capacities are reduced with @ factor based on AASHTO,

where @ varies based on steel strain as shown in Figure 2-10.
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Figure 2-10 Variation of ®@ with the tensile strain for rebars (Fy=420)

Variation of @ in Figure 2-10 is only valid for strength limit state. As AASHTO
states at 5.10.11.4.1.b both for tension and compression controlled failure, ® is equal
to 0.9 for the extreme event limit states. However, at this chapter comparisons are
done according to the strength limits states shown in Figure 2-10.

With the above assumptions and procedures, the results from the code were

compared with the SpColumn results for validation.

The errors in the area calculation is obtained with the formula shown below:

ACR — ASPR

— 0/ 7
1SPR * 100 = Area Error % (2.2)

In the following figures from Figure 2-11 to Figure 2-18, for each column section,
firstly, the section geometry and dimensions (in mm) are illustrated. Secondly the P-
My one-way interaction diagram is shown and then the Mx-My interaction diagram
under 2 different axial loads is presented. Error comparison is done according to

these Mx-My interactions.

7 ACR = area under the plot which was drawn based on code results.
ASPR = area under the plot which was drawn based on the SpColumn results.
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