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PREFACE

The development of the DPWH BSDS Design Standard Guide Manual is part of Technology Transfer
under the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic
Improvement Projects (MMPBSIP) with financial assistance from Japan International Cooperation
Agency (JICA). The object of this manual is to supplement the application and understanding of the
seismic design of bridges in accordance with the DPWH LRFD Bridge Seismic Design Specifications
(BSDS 2013). The manual also includes a design example of bridge isolation design of a conventional
bridge in accordance with the procedures of the Highway Bridge Seismic Isolation Design
Specifications (1 Edition, 2019) manual which is issued separately.

The compilation of the contents of the manual is a collective effort of the members of the Technology
Transfer Team of the Consultant and the Core Engineer Group (CEG) of the DPWH. The members of
the teams are listed overleaf, whose contributions are highly appreciated.

It is recommended that the manual be used as reference and guide for the DPWH engineers in the
seismic design of bridges under large-scale earthquake.

While it is believed the data in the examples are correct for the specific project example, the information
and data presented herein does not indicate full applicability to other similar projects. The designer is
held liable to the verification of the data of his/her own design works.

The computer software program used in the dynamic analysis of the examples does not constitute an
endorsement of software product for the future design works.

Acknowledgment is given to the Japan International Cooperation Agency (JICA) for the support in the
preparation of this manual.
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Chapter 1 General

1.1 Applicability

)

(2)

©)

(4)

()

This manual (BSDS STANDARD DESIGN GUIDE MANUAL) was prepared to provide
guidelines to DPWH engineers in the seismic design and constructions of conventional
new bridges under design large earthquake as an extreme event.

The manual will serve as reference for the proper use and application of the principles of
BSDS 2013 and its Interim Revision February 2019.

The manual provides examples of seismic analysis of a particular bridge to assist in the
understanding of site specific and other application of BSDS.

The manual also provides comprehensive example of structural design of pier and
abutment in compliance to the provisions of DGCS, 2015 or AASHTO LRFD.

While it is believed the sample calculations given in the manual are well thought it is the
responsibility of the designer to perform specific engineering study for the specific
project.

1.2 Main Scope of Manual

)
()
©)
(4)
()
(6)

Analysis method (Simplified, Linear and Non-Linear analysis)
Analysis Example

Seismic Design of Pier and Abutment

Calculation of Unseating Prevention Device

Gap Bearings Adjacent Girders and Substructure

Calculation of Liquefaction

1.3 Definitions and Notations/Symbols

Refer to the BSDS 2013, for definitions, notations and symbols.
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Chapter 2 General Considerations for Seismic Design

2.1 Design Philosophy

. Bridges play a major role as evacuation and emergency routes during a major disaster such
as an earthquake. Therefore, it is necessary the bridges shall be designed to ensure the seismic
performance by the Operational Class (OC) and the required Level of the design Earthquake
Ground Motion (EGM) corresponding to an earthquake with return period event of 1000
years (7% probability of exceedance in 75 years) for life safety performance objective under
the large earthquake.

. The design of bridges shall comply with minimum concepts specified in the DPWH D.O. No.
75 “DPWH Advisory for Seismic Design of Bridges”, 1992 as follows:

1.  Continuous bridges with monolithic multi-column bents have high degree of
redundancy are recommended. Expansion joints and hinges should be kept to
minimum.

2. Decks should be made continuous if bridge is multi-span simple span.

3. Restrainers or unseating device are required to all joints. Generous seat length should
be provided to piers and abutments to prevent from loss of span.

4. Transverse reinforcements in the zones of yielding are essential to confine the
longitudinal bars and the concrete within the core of column.

5. Plastic hinging should be forced to occur in the ductile column regions of the pier rather
than the foundation.

6.  The stiffness of the bridge as a whole should be considered in the analysis including
the soil-structure interaction.

. The following shall be taken into account in the design of bridges:

1.  Topographical, geological, geotechnical soil and other site conditions that may affect
the seismic performance of the bridge.

2. Selection of appropriate structural system with high seismic performance that is
capable of fully resisting the earthquake forces utilizing the strength and ductility of
the structural members.

. The following two levels of EGM shall be considered in the BSDS:

1. Level 1 EGM, considering seismic hazard from small to moderate earthquake with high
probability of occurrence during the bridge service life (100-year return period), for seismic
serviceability design objective to ensure normal bridge functions.
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2. Level 2 EGM, considering a seismic hazard corresponding to an earthquake with return
period event of 1,000 years (7% probability of exceedance in 75 years) for life safety

performance objective under the large earthquake.

2.2 Flowcharts
Note: The Articles shall be referred to BSDS 2013 (1% Edition)

APPLICABILITY OF SPECIFICATIONS
Article 3.1

PRELIMINARY PLANNING AND DESIGN I

+

- Seismic Performance Requirements
- Beismic Hazard
- Bite Effects and Site Factors
- Ground Acceleration Coefiicients and
Design Response Spectrum
- Beismic Performance Zone
Articles 3.3, 3.4, 3.5, 3.6,3.7

DETERMINE

DETERMINE BRIDGE OPERATIONAL CLASSIFICATION
Article 3.8

!

DETERMINE RESF ONSE MODIFICATION FACTORS
Article 3.8

POTENTIAL FOR
LIQUEFACTION?
Arficle 6.2

A 3
SHSMC PERFORMANCE SEISMIC PERFORMANCE SEISMIC PERFORMANCE
ZONE1 (3PZ-1) ZONEZ, 3, 4 BPZ-2,3, 4) ZONE 2,3, 4 (8PZ-2, 3, 4)

GEOTECHNICAL PARAMETERS
(Reduce Parameters for Analysis)
Arficle 6.2

v

A
PERFORM BRIDGE ANALYSIS PERFORM BRIDGE ANALYSIS
Article 4.3, 4.4,45 Arficle 4.3,4.4,45

! +

h A
DETEEMINE DESIGN FORCES DETERMINE DESIGN FORCES DETEEMINE DESIGN FORCES
Arficle 532 Zone & - Arficle 5.3.3 Zone 2 - Article 5.3.3
Zone 3& 4- Article 5.3.4 Zone 3 & 4 - Article 5.3.4
Bingle Span - Article 5.3.1 Bingle 8pan - Article 5.3.1
LIQUEFACTION-INDUCED LATERAL
SPFREADING DESIGN
Article 6.3
h 4 h 4 ¢
DETEEMINE DESIGN DETEEMINE DESIGN DETERMINE DESIGN
DISPLACEMENTS/SEAT LENGTH DISPLACEMENTS/SEAT LENGTH DISPLACEMENTS/SEAT LENGTH
Arficle 4.6and 7.2 ArficledGandTa Article46andTa
DESICN BRIDGE
COMPONENTS

I8 BRIDGE
ADEQUATE?

BRIDGE DESIGN
COMPLETE

RESIZE C OMPONENTS

Figure 2.2-1 Seismic Design Procedure Flow Chart
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Superstructure Components and Substructure Columns

AASHTO Section 5: Concrete
Seismic Provisions
5.5.5 — Extreme Event Limit State

AASHTO Section 6: Steel
Seismic Provisions
6.5.5 — Extreme Event Limit State

v

General:
5.10.11.1

SPZ 3 & 4:
5.10.11.4

: S

SPZ 1: SPZ 2:
5.74.2& 5.10.11.3
5.10.11.2

AASHTO Section T:

Aluminum Structures

v

+

v

2

Bracing Members: Bolt in Bearing:
7.8.5,7.15.2& 7.14.2.7
7.15.4.2 ¢ ¢
Tension Compression
Members: Members:
7.9 7.10

DGCS Sect. 19 (AASHTO Sect. 14):
Joints and Bearings

Bracing Members: Bolt in Bearing:
6.7.5 &6.14.2.7 6.13.2.1.2&
6.13.2.9
Tension Compression
Members: Members:
6.8 6.9
DPWH BSDS Section I:
Unseating Prevention System
Seat Length: Unseating
1.2 Prevention Device:
7.3
Superstructure Limiting Excessive
Settlement Prevention: Displacement:
7.4 7.5
DPWH BSDS Section 8:

Seismic Isolation Bearing

v

¥

Bridge Joints:
19.2, 19.3 (14.5)

Bridge Bearing:
19.4,19.5, 19.6 (14.6, 14.7, 14.8)

Foundation, Abutments, Pier & Wall

Foundation Design

DGCS Section 16 (AASHTO Section 11):
Abutments, Piers and Walls

!

A

Abutments and
Conventional Retaining

Design Subgrade
Reaction:
DPWH BSDS 4.4.2

Foundation Design
Requirements:
DPWH BSDS 5.4

l Extreme Event Limit:
16.1, (11.5.4,11.5.8)
Foundation Design:

DGCS Section 15
(AASHTO Section 10)

Nongravity Walls: 16.4.5 (11.8.6)

Walls: 16.2.6 (11.6.5)

Anchored Walls: 16.5 (11.9.6)
MSE Walls: 16.6.6 (11.10.7)
Prefab Modular Wall: 16.7.4

Mononobe - Okabe
Pseudo Static Approach
AASHTO Appendix All

h 1
| LEGEND :
E DPWH BSDS DPWH LRFD Bridge Seismic Design Specifications \
! AASHTO AASHTO LRFD Bridge Design Specifications (2012) |
! (in parenthesis) |
1 DGCs DPWH Design Guidelines, Criteria & Standards (2015) H
| SPZ Seismic Performance Zone H

'

Figure 2.2-2 Seismic Detailing and Foundation Design Flow Chart
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2.3 General Requirements

2.3.1 Bridge Operational Classification

(1) For the purpose of seismic design, bridges shall be classified into one of the following three
operational categories:

Table 2.3-1 Operational Classification of Bridges

Operational . -
A Serviceability o
Classification Performance Description
(GC)
OC-I « Bridges that must Important bridges that meet any of the
Critical remain open to all following criteria:
I(Br;éézz) traffic after the Level 2 | . Bridges that do not have detours or
design earthquake, i.e. alternative bridge route (e.g. bridges that
1,000-year return connect islands where no other alternative
period event. bridge exist),
Other bridges required | , Bridges on roads and highways considered
by DPWH to be opento | to he part of the regional disaster prevention
emergency vehicles and route,
Vehlc.l es for o Bridges with span > 100m,
security/defense ) ) ) )
purposes immediately « Non-conventional brlc_iges or special bridge
after an earthquake types such as suspension, cable stayed,
larger than the Level 2 arch, etc.
design earthquake « Other bridge forms such as double-deck
(AASHTO bridges, overcrossings or overbridges that
recommends a 2,500- could cause secondary disaster on important
year return for larger bridges/structures when collapsed,
earthquakes). « As specified by the DPWH or those having
jurisdiction on the bridge.
OC-II Bridges that should, as | Bridges located along the following
. a minimum, be open to | roads/highways:
(Essential hicles and . .
Bridges) emergency ve « Pan-Philippine Highway,
L?Jrr;gzzglxi/?heifwegssehort « Expressways (Urban and Inter-urban
period after the Level 2 exp.ressw.ays), ) o
design earthquake, i.e. « Major/Primary national arterial highways
1,000-year return (North-South Backbong, East-West Lateral,
period event. Other Roads of Strategic Importance),

« Provincial, City and Municipal roads in
view of disaster prevention and traffic
strategy.

Additionally, bridges that meet any of the

following criteria:
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Bridges with detours greater than 25

kilometers

« As specified by the DPWH or those having

jurisdiction on the bridge

OC-lll
(Other Bridges)

« All other bridges not
required to satisfy OC-I
or OC-II performance.

« All other bridges not classified as OC-I or

OC-II

The DPWH or those having jurisdiction shall classify the bridge into one of the above three

operational categories.

(2) The basis of classification shall include social/survival and security/defense requirements. In
classifying a bridge, considerations should be given to possible future changes in conditions and

requirements.

2.3.2 Earthquake Ground Motion and Seismic Performance of Bridges

Table 2.3-2 Earthquake Ground Motion and Seismic Performance of Bridges

Earthquake Ground

Bridge Operational Classification

OC-

Motion oC-I (Essontial oC-IIl

EGM " . ssentia .

( ) (Critical Bridges) Bridges) (Other Bridges)
Level 1 SPL-1 SPL-1 SPL-1
(Small to moderate (Keep the bridge (Keep the bridge (Keep the bridge

earthquakes which are
highly probable during the
bridge service life, 100-year

sound function;
resist seismic
forces within

sound function;
resist seismic
forces within

sound function;
resist seismic
forces within

return) elastic limit) elastic limit) elastic limit)
Level 2 SPL-2 SPL-2 SPL-3
(Large earthquakes with a (Limited seismic (Limited seismic (May suffer
1,000-year return period) damage and damage and damage but should
capable of capable of not cause collapse
immediately recovering bridge of bridge or any of

recovering bridge
functions without
structural repair)

function with
structural repair
within short
period)

its structural
elements)
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2.3.3 Seismic Performance of Bridges

Table 2.3-3 Seismic Performance of Bridges

earthquake
event

L Seismic Seismic Repairability Design
_— Seismic Safety : -
Seismic Performance Design SQerCG.ablllty Emergency Permanent
Design Repairability | Repairability
Seismic Performance | Ensure safety Ensure normal | No repair work | Only easy and
Level 1 (SPL-1): against girder bridge is needed to minor repair
Keeping the sound unseating; resist | functions recover bridge | works are
function of bridges earthquake within functions needed
elastic range
Seismic Performance | Ensure safety Capable of Capable of Capable of
Level 2 (SPL-2): against collapse recovering recovering easily
Limited damages and | and girder functions functions by undertaking
recovery unseating within a short emergency permanent
period after the | repair works repair work

Seismic Performance
Level 3 (SPL-3):
No critical damages

Ensure safety
against collapse
and girder
unseating

2.3.4 Ground types (Site Class) for Seismic Design

Table 2.3-4 Ground Types (Site Class) for Seismic Design

Ground Soil Profile Descriotion Characteristic Value of
Type* P Ground, Tg (s)
Hard
Type | . Te< 0.2
(Good diluvial ground and rock)
Medium
Type Il (Diluvial and alluvial ground not 02<Te<0.6
belonging to Types | and 111)
Soft
Type I . 0.6<Te
(Soft ground and alluvial ground)

* The Ground Type shall be determined quantitatively based on the Characteristic Value of Ground (Tg).

where:
Te : Characteristic value of ground (s)
Hi : Thickness of the i-th soil layer (m)
Vi : Average shear elastic wave velocity of the i-th soil layer (m/s)
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Numbers of the i-th soli layer from the ground surface when the ground is
classified into n layers from the ground.

2.3.5 Values of Site Factor, Fpga, Fa, and Fyon Acceleration Spectrum

Table 2.3-5 Values of Site Factor, Fyg, at Zero-Period on Acceleration Spectrum

Ground Spectral Acceleration Coefficient at Period 0.2 sec (Ss)*
Type (Site
Class) PGA<0.10 |[PGA=0.20 |[PGAs=0.30| PGA=0.40 | PGA=0.50 |PGA>0.80
I 1.2 1.2 1.1 1.0 1.0 1.0
I 1.6 1.4 1.2 1.0 0.9 0.85
i 2.5 1.7 1.2 0.9 0.8 0.75
Note:

1 Use straight-line interpolation for intermediate values of PGA.

Table 2.3-6 Values of Site Factor, F,, for Short-Period Range on Acceleration Spectrum

Ground Spectral Acceleration Coefficient at Period 0.2 sec (Ss)*
Type (Site
Class) Ss<0.25 | Ss=0.50 | Ss=0.75 | Ss=1.00 | Ss=1.25 Ss>2.0
I 1.2 1.2 1.1 1.0 1.0 1.0
1 1.6 1.4 1.2 1.0 0.9 0.85
i 2.5 1.7 1.2 0.9 0.8 0.75
Note:

! Use straight-line interpolation for intermediate values of Ss.

Table 2.3-7 Values of Site Factor, F,, for Long-Period Range on Acceleration Spectrum

Ground Spectral Acceleration Coefficient at Period 1.0 sec (S:)*
Type (Site
Class) $1<0.10 $:=0.20 S$1=0.30 S1=0.40 $1=0.50 | S;:>0.80
| 1.7 1.6 15 14 1.4 14
1 2.4 2.0 1.8 1.6 1.5 15
Il 3.5 3.2 2.8 2.4 2.4 2.0
Note:

! Use straight-line interpolation for intermediate values of Si.
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2.3.6 Design Response Spectrum

A =F,, PG4 |

PEQ

Elastic Seismic Coefficient, Cim

Period. Ty, (seconds)

Figure 2.2-3 Design Response Spectrum

2.3.7 Seismic Performance Zones (SPZ)

Table 2.3-8 Seismic Performance Zones (SPZ)

Acceleration Coefficient, Sp:

Seismic
Performance Zone

Sp1<0.15

0.15<S5p1<0.30

0.30 <Sp1 < 0.50

0.50 <Sp1

A WO DN -
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2.3.8 Response Modification Factors — Substructures
Table 2.3-9 Response Modification Factors — Substructures
Operational Category
Substructure oc-I oc-Il oc-Iil
(Critical) (Essential) (Others)
Wall-type piers — larger dimension 15 15 2.0
Reinforced concrete pile bents
« Vertical piles only 15 2.0 3.0
« With batter piles 15 15 2.0
Single columns 15 2.0 3.0
Steel or composite steel and concrete pile
bents 1.5 35 5.0
« Vertical piles only 1'5 2'0 3'0
« With batter piles ' ' '
Multiple column bents 1.5 3.5 5.0

Table 2.3-10 Response Modification Factors — Connections

Connection All Operational Categories
Superstructure to abutment 0.8
Expansion joints within a span of the superstructure 0.8
Columns, piers, or pile bents to cap beams or 1.0
superstructure
Columns or piers to foundations 1.0
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Chapter 3 Basic Knowledge of Earthquake Engineering and Structural
Dynamics.

3.1 Basic Knowledge of Earthquake Engineering

3.1.1 General

The basic knowledge of earthquake engineering required for bridge design is introduced in this Chapter.
The introduced knowledge may be minimum and limited. Therefore, it is recommended that further
reference is made to earthquake engineering related books for more detailed information or inquiry.

3.1.2 Causes of Earthquake

According to the definition in seismology, an earthquake is a phenomenon of ground shaking caused
by movement at the boundary of tectonic plates of the Earth’s crust by the sudden release of stress. The
edges of tectonic plates are made by trench (or fractures or fault). Most earthquakes occur along the
trench lines when the plates slide past each other or collide against each other.

There are mainly two types or causes of earthquake. One is caused by the movement of tectonic plate
of the Earth’s crust and the other is caused by the movement of active faults in the continental plate.
There is another type called volcanic earthquake, in which the magma stored in reservoirs moves
upwards, fractures the rock, and squeezes through, causing earthquakes usually with magnitudes not
much significant.

The major characteristics of the two main types of earthquake and the location of plate boundaries and
active faults in the Philippines defined by PHIVOLCS (Philippine Institute of Volcanology and
Seismology) are shown in Table 3.1-1.

Plate Boundary Type of Earthquake

Most earthquakes occur along the edge of the oceanic and continental plates. The Earth’s crust is made
up of several plates. The plates under the oceans are called oceanic plates and the rest are continental
plates. The plates are moved around by the motion of a deeper part of the mantle that lies underneath
the crust. These plates are always bumping into each other, pulling away from each other, or past each
other. Earthquakes usually occur where two plates run into each other or slide past each other.

Active Fault Type of Earthquake

Earthquakes can also occur far from the edges of plates, along active faults. Active faults are cracks in
the earth where sections of a plate move in different directions. Active faults are caused by all that
bumping and sliding the plates do. There are three main types of active fault movement which may
cause an earthquake, namely; normal fault, reverse (thrust) fault and strike-slip fault.
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Table 3.1-1 Types of Earthquake

Type

Plate Boundary Earthquake

Active Fault Earthquake

Image

Mechanism of
Occurrence of
Earthquake

(a) O«

1

(b) C

an

(c) The stress of continental plate is released

Strike-slip

Locations of Plate
Boundary and
Active Faults in
the Philippines

. Distribution of Active Faults & Trenches in the Philippines

(Source: PHIVOLCS)
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3.1.3 Velocity and Transmission of Seismic Wave

There are several kinds of seismic wave, and they all move in different directions as shown in Figure
3.1-1. When the seismic wave is transmitted in bedrock or the ground, the amplitude becomes small.
The phenomenon of decrement of the seismic wave is called dumping.

The two main types of waves are “body waves” and “surface waves”. Body waves can travel through
the Earth’s crust, but surface waves can only move along the surface of the ground. Traveling through
the Earth’s crust, body waves arrive before the surface waves emitted by an earthquake. The body
waves are of a higher frequency than surface waves. The transmission of each kind of seismic wave is
explained in Table 3.1-1.

Body Wave (P Wave and S Wave)

The first kind of body wave is the primary wave (P wave). This is the fastest seismic wave, and
consequently the first to arrive at a seismic station. P waves are also known as compressional waves.
Subjected to a P wave, particles move in the same direction that the wave is moving in, which is the
direction that the energy is traveling.

The other type of body wave is the secondary wave (S wave). An S wave is slower than a P wave and
can only move through solid rock. S waves move rock particles up and down, or from side-to-side
perpendicular to the direction that the wave is traveling. Travelling only through the crust, surface
waves are of a lower frequency than body waves. Though they arrive after body waves, it is surface
waves that are almost entirely responsible for the damage and destruction associated with earthquakes.
This damage and the strength of the surface waves are reduced in deeper earthquakes.

rface Wave (L ove Wave and Ravleigh Wavi

The two main types of surface waves are “Love wave” and “Rayleigh wave”. Love wave is the fastest
surface wave and moves the ground from side-to-side. Confined to the surface of the Earth’s crust,
Love waves produce entirely horizontal motion.

Rayleigh wave rolls along the ground just like a wave rolls across a lake or an ocean. Since this wave
rolls, it moves the ground up and down and from side-to-side in the same direction that the wave is
moving. Most of the shaking felt from an earthquake is due to Rayleigh wave, which can be much
larger than the other waves.

The velocity of a seismic wave depends on the density or hardness (modulus of elasticity) of the ground
material. The velocity of P wave at ground surface is approximately 5 to 6 km/sec and the velocity of
S wave is approximately 3 to 4 km/sec, that is, 60-70% of P wave. Surface wave is slightly slower
than S wave. All waves are transmitted from the epicenter at the same time as an earthquake occurs.

However, the time lag of arrival of P waves and S waves become big depending on the distance from
the epicenter as shown in Figure 3.1-2. This time lag is called as S-P time or duration of preliminary
tremors. When the duration of preliminary tremors (sec) is multiplied by 8, it becomes the distance
(km) to the epicenter. For example, if the duration of a preliminary tremor is 10 seconds, the distance
to the epicenter could be evaluated at approximately 80 km.
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Figure 3.1-1 Example of Seismic Wave in Different Directions

Table 3.1-2 Kinds of Seismic Wave Transmission

B
Primarv Wave (P Secondarv Wave (S
Oy Dijpr
vy rectio, Y “Tection o,
X ofp,%“w” & p%%”
T=0 T=0
T=1 T=1
T=2 T=2
T=3 T=3
Partic Mo Particie Motiop,
on
S
Love Ravleiah
Oir
X X Y CCtion orp, e
I=8 T=0
T=1 T=1
T=2 T=2
r=3 T=3
Particig py,, o Particiq Motie,

(Source: Michigan Tech, Geological and Mining Engineering and Science, http://www.geo.mtu.edu/UPSeis/index.htmli23)
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Time after an earthquake (sec)
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(Source: Sapporo District Meteorological Observatory,
http://www.jma-net.go.jp/sapporo/knowledge/jikazanknowledge/jikazanknowledge2_2.html)

Figure 3.1-2 Example of Seismic Wave Transmission to Different Locations
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3.1.4 Time History Wave and Spectrum of Earthquake

Several period waves are contained in a time history earthquake wave. A time history earthquake wave
could be recomposed into each period by its intensity, and its transform is called Fourier spectrum.
However, it is difficult to find the influence to the structure during earthquake by the observation of
Fourier spectrum. A better method to understand its behavior is to use response spectrum.

As shown in Figure 3.1-3, a response spectrum is simply a plot of the peak of a series of steady-state
response with single-degree-of-freedom system varying natural frequency that are forced into motion
by the same base vibration. The resulting plot can then be used to pick off the response of any linear
system, given its natural frequency of vibration. In the case of acceleration, the response spectrum is
called an acceleration response spectrum.

Figure 3.1-4 shows an example of transformation of the acceleration response spectrum from the
observed time history wave of a previous earthquake in Japan. The figures include the matching of the
target response spectrum by modification of time history wave.

Acceleratio
n Response

o Acceleration

Natural Frequency

b | T1 T2 T3
1 Period
|
Acceleration
Racnnnca

Natural Frequency

(Source: Japan Meteorological Agency)

Figure 3.1-3 Procedure of Transformation of Response Spectrum from Time History Wave
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Figure 3.1-4 Example of Time History Earthquake Wave and Acceleration Response Spectrum
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3.1.5 Intensity of Earthquakes (Magnitude, Seismic Intensity Scale and Engineering

(1)

Seismic Coefficient)

General

Basically, an earthquake is measured by its Magnitude and Intensity. The Magnitude indicates
the amount of energy released at the source of one earthquake and is measured by the Magnitude
Scale. The intensity of an earthquake at a particular locality indicates the violence of earth motion
produced there by the earthquake. It is determined from reported effects of the tremor on human
beings, furniture, buildings, geological structure, etc. In the Philippines, the PHIVOLCS
Earthquake Intensity Scale (PEIS) is adopted, which classifies earthquake effects into ten scales.
When an earthquake occurs, its magnitude can be given a single numerical value by the
Magnitude Scale. However, the intensity is variable over the area affected by the earthquake,
with high intensities near the epicenter and lower values further away. These are allocated a value
depending on the effects of the shaking according to the Intensity Scale.

. /)
Intensity I % ? Intensity IV

Active Fault

Hypocénter (Ms5.38)

(Source)

(Source: Sapporo District Meteorological Observatory, http://www.jma-net.go.jp/sapporo)

Figure 3.1-5 Deference between Magnitude and Intensity

(2) Magnitude Scale

Richter Magnitude Scale

In 1935, Charles Richter and Beno Gutenberg developed the local magnitude scale (M), which
is popularly known as the Richter magnitude scale, to quantify medium-sized earthquakes
between magnitude 3.0 and 7.0. This scale was based on the ground motion measured by a
particular type of seismometer at a distance of 100 km from the earthquake’s epicenter. For this
reason, there is an upper limit on the highest measurable magnitude, and all large earthquakes
will tend to have a local magnitude of around 7. Since this Ml scale was simple to use and
corresponded well with the damage which was observed, it was extremely useful for engineering
earthquake-resistant structures and gained common acceptance.
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Moment Magnitude Scale (Mw)

The moment magnitude scale (Mw) is used by seismologists to measure the size of earthquake in
terms of the energy released. The magnitude is based on the seismic moment of the earthquake,
which is equal to the rigidity of the Earth multiplied by the average amount of slip on the fault
and the size of the area that slipped. The scale was developed in the 1970’s to succeed the 1930’s
Richter magnitude scale (Ml). Even though the formulae are different, the new scale retains the
familiar continuum of magnitude values defined by the older one. The Mw is now the scale used
to estimate magnitude for all modern large earthquakes by the United States Geological Survey
(USGS).

(3) Seismic Intensity Scale

The Philippine Institute of Volcanology and Seismology (PHIVOLCS) is the government agency
that is monitoring earthquakes that affect the Philippines. PHIVOLCS provided the earthquake
intensity scale to determine the destructiveness of earthquake, as shown in Table 3.1-3

Table 3.1-3 PHIVOLCS Earthquake Intensity Scale (PEIS)

Scale PGA Description
(g values)
I |Scarcely 0.0005 |Perceptible to people under favorable circumstances. Delicately balanced
Perceptible objects are disturbed slightly. Still water in containers oscillates slowly.

Il |Slightly Felt| 0.0009 |Felt by few individuals at rest indoors. Hanging objects swing slightly. Still
water in containers oscillates noticeably.

I | Weak 0.0011 |Felt by many people indoors especially in upper floors of buildings.
Vibration is felt like one passing of a light truck. Dizziness and nausea are
experienced by some people. Hanging objects swing moderately. Still water
in containers oscillates moderately.

IV | Moderately 0.0050 |Felt generally by people indoors and by some people outdoors. Light sleepers
Strong are awakened. Vibration is felt like a passing of heavy truck. Hanging objects
swing considerably. Dining plates, glasses, windows and doors rattle. Floors
and walls of wood framed buildings creak. Standing motor cars may rock
slightly. Liquids in containers are slightly disturbed. Water in containers
oscillates strongly. Rumbling sound may sometimes be heard.

V | Strong 0.0100 | Generally felt by most people indoors and outdoors. Many sleeping people
are awakened. Some are frightened, some run outdoors. Strong shaking and
rocking felt throughout building. Hanging objects swing violently. Dining
utensils clatter and clink; some are broken. Small, light and unstable objects
may fall or overturn. Liquids spill from filled open containers. Standing
vehicles rock noticeably. Shaking of leaves and twigs of trees are noticeable.

VI |VeryStrong | 0.1200 |Many people are frightened; many runs outdoors. Some people lose their
balance. Motorists feel like driving in flat tires. Heavy objects or furniture
move or may be shifted. Small church bells may ring. Wall plaster may crack.
Very old or poorly built houses and man-made structures are slightly
damaged though well-built structures are not affected. Limited rock-falls and
rolling boulders occur in hilly to mountainous areas and escarpments. Trees
are noticeably shaken.

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



3-11 BSDS DESIGN STANDARD GUIDE MANUAL I

VIl |Destructive 0.2100 |Most people are frightened and run outdoors. People find it difficult to stand
in upper floors. Heavy objects and furniture overturn or topple. Big church
bells may ring. Old or poorly-built structures suffer considerable damage.
Some well-built structures are slightly damaged. Some cracks may appear on
dikes, fish ponds, road surface, or concrete hollow block walls. Limited
liquefaction, lateral spreading and landslides are observed. Trees are shaken
strongly. (Liquefaction is a process by which loose saturated sand lose
strength during an earthquake and behave like liquid).

VIl |Very 0.3600- | People panicky. People find it difficult to stand even outdoors. Many well-
Destructive 0.5300 |built buildings are considerably damaged. Concrete dikes and foundation of
bridges are destroyed by ground settling or toppling. Railway tracks are bent
or broken. Tombstones may be displaced, twisted or overturned. Utility
posts, towers and monuments mat tilt or topple. Water and sewer pipes may
be bent, twisted or broken. Liquefaction and lateral spreading cause man-
made structures to sink, tilt or topple. Numerous landslides and rock-falls
occur in mountainous and hilly areas. Boulders are thrown out from their
positions particularly near the epicenter. Fissures and fault-rapture may be
observed. Trees are violently shaken. Water splash or top over dikes or banks
of rivers.

IX |Devastating 0.7110- |People are forcibly thrown to ground. Many cry and shake with fear. Most
0.8600 |buildings are totally damaged. Bridges and elevated concrete structures are
toppled or destroyed. Numerous utility posts, towers and monument are
tilted, toppled or broken. Water sewer pipes are bent, twisted or broken.
Landslides and liquefaction with lateral spreading and sand-boils are
widespread. The ground is distorted into undulations. Trees shake very
violently with some toppled or broken. Boulders are commonly thrown out.
River water splashes violently on slops over dikes and banks.

X |Completely | 1.1500< |Practically all man-made structures are destroyed. Massive landslides and
Devastating liquefaction, large scale subsidence and uplifting of land forms and many
ground fissures are observed. Changes in river courses and destructive
seethes in large lakes occur. Many trees are toppled, broken and uprooted.

(Source: PHIVOLCS)

(4) Engineering Seismic Coefficients

The PHIVOLCS Earthquake Intensity Scale (PEIS) described above show the destructivity
impact of earthquakes qualitatively. However, PEIS is not used for bridge seismic design. The
bridge seismic design expresses the strength of earthquake by the seismic coefficient or Peak
Ground Acceleration (PGA) of the ground surface.

The seismic coefficient of bridge seismic design (k) is formulated as follows, expressing the ratio
between the maximum acceleration of the ground surface ( o ) and the acceleration of gravity

(9).
o a(gal) o«

~ g 980(gal) 1000

Table 3.1-4, shows a comparison including (1) the location of existing trench and fault, which
was shown in Error! Reference source not found.; (2) the seismic zone map, which is currently
used by DPWH for bridge seismic design with acceleration coefficient (A) of 0.40, except for
Palawan with A = 0.20; and (3) the proposed Peak Ground Acceleration (PGA) map provided by
the Project.
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Table 3.1-4 Comparison of Seismic Intensity for Bridge Design
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3.2 Basic Knowledge of Structural Dynamics

3.2.1 General

The basic knowledge of structural dynamics required for bridge design is introduced in this Chapter.
The introduced knowledge may be minimum and limited. Therefore, it is recommended that further
reference is made to structural dynamics related books for more detailed information or inquiry.

3.2.2 Characteristic Vibration of Structure and Seismic Load

Normal Mode

A Normal Mode is a pattern of motion in which all parts of the system move at the same frequency and
with a fixed phase relation. The motion described by the normal mode is called resonance. The
frequencies of the normal modes of a system are known as its natural frequencies or resonant
frequencies. A physical object, such as a building, bridge, etc., has a set of normal modes that depend
on its structure, materials and boundary conditions.

A mode of vibration is characterized by a modal frequency and a mode shape. It is numbered according
to the number of half waves in the vibration. As shown in

Figure 3.2-1, if a vibrating beam with both ends pinned displayed a mode shape of half of a sine wave
(one peak on the vibrating beam) it would be vibrating in Mode 1. If it had a full sine wave (one peak
and one valley) it would be vibrating in Mode 2. Figure 3.2-2 shows the case of cantilever such as
bridge pier.

Mode 1 (Frequency: F1, Period: T1)

Mode 2 (Frequency: F2, Period: T2)

Mode 3 (Frequency: F3, Period: T3)

Figure 3.2-1 Example of Normal Modes of Beam
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Mode 1

Mode 2 Mode 3

(Frequency: F1, Period:

Frequency: F2, Period:
T1) (Freq y

T2)

(Frequency: F3, Period:
T3)

Figure 3.2-2 Example of Normal Modes of Cantilever

Resonan nd For Vibration

In physics, resonance is the tendency of a bridge to vibrate with greater amplitude at some frequencies
than at others. Frequencies at which the response amplitude is a relative maximum are known as the
resonance frequencies. At these frequencies, even small periodic driving forces can produce large
amplitude vibration, because the bridge stores vibration energy.

Forced vibration is a vibration caused forcibly by receiving the external force to fluctuate such as
earthquakes. When the periods of forced vibration is the same or close to the natural frequency of the
bridge, the vibration occurs remarkably. It is also called as resonance.

lerat | Vibration Mod

The expected acceleration response of a bridge during earthquake is called as Acceleration Response
Spectrum, which was explained in Section 1.4. The Design Response Spectrum for acceleration is
developed, as shown in Table 3.1-3 with site coefficient for Peak Ground Acceleration (PGA), 0.2-sec
period spectral acceleration, and 1.0-sec period spectral acceleration in the Bridge Seismic Design
Specification.

An example of calculation of Design Acceleration Spectrum is shown in Figure 3.2-2. The first natural
period of ordinary bridge is basically short such as T1=0.5 (sec), which is defined with the strength of
substructure and supported mass of superstructure. However, the natural period of high elevated bridge
or bridges which adopt rubber bearings are longer than the ordinary bridge. In that case, the acceleration
response can be estimated as smaller than that of ordinary bridge.

3.2.3 Material Non-linearity

The “linear” behavior could be defined as a property which could be “superposition relation” between
the causes and effects. As an example, displacement of the vertical direction of bridge girder becomes
large in proportion to the vertical load. In addition, as shown in Figure 3.1-2, the total displacement can
be calculated by summing up the vertical displacement due to dead load, live load, etc. Its behavior
could be called linear.
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Total Displacement

Figure 3.2-3 Example of Superposition Relation in Linear Property

On the other hand, non-linear means not linear in mathematical terms. In other words, it is the
phenomenon that superposition relation is not formed. As an example, the reinforced concrete used in
bridge construction (the stress-strain relation of reinforcing bar is as shown in Figure 3.2-4) does not
appear to be on a straight line because the plastic deformation happens when the strain reaches the yield
stress, and the strain grows after the yielding. Material non-linearity means that the straight line does
not have stress and strain relationship in this way. However, it may be said that the above-mentioned
superposition relationship is up to the yielding point of materials, because the stress-strain relation of
reinforced bar is a straight line. The stress-strain relation of concrete is also non-linear when the strain
of concrete is large as shown in Error! Reference source not found..

Os=Cgy

Ogy [--—--- €
—~ £
S 2
£ <
Z 6=Eoyy ©
8
2 2
§ < Gc:Ech{:I-':I-/r'(Sclgcc) '1}
& 73]

€cc €eu
Obt
Strain & Strain %
Figure 3.2-4 Ideal Stress-Strain Relation of Figure 3.2-5 Ideal Stress-Strain Relation of
Reinforcing Bar Concrete

The material non-linearity is one of the important considerations for the seismic design, especially when
large-scale earthquakes are considered because the material may behave in non-linear level.

The non-linearity horizontal force-displacement relation of reinforced concrete pier is shown in

Figure 3.2-6. The restitution force of reinforced concrete shall be considered when the bridge pier had
suffered from a repetitive force such as a large-scale earthquake. Generally, the skeleton of repetitive
force contains cracking of concrete, yielding of reinforced bar and, ultimately, compression of concrete
in the tri-linear type of skeleton model such as Takeda Model. The stiffness of reinforced concrete is
changed by major events such as cracking or yielding. When the bridge pier had behaved as non-linear,
the residual displacement will remain after the earthquake.

Figure 3.2-7 shows an example of historical curve of the bending moment-curvature relation at pier

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 3: BASIC KNOWLEDGE OF EARTHQUAKE ENGINEERING AND STRUCTURAL 3-16
DYNAMICS

bottom obtained by Non-linear time history response analysis.

P
A
P o
—>
Pu
®
©)
Py [yt
1
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Residual Displacement @D
5cd Su o
@
®
®
Figure 3.2-6 Non-linear Behavior of Reinforced Concrete Pier
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Figure 3.2-7 Example of Historical Curve of the Bending Moment-Curvature at Pier Bottom
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3.2.4 Static Design and Dynamic Design Methods

The analysis method of seismic design is classified into static analysis and dynamic analysis. Since
earthquake is a dynamic phenomenon and the response of a structure usually changes from time to time,
dynamic analysis is desirable to use in the seismic design of bridges. However, if the behavior of the
structure is not complicated, the static analysis has to be carried out, because the dynamic analysis is
complicated.

The major dynamic analysis methods for bridge seismic design are shown in Table 3.2-1. These analysis
methods have their own characteristics and the method shall be selected according to the type of bridge.
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3.2.5 Load Factor Design (LFD) and Load and Resistance Factor Design (LRFD)

In 1994, the first edition of the “AASHTO LRFD Bridge Design Specifications” was published, placing
earthquake loading under Extreme Event I limit state. Similar to the 1992 edition, the LRFD edition
accounts for column ductility using the response modification R factors. In 2008, the “AASHTO LRFD
Interim Bridge Specifications” was published to incorporate more realistic site effects based on the 1989
Loma Prieta earthquake in California. Moreover, the elastic force demand is calculated using the 1,000-

year maps as opposed to the earlier 500-year return earthquake.

The comparison of ASD (WSD), LFD and LRFD is shown in Table 3.2-2

Table 3.2-2 Comparison of ASD, LFD and LRFD

Design ASD: Allowable Stress Design LFD: Load Factor Design LRFD: Load and Resistance
Method Factor Design
(WSD: Working Stress Design) (Strength Design) (Reliability Based Design/
LSD: Limit State Design)
Description | A method where the nominal |LFD is a kind of the so-called Limit | The LRFD method subdivides the
strength is divided by a safety factor | State Design (LSD) method. The | limit state of the structure compared
to determine the allowable strength. | limit state is a condition of a|to the LFD method. In addition,
This allowable strength is required | structure beyond which it no longer | load factor and resistance factor are
to equal or exceed the required |fulfills the relevant design criteria. | modified based on probability
strength for a set of ASD load | The condition may refer to a degree | statistics data from a combination
combinations. of loading or other actions on the | of limit state of various loads. The
o UUTMAE RESSTANCE _ R, structure, while the criteria refer to | LRFD method modifies three
5 " APPLED LOAD a structural integrity, fitness for use, | equivalents to LFD method, such as
g | durability  or  other  design|Service Limit State, Fatigue &
8 |t =% requirements. Fractural Limit State, Strength
§ LSD requires the structure to satisfy | Limit State and Extreme Event
g three principal criteria: the Ultimate | Limit State, and the coefficient is
g a R, Limit  State  (ULS),  the|changed.
RESSTANCE CR LOADS (R, Q) Serviceability Limit State (SLS) and J—
the Fatigue Limit State (FLS). [/ "“T"“
¢ 5 1 [wws-ria
g |
o
2
B
Eaziz;:tion SDL+ZLL <R, /FS vy(EBp DL+ZB, LL)<¢R, | n(Zyp DL+Zy,  LL)<0¢R,
a where, where, where,
FS: Factor of Safety Y : Load Factor M : Load modifier
[ : Load Combination Coefficient | v : Load Factor
¢ : Resistance Factor ¢ : Resistance Factor
Advantage |- Simplistic - Load factor applied to each load |- Accounts for variability
combination - Uniform levels of safety
- Types of loads have different|. Risk assessment based on
levels of uncertainty reliability theory
Limitation |- Inadequate account of variability |- More complex than ASD - Requires availability of
- Stress not a good measure of |- No risk assessment based on| statistical data
resistance reliability theory - Resistance factors vary
- Factor of Safety is subjective - Old habits
- No risk assessment based on
reliability theory
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CHAPTER 4: ANALYSIS METHOD
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Chapter 4 Analysis Method

The primary purpose of this chapter is to present dynamic method for analyzing bridge structures when
subjected to earthquake load. Basic concepts and assumptions were used in the following sample
applications.

4.1 Simplified Method

4.1.1 Uniform Load Method

The uniform load method is essentially an equivalent static method that uses the uniform lateral load to
compute the effect of seismic loads. For simple bridge structures with relatively straight alignment, small
skew, balanced stiffness, relative light substructure, and with no hinges, uniform load method may be
applied to analyze the structure for seismic loads. This method is not suitable for bridges with stiff
substructures such as pier walls. This method assumes continuity of the structure and distributes
earthquake force to all elements of the bridge and is based on the fundamental mode of vibration in either
longitudinal or transverse direction (AASHTO,2012). The period of vibration is taken as that of an
equivalent single mass-spring oscillator. The maximum displacement that occurs under the arbitrary
uniform load is used to calculate the stiffness of the equivalent spring. The seismic elastic response
coefficient Csm or the Acceleration Response Spectrum ARS curve is then used to calculate the equivalent
uniform seismic load using, which the displacements and forces are calculated. The following steps outline
the uniform load method:

3@35m=105m

SR /

AASHTO Method

The following steps outline the uniform load method:

1. Idealize the structure into a simplified model and apply a uniform horizontal load P, over the
length of the bridge as shown in Figure above. It has units of force/unit length and may be
arbitrarily set equal to 1 kN/m.

Po=1.0KN/m
L=105/2=52.5m

2. Calculate the static displacements viuq under the uniform load po using static analysis.

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
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Wuh3

3
Vomax =g “Pol X4 /(3ED) =1X52:5X 14.8"3/(3 X 81.400,000)=0.0007m

3. Calculate bridge lateral stiffness K.

L
K= Eq4.1.1

v sMax
K=1X52.5/0.0007=75000KN/m

4. Calculate the total weight W of the structure including structural elements and other relevant
Loads.

W=[ w(X)dX e Eq4.1.2
5. Calculate the period of the structure 7, using the following equation:

T = 211\/% =2X 7y (8767.5/9.8/75000)=0.685 sec

6. Calculate the equivalent static earthquake force pe using the ARS curve.
P= C,wW/L Equivalent static seismic loading per unit length

From following Spectrum,

Csn=Sp1/Tn=0.64/0.685=0.93

P.=0.93%8767.5/52.5=155.3 KN/m

JRA Method

3 3
:Wuh +0.8thp
sMax  3E] 8EI

v

Wu: Dead load of superstructure = 167KN / m X (35 +35/2) = 8767.5KN

Wp: Dead load of pier = (11 X 3.14/4 X 2.8/2+2.9X ((2.849.1) /2 X 0.75+1.25X9.1)) X 24
= 2820KN
EI = 27,000,000KN/m2 x (3.14x2.8"4)/64=81,400,000KN * m2
V  max =8767.5x 14.8"3 /(3 x 81,400,000) + 0.8x2829x13.0"3 / (8 x 81,400,000)
=0.116 +0.008 = 0.123m
K = (8767.5 + 2829) / 0.123 = 94280KN/m

T, =2m QKK =2X 1 Xy (8767.5+2829) /9.8 / 94280 = 0.70sec
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1000 -year return pertod (So1l Type-11)

1.20
_+_.@535= Fa*S3s=094*115=108

g o -
L T S A W — e —
=l N +Gsm= 5py/'Tm (T5%Tm)
T [ - n|
T S '\“\'; """"""" @r831= Fy*51=1.60%0.400= 0_64I
= IS R O
E 0.0 4'.II ..... ‘ . _HH': ..................................................
Bl | Caym= As+{Sps-A3)(Tm/To) T~
o ., (0=Tm=Ts)
é El4|:| ""':"'.:"""""""""""""'"""""""""""'"""""""""""::'-'_""_"-'-'_'_'_"_'_"_'_"_' """
ﬁ @-‘15= Fpea*PGA=088*06=033 T

R B T

Q.00 : : -

0o 0.2 0.5 L0 15 20

Period Tm (sec)
T5= Sp1/Sps=0.64/1.08=0.502
Tr=02*Ts=02%0592=0118

4.1.2 Single Mode Spectral Method

The single-mode spectral analysis is based on the assumption that earthquake design forces for
structures respond predominantly in the first mode of vibration. This method is most suitable to
regular linear elastic bridges to compute the forces and deformations, but not applicable for irregular
bridges (unbalanced spans, unequal in the columns, etc.) because higher modes of vibration affect the
distribution of the forces and resulting displacements significantly (Chen 2014). This method can be
applied to both continuous and noncontinuous bridge superstructures.

The inertial forces pe(x) are calculated using the natural period and the design forces and displacement
are then computed using static analysis as shown in the example below.

(1) Longitudinal Direction

Displacement due to Po= 1 KN/m.

Superstructure uniformly 0.00157m
a=[v(x)dx =0.00157*105 = 0.165
B=fw(x)v(x)dx = [ 167 x0.00157dx = 27.5
y=[wx)v(x)?dx=[167 x 0.001572%dx = 0.043
To=27v (v/(po*g*a)=2%3.14/ (0.043/1.0*9.8*0.165) = 1.02sec

pe(x) =B Cm/ v * w(x)v(x)=27.5*%1.0/0.043*167*0.00157 = 167KN

(2) Transverse Direction
Refer to Excel sheet

a =0.016
B =759
y =2.33X10°

Tw=27+ (.00405084 /(1.0%9.8%0.016) = 1.0 sec
pe(x) = B Cu/ v * wx)v(x) = 7.59%0.53/2.33 X 10°6* v(x)
v(x) = Dy (on next page)
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Table 4.1-1 Division Number 105/36=2.9m

Displacement -Y (Transverse direction)

'

NODE LOAD DY (m) (klzl/) wy*DY | wy*DY~2 Rx Rz
1 | UNITLOADY | 0.000018 240 | 0.00432 | 7.776E-08 | -0.000007 | 0.00002
2 | UNITLOADY | 0.000199 | 484.3 | 0.096376 | 1.918E-05 | -0.000018 | 0.000019
3 | UNITLOADY | 0.000362 | 484.3 | 0.175317 | 6.346E-05 | -0.000030 | 0.000016
4 | UNIT LOAD Y | 0.000495 | 484.3 | 0.239729 | 0.0001187 | -0.000042 | 0.000013
5 | UNITLOADY | 0.000589 | 484.3 | 0.285253 | 0.000168 | -0.000053 | 0.000008
6 | UNIT LOADY | 0.000653 | 484.3 | 0.316248 | 0.0002065 | -0.000053 | 0.000006
7 | UNITLOADY | 0.00068 | 484.3 | 0.329324 | 0.0002239 | -0.000053 | 0.000001
8 | UNITLOADY | 0.00066 | 484.3|0.319638 | 0.000211 | -0.000053 | -5E-06
9 | UNITLOADY | 0.000594 | 484.3 | 0.287674 | 0.0001709 | -0.000053 | -9E-06
10 | UNIT LOAD Y | 0.000495 | 484.3 | 0.239729 | 0.0001187 | -0.000042 | -1.3E-05
11 | UNITLOADY | 0.00036 | 484.3 | 0.174348 | 6.277E-05 | -0.000030 | -1.6E-05
12 | UNIT LOAD Y | 0.000197 | 484.3 | 0.095407 | 1.88E-05| -0.000018 | -1.9E-05
13 | UNIT LOAD Y | 0.000017 |  484.3 | 0.008233 1.4E-07 | -0.000006 | -0.00002

1287 | UNIT LOAD Y | 0.00008 484.3 | 0.038744 3.1E-06 | -0.000011 | 0.000019

1288 | UNIT LOADY | 0.00014 484.3 | 0.067802 | 9.492E-06 -0.000015 | 0.000019

1289 | UNIT LOAD Y | 0.000256 484.3 | 0.123981 | 3.174E-05 | -0.000022 | 0.000018

1290 | UNIT LOAD Y | 0.00031 484.3 | 0.150133 | 4.654E-05 -0.000026 | 0.000017

1291 | UNIT LOAD Y | 0.00041 484.3 | 0.198563 | 8.141E-05 | -0.000034 | 0.000015

1292 | UNIT LOAD Y | 0.000454 484.3 | 0.219872 | 9.982E-05 -0.000038 | 0.000014

1293 | UNIT LOAD Y | 0.000531 484.3 | 0.257163 | 0.0001366 | -0.000045 | 0.000011

1294 | UNIT LOAD Y | 0.000562 484.3 | 0.272177 0.000153 | -0.000049 | 0.00001

1295 | UNIT LOAD Y | 0.000667 484.3 | 0.323028 | 0.0002155 | -0.000053 | 0.000004

1296 | UNIT LOAD Y | 0.000677 484.3 | 0.327871 0.000222 -0.000053 | 0.000002

1297 | UNIT LOAD Y | 0.000679 484.3 | 0.32884 | 0.0002233 | -0.000053 -1E-06

1298 | UNIT LOAD Y | 0.000672 484.3 | 0.32545 | 0.0002187 -0.000053 -3E-06

1299 | UNIT LOAD Y | 0.000643 484.3 | 0.311405 | 0.0002002 -0.000053 -6E-06

1300 | UNIT LOAD Y | 0.000621 484.3 | 0.30075 | 0.0001868 | -0.000053 -8E-06

1301 | UNIT LOAD Y | 0.000565 484.3 | 0.27363 | 0.0001546 | -0.000050 | -0.00001

1302 | UNIT LOAD Y | 0.000532 484.3 | 0.257648 | 0.0001371 -0.000046 | -1.2E-05

1303 | UNIT LOAD Y | 0.000454 484.3 | 0.219872 | 9.982E-05 -0.000038 | -1.4E-05

1304 | UNIT LOAD Y | 0.000409 484.3 |1 0.198079 | 8.101E-05 -0.000034 | -1.5E-05

1305 | UNIT LOAD Y | 0.000309 484.3 | 0.149649 | 4.624E-05 -0.000026 | -1.7E-05

1306 | UNIT LOAD Y | 0.000254 484.3 | 0.123012 | 3.125E-05 -0.000022 | -1.8E-05

1307 | UNIT LOAD Y | 0.000139 484.3 | 0.067318 | 9.357E-06 -0.000014 | -1.9E-05

1308 | UNIT LOAD Y | 0.000078 484.3 | 0.037775 | 2.946E-06 -0.000010 | -1.9E-05

1309 | UNIT LOAD Y | 0.000613 484.3 | 0.296876 0.000182 -0.000053 | 0.000007

1310 | UNIT LOAD Y | 0.000634 240 | 0.15216 | 9.647E-05 -0.000053 | 0.000007

0.016008 | 17430.5 | 7.593391 | 0.00405084
o B Y
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CHAPTER 4: ANALYSIS METHOD 4-6

4.2 Linear Analysis

4.2.1 Model Analysis

Equation of motion of multi-freedom system is expressed as follows

MDACDHKD=MZ ..o 4.2.1)
=L oo, 4.2.2)

M: Mass Matrix, C: Damping Matrix, K: Stiffness Matrix, D: Displacement vector
Z: Acceleration vector of the ground, L: Acceleration distribution vector.
D can be dissolved by mode vector ¢ and generalized coordinate q.

D=0iqit@2a 2t * * * *0ndnTEQ) Q jeririiiiiiiiiii (4.2.3)
Mo q+COA+KQq=-MZ ...........cccooiiiiiiiiiiiiiiiiieee e 4.2.4)
Multiply transposed Matrix @'
O™ q+9T Coaq+9"Koa=-0"MZ ..., (4.2.5)
M, 0 ... 0
PV
0 0 M,
Ci 0 0
— |0 C 0
¢"Co=C = f :
0 0 Ch
K, 0 0
— K 0
¢"Ko=K = N :
0 0 K,

Eq 4.2.5 can be dissolved into n number independent 1 degree freedom equations.

In case of 2 dimension, LL=(1010 + + =« - - 10), L73;= (0101 = = = » - - 01)
o= KMy, iy =C)/ 2w ; My, f=F)/M) oo (4.2.6)
Q20O = B e (4.2.7)
B oB  ee e (4.2.8)
ParticipationFactor Bi=@;"™MLi/MJ ...........cccoeiuiiiiiiiiiiieiiieeiieeeeee, (4.2.9)

g; = exp {—h;w;t}{A; cosw;t + B, sinwjt}

B ft. e (4.2.10)
—w—i/ Z(1) exp {—hjw;(t — T)}sinw;-(t — T)dr
. Jo
7
, 2
Where wj=wpV (1 —h,
2 _
Effective mass ~ m; = ((pC. ML j) IMj oo (4.2.11)
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4-7 BSDS DESIGN STANDARD GUIDE MANUAL I

4.2.2 Response Spectrum method

We can obtain the right answer of the time history multi-freedom structural system by above
mentioned modal analysis. However, time history response is not necessarily required and only the
maximum response is necessary for seismic design of the structures.

Maximum response in j-th can be obtained from Eq. 4.2.10.

SDj = q‘jmax
SVj = CI]max =~ (l)SD] ''''''''''''''''''''''''''''''' (4212)

Saj = (q] +Z) max ® © 2SDj

Maximum response of j order mode is  Rj = &; 5,5p;
Design value shall be obtained as the CQC ~ (Complete Quadratic Combination) value.

1/2
R =[S0y 20 Ripi R o (4.2.13)

Where,

__ 8 Z(1+1)r3/?
Yo1-r2)2448 2r(14m)2

r= a)j/cui

Rmax : Peak Response
Rj: Peak response of i-th mode
R: Natural frequency ratio of i-th mode to j-th mode
& :Damping ratio
4.2.3 Time History Direct Integration Analysis
(Newmark’s B Method)
MU ACUFKUTP(E) ..o (4.2.14)

Dividing p(t) into small time increment, pi and Pi+1

mii,-+1+ Cili+1+kui+1= ) (4215)
. . 1 . .

;1= ui+EAt(ut+ut+1) ...................................................... (4.2.16)
Uiet = UrbAb+ G-B) AP ABAR i g oo 4.2.17)

Obtaining unknown vector i;,4, by putting (4.2.17) into (4.2.14),

.. At - ., At : 1 .

g =(m+=c+ BAt?k)~1 [pi+1 - c(ul +5 ul-) - k{ui + Ati; + (E - B)Atzui}}-(4.2.l8)
Therefore, response value ii;;1, W;41, Ui+1 can be obtained from known value ;, u,, u;.

1/4, 1/6 are usually adopted as p.

Time increment for direct integration is as follows.
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A= (4.2.19)

Where, Tp = the highest modal period being considered.

4.3 Inelastic Time History Analysis

In seismic engineering, it is nowadays common to distinguish between so-called force based and
displacement-based analysis techniques. Although it is not always strictly defined what these two
expressions comprise in detail, it appears justified to make a difference between these two conceptual
approaches. Many existing seismic codes including the current BSDS can be considered as force-based.
This Chapter does not have the status of a code but may rather be considered as a guide.

While force-based analysis represents the more traditional approach, modern displacement-based
analysis methods bear some conceptual advantages. They may be considered as more accurate, but they
are also somewhat more demanding with respect to the knowledge of the analyzing engineer. One
possible alternative to traditional force-based analysis is represented by an inelastic time history
analysis (ITHA) which may be considered as the most complete analysis technique. In this method the
inelastic behavior of the system is explicitly modeled — including the hysteretic response of the members
under cyclic loading. Using this model, a real dynamic analysis is conducted in which the differential
equation of motion is solved (numerically) for a given ground motion exciting the base of the structure.

As ITHA is conceptually able to capture the important phenomena related to the seismic response of
the system, the quality of the analysis results only depends on the accuracy of the inelastic structural
model and the adequacy of the used input ground motions. The remaining uncertainties resulting from
these two issues should not be underestimated so that even this advanced analysis technique does not
necessarily guarantee a fully realistic assessment result.

As inelastic time history analysis gives a complete picture of the entire response, including the inelastic
force and displacement time history of the individual members, it might be considered as superordinate
to force based or displacement-based analyses techniques. Therefore, ITHA is not only the conceptually
most realistic analysis approach, but it also gives the most complete set of structural response data.
These also allow the computation of the energy dissipated by individual members. Such data can
theoretically be used for damage estimations taking the cyclic response into account (provided an
appropriate damage model is available).

Despite these considerable advantages of ITHA, it may not be the best choice for the analysis of
structures in ordinary cases, e.g. in an engineering company. Aside from the fact that ITHA can become
computationally rather demanding, its application also requires advanced knowledge of the method.
The sophisticated numerical solution strategies of the inelastic dynamic problem are sensitive to several
aspects and convergence is not always guaranteed. Furthermore, the hysteretic modeling of the structure
requires a considerable amount of additional data to fully characterize the inelastic system behavior,
whose realistic determination might not always be straightforward. Other aspects, as e.g. the choice of
adequate ground motions or appropriate viscous damping models, need to be considered in addition.
The large amount of required data and the sophistication of the problem can make ITHA somewhat
prone to errors, especially if the analyzing engineer is not sufficiently familiar with the potential sources
of errors.

ITHA is dynamic analysis, which considers material nonlinearity of a structure. Considering the
efficiency of the analysis, nonlinear elements are used to represent important parts of the structure, and
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4-9 BSDS DESIGN STANDARD GUIDE MANUAL I

the remainder is assumed to behave elastically. Explanation of material non-linearity were defined in
Chapter 3.

4.3.1 Analysis Method

When the structure enters the nonlinear range, or has nonclassical damping properties, modal analysis
cannot be used. A numerical integration method sometimes referred to as time history analysis, is
required to get more accurate responses of the structure. In a time history analysis, the time scale is
divided into a series of smaller steps, dt. Let us say the response at ith time interval has already
determined and is denoted by ui , Ui ,Ui. Then, the response of the system at ith time interval will
satisfy the equation of motion (Equation 4.3.2).

[M {0} +[ClO+ KU} = =M} o (43.2)

The time stepping method enables us to step ahead and determine the responses ui+1, Ui+, Ui+1ati
+ 1 time interval by satisfying the Equation 4.3.2. Thus, the equation of motion at i + 1th time
interval will be

[M {0} +[CT {0} + KU} = (M {0} oo (43.3)

Equation 4.3.3 needs to be solved before proceeding to the next time step. By stepping through all
the time steps, the actual response of the structure can be determined at all time instants. Direct
integration must be used for inelastic time history analysis of a structure, which contains nonlinear
elements of the Element Type. If a structure contains nonlinear elements of the Force Type only,
much faster analysis can be performed through modal superposition. From this point on, inelastic
time history analysis by direct integration is explained.

4.3.1.1 Direct Integration Method

These procedures will allow the nodal displacements to be determined at different time increments
for a given dynamic system. By applying a direct integration scheme, equation is integrated using a
numerical step-by-step procedure. The methods do not require any transformations of the equations
into different forms and are therefore considered as direct. Direct numerical integration is based on
fulfilling two fundamental conditions, (1) instead of satisfying previous equation at any time t the aim
is to satisfy it only at discrete time intervals separated by an increment Dt. The result of this is that
static equilibrium, which includes the effect of inertia and damping forces, is sought at discrete time
instances within the studied time interval. The second condition (2) is that the variation of
displacements, velocities and accelerations within each time interval Dt is assumed. These
assumptions will determine the accuracy and stability of the solution procedure. This method must
be applied to solve non-linear problems.

There are two classifications of direct integration: explicit and implicit. When a direct computation
of the dependent variables can be made in terms of known quantities, the computation is said to be
explicit. When the dependent variables are defined by coupled sets of equations, and either a matrix
or iterative technique is needed to obtain the solution, the numerical method is said to be implicit.

There are several numerical methods as explained in some other books (e.g Chopra 2012) both
explicit and implicit, however, in this chapter only Newmark integration method was explained.

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 4: ANALYSIS METHOD 4-10

4.3.1.2 Newmark Method

In 1959, N. M. Newmark developed a family of time-stepping methods to solve for second order
differential equation in dynamic analysis based on the following equations:

Uy, = U, +[(A—p)At]G, +(jAt) ., (4.3.4a)
U, =U, +(At)u, +[(O.5—ﬂ)(At)2}Ui + [ﬂ(At)z}(ji+l ................................. (4.3.4b)

The parameters f and y define the variation of acceleration over a time step and determine the stability
and accuracy characteristics of the method. Typical selection for y is 1/2, and 1/6 < g < 1/4 is
satisfactory from all points of view, including that of accuracy. These two equations, combined with

the equilibrium equation at the end of the time step, provide the basis for computing ui+1, U.,,, and

i+1
U.,,at time i + 1 from the known ui , U, and U; at time i . lteration is required to implement these

computations because the unknown U, appears in the right side of Eq. (4.3.4).

For linear systems it is possible to modify Newmark’s original formulation, however, to permit
solution of Egs. (4.3.4a) and (4.3.4b) without iteration. Before describing this modification, we
demonstrate that two special cases of Newmark’s method are the well-known constant average
acceleration and linear acceleration methods.

4.3.1.3 Stability

Numerical procedures that lead to bounded solutions if the time step is shorter than some stability
limit is called conditionally stable procedures. Procedures that lead to bounded solutions regardless
of the time-step length are called unconditionally stable procedures. The average acceleration method
is unconditionally stable. The linear acceleration method is stable if At/Tn < 0.551, and the central
difference method is stable if At/Tn < 1/z.0Obviously, the latter two methods are conditionally stable.

The stability criteria are not restrictive (i.e., they do not dictate the choice of time step) in the analysis
of SDF systems because At/Tn must be considerably smaller than the stability limit (say, 0.1 or less)
to ensure adequate accuracy in the numerical results. Stability of the numerical method is important,
however, in the analysis of MDF systems, where it is often necessary to use unconditionally stable
methods.

4.3.1.4 Nonlinear Systems: Newmark’s Method

In this section, Newmark’s method described earlier for linear systems is extended to nonlinear
systems. Recall that this method determines the solution at time i + 1 from the equilibrium condition
attime i+ 1, i.e., Eq. (4.3.1) for nonlinear systems. Because the resisting force ( fs)i+1 is an implicit
nonlinear function of the unknown ui+1, iteration is required in this method. This requirement is
typical of implicit methods. It is instructive first to develop the Newton—Raphson method of iteration
for static analysis of a nonlinear SDF system (refer to: Chopra 2012). The Newton-Raphson
Algorithm for systems with several or many DoF’s follows exactly the same procedure as the
algorithm for SDoF systems. Only difference: Scalar values are replaced by the corresponding
vectorial quantities. In most FE-analysis programs both Newton-Raphson Algorithms as well as other
algorithms are typically combined in a general solver in order to obtain a successful convergence of
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the iteration process for many structural analysis problems. Steps of numerical calculation as shown

in Table 4.3-1.

Table 4.3-1 Newmark’s method: Non-Linear system (Chopra 2012)

Special cases
(1) Average acceleration methed (y = 1. 8 = :"rj
(2) Linear acceleration method (y = _l B = %I-

1.0

4.0

3.0

Initial calculations
1.1 State determination: ( f5)g and (k1)o.
Po —ciig — (fsho

m ’

1.2 iip=
1.3 Select Art. ‘
14 a = ! m+-Lc; a= ] m+ (L - I) c: and

BlAL)? pat =7 pAt g

aj =(L— I]m—m(%—])c'.
28 ) 2B

Calculations for each time instant, { =0, 1,2, ...

2.1 Initialize j = ].u:-"_"] = uj, L‘_,I‘g]:i'l = (fs);, and [A"r];i:l = (k7);.

2.2 Piyl = pip1 Fayu; +ax; + as ;.

For each iteration, j = 1,2,3 ...
Gl - e ) )

3.1 Rf-f;_| = Pir1 — (fs); —anu .

3.2 Check convergence: If the acceptance criteria are not met, implement steps 3.3 to
3.7; otherwise, skip these steps and go to step 4.0.

33 ckﬂ:-"_"l = (kT l:"_:| + ay.

34 AuD = RY, = k),

G+ () (i1
35 iy =y + Aat,
1.6 State determination: U"_q];i"l'l' and [k';-]EiTJ:'.

Replace j by j + 1 and repeat steps 3.1 to 3.6; denote final value as u; 4.

Calculations for velocity and acceleration

41641 = ﬁl;..’ (i1 — W)+ (l —%)ei; + At (l —%)H;.

I 1 | )
42 i) = ——= iy — ;) — —il; — ——I]'i-.
i+1 ﬁf-ﬂ“"l i+l — 1 AAL i (Eﬁ g

Repetition for next time step. Replace i by i + 1 and implement steps 2.0 to 4.0 for the
next time step.

4.3.2 Hysteresis Model

In structural analysis, Hysteretic can be define as:

» The dependence of the state of a system on its history.

» Plots of a single component of the moment often form a loop or hysteresis curve, where there
are different values of one variable depending on the direction of change of another variable.

» The lag in response exhibited by a body in reacting to changes in the forces affecting it.

Many different hysteretic models have been proposed in the past trying to simulate the inelastic
behavior of RC Structures, and in nowadays they are used to obtain Inelastic Earthquake Responses.
There are several hysteretic modeled based on experimental observations that was introduced such as
Takeda Model. The Response is mainly related with the Energy dissipation capacity of each hysteretic
model and parameters are those which can influence on the shape (fatness and longness) of a

hysteresis loop.
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The Takeda hysteresis model was developed by Takeda, Sozen and Nielsen [1970], Otani [1981] and
Kabeyasawa, Shiohara, Otani, Aoyama [1983] to represent the force-displacement hysteretic
properties of RC structures. The Takeda model according to Otani (1981) includes (a) stiffness
changes at flexural cracking and yielding, (b) rules for inner hysteresis loops inside the outer loop,
and (c) unloading stiffness degradation with deformation. The hysteresis rules are extensive and
comprehensive ( Figure 4.3-1 ). In this chapter the modified Takeda Model [Ref: Kabeyasawa,
Shiohara, Otani, Aoyama; May 1983.

[/ C L D

[a) Unloading before yielding to uncracked (b) Unloading before yielding to uncracked

region (small deformation) region (large deformation)

Ff F

A g

(c) Unloading after yielding to uncracked region (d] Inner loop by repeated load reversal

Figure 4.3-1 Takeda hysteresis model — Ref: Hysteresis Models of Reinforced Concrete for
Earthquake Response Analysis by Otani [May 1981]

The main difference with the other models is that it has Hysteresis rules for inner Hysteresis loops
inside the outer loop and also it has unloading stiffness degradation as follows:

B
S — 039
y T m
where,
KRO : Unloading stiffness of the outer loop
FC . Firstyield force in the region opposite to unloading point
FY . Second yield force in the region to which unloading point belongs
DC : Firstyield displacement in the region opposite to unloading point
DY . Second yield displacement in the region to which unloading point belongs
DM : Maximum deformation in the region to which unloading point belongs
B : Constant for determining the unloading stiffness of the outer loop

If the sign of load changes in the process, the coordinates progress towards the maximum deformation
point on the skeleton curve in the region of the proceeding direction. If yielding has not occurred in
the region, the coordinates continue to progress without changing the unloading stiffness until the
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load reaches the first yield force. Upon reaching the first yield force, it progresses towards the second
yield point.

Inner loop is formed when unloading takes place before the load reaches the target point on the
skeleton curve while reloading is in progress, which takes place after the sign of load changes in the
process of unloading. Unloading stiffness for inner loop is determined by the following equation.

KRI  : Unloading stiffness of inner loop

KRO Unloading stiffness of the outer loop in the region to which the start point
of unloading belongs.

y . Unloading stiffness reduction factor for inner loop

In the above equation, 3=0.0 for calculating Kro and y=1.0 for calculating Kr, are set if the second
yielding has not occurred in the region of unloading. In the case where the sign of load changes in the
process of unloading in an inner loop, the load progresses towards the maximum deformation point,
if it exists on the inner loop in the region of the proceeding direction. If the maximum deformation
point does not exist on the inner loop, the load directly progresses towards the maximum deformation
point on the skeleton curve. If the maximum deformation point exists and there exists multiple inner
loops, it progresses towards the maximum deformation point, which belongs to the outermost inner
loop. Also, if loading continues through the point, it progresses towards the maximum deformation
point on the skeleton curve.

4.3.2.1 Relationships between Force-Displacement (F-A) and Moment-Curvature
(M-@)

In this section the relationship between Force-Displacement (F-A) and Moment-Curvature (M-@) is
explained.

By specifying a plastic hinge length, Lp, increasing curvature demands on a SDOF cantilever system
with height H can be translated to an equivalent displacement response in accordance with Equation
(4.3.7).

D,=D,+D,

M ><3H g T

where De is the elastic displacement component, Dp is the plastic deformation component associated
with the inelastic rotation of a plastic hinge, @t is the total curvature at the plastic hinge location and
@e is the elastic curvature. Note that the ratio of the total displacement to the yield displacement (i.e.
the displacement ductility demand) can be expressed for a cantilever in terms of the curvature ductility
demand by Equation (4.7).

D L,
EfﬁZﬂA=1+3(ﬂ¢—QXII ...................................................................... (4.3.8)

y
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After reaching a total displacement of At, the Takeda model instructs the structure to unload with a
reduced stiffness given by Equation (4.4).

If we assume, for simplicity, that there is no strain hardening and note that the Takeda model is
specified for NLTHAS in a Moment-Curvature environment, then the elastic curvature recovered in
unloading the structure from a total displacement demand of Dt is given by Equation (4.3.9).

The ratio of the elastic displacement recovered in unloading to the yield displacement of a cantilever
is therefore given by Equation (4.3.10).

D _¢uH® 3 _ . (4.3.10)
5 3 g B 3.

y

Dividing Equation (4.3.7) by Equation (4.3.10), we obtain Equation (4.10) which expresses the ratio
of the total displacement demand to the unloading displacement as a function of the curvature ductility
demand, the ratio Lp/H, and the alpha factor.

D, 1 L

= —+3(u,-1) . D e (4.3.11)

D., ,u¢a ,u¢a

The inelastic demand estimations in the direct displacement-based design approach developed by
Priestley et al. Based on regression analysis, Priestley et al. calibrated an individual set of parameters
to be used with the above equations for each of the considered hysteretic models. These parameters
are given in Error! Reference source not found. for selected hysteretic models.

Note that for the parameter A two values are given for each hysteretic rule. The upper value is to be
used if a constant elastic viscous damping coefficient is considered appropriate in the original inelastic
model, whereas the lower value corresponds to tangent stiffness proportional damping in the inelastic
model. The positive A value for the constant damping model results in an increasing damping ratio
&el sy With increasing ductility demand wy. It thus (partly) compensates for the decreasing critical
damping coefficient ccr,¢u). In contrast, the negative A value for the tangent stiffness proportional
damping model yields a decreasing damping ratio &el,ep.) @S the tangent stiffness proportional
damping coefficient decreases stronger with ductility than the effective critical damping coefficient.

According to Priestley et al. 2007 refer to his book “Displacement-Based Seismic Design of
Structures” For reinforced concrete piers, the “thin” Takeda model may be considered most
representative. The fat Takeda having higher energy dissipation is rather appropriate for RC beams
and frame structures.

— “Thin” Takeda hysteresis with a post-yield stiffness ratio of y = 0.05 unloading stiffness parameter
o= 0.5 and reloading stiffness parameter § = 0.

— “Fat” Takeda hysteresis with a post-yield stiffness ratio of y = 0.05 unloading stiffness parameter a
=03
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'3:.1,' tar (J”‘u r ?:;I'.‘" } = ‘g':m' eff [J”‘u ) + g’.\,‘ Jiyot (Ju.\ » T;;f.“' ]

Eall)=E0 e (4.3.12)
g“.\'l.'r.\'(;r.\‘]j-ﬂ')=ﬂ-[l_L.‘-]- I+;..‘ I:
) ) My {T +c} )

Table 4.3-2 Parameter A and parameters a, b, ¢, and d for the use of equation (4.11) for various
hysteretic models according to Priestley et. al, 2007

Parameters
Hysteretic Model Elastic Viscous [7p ") 35 Equation (4.33)
ysterehie Damping Model 4= 4 )
Al al-] b-] cl-] dl-]
Elasto-Plastic constant 0.127
0224 0336 -0.002 0250
rF=0 tang. stiff. prop. -0.341
Takeda “Fat” constant 0.312
0.305 0.492 0.790 4 463
r=0.05 =03, .ﬁ= 0.6 tang. suff. prop. -01.313
Takeda “Thin” constant 0.340
0.215 0.642 0.824 6444
r=005 a=035, f=0 tang. stiff. prop. -0.378
Ramberg-Osgood constant -(1.060
- 0.289 0.622 0.856 6460
rro=17 tang. stff. prop. -0.617

4.3.2.2 Material Non-Linearity

Concrete material nonlinearity is incorporated into analysis using a nonlinear stress—strain
relationship Figure 4.3-2 shows idealized stress—strain curves for unconfined and confined concrete
in uniaxial compression. Tests have shown that the confinement provided by closely spaced
transverse reinforcement can substantially increase the ultimate concrete compressive stress and
strain. The confining steel prevents premature buckling of the longitudinal compression
reinforcement and increases the concrete ductility. Extensive research has been made to develop
concrete stress—strain relationships (Hognestad, 1951; Popovics, 1970; Kent and Park, 1971; Park
and Paulay, 1975; Wang and Duan, 1981; Mander et al., 1988a and 1988b; Hoshikuma et al., 1997).
AASHTO Guide Specifications for LRFD Seismic Bridge Design 2011 recommended the use of
Mander stress-strain model for confined concrete.

f‘/
J co

b o
b o e e e e

B SL.
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=

Figure 4.3-2 Idealized stress—strain curves of concrete in uniaxial compression

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 4: ANALYSIS METHOD 4-16

4.3.2.3 Confined Concrete — Mander’s Model

Analytical models describing the stress—strain relationship for confined concrete depend on the
confining transverse reinforcement type (such as hoops, spiral, or ties) and shape (such as circular,
square, or rectangular). Some of those analytical models are more general than others in their
applicability to various confinement types and shapes. A general stress—strain model ( Figure 4.3-3)
for confined concrete applicable (in theory) to a wide range of cross sections and confinements was
proposed by Mander et al. (1988a and 1988b) and has the following form:

f (e /e)r

e e (4.3.13)
r-1+(e, /&,)"

B = 0 (4.3.16)

where f_and &, are peak compressive stress and corresponding strain for confined concrete. f_

and ¢

cu !’

which depend on the confinement type and shape, are calculated as follows:

(1) Confined Peak Stress

1. For concrete circular section confined by circular hoops or spiral (Figure 4.3-4)

f.=1f,|2254 /1+ 7'?:1 f‘ —Zf—f.‘—1.254 .................................. (4.3.15)

I
I /
A ! /
i ¢ &
Sec E,
i i
f r Confined concrete
e -
b [ 71
3 I // |
g I |
w f —
g I // | =
‘3 VA / | Confined
¥
v ] | | concrete
= [ | 7 : |
z I Unconfined |
S 17 I
O 4 - concrete 1
/ ' |
| | | |
/
/ | | | I
| | 1 ' [
l‘\U 31‘1(! l‘\[) l.(( kvl u
Compressive strain g,

Figure 4.3-3 Stress-strain curves of concrete-Mander model
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f = % Kooy F e (4.3.17)
_ {(1— s'2d,)* 1 (1- p,. ) For Circular hoops (43.18)
= =sr2d ) (- py) ror Gireutarspiral
4
P, = dpip ............................................................................. (4.3.19)

S

where fy is the effective lateral confining pressure, Ke confinement effectiveness coefficient,
fyn the yield stress of the transverse reinforcement, s' the clear vertical spacing between hoops
or spiral; s the center to center spacing of the spiral or circular hoops, ds centerline diameter
of spiral or hoops circle, pec the ratio of the longitudinal reinforcement area to the cross-
section core area, ps iS the ratio of the transverse confining steel volume to the confined
concrete core volume, and Asp the bar area of transverse reinforcement.

d

S

Cover concrete I l
o ( 4
Effectively \/
confined core 1/4s

Cover concrete

(spalls off)
T
% 2
Ineffectively _/,,hl é »t

confined core whamts. _
5 45° 5
4 g
d.-s'[2
d

Figure 4.3-4 Confined core for hoop reinforcement

2. For rectangular concrete section confined by rectangular hoops ( Figure 4.3-6 )
The rectangular hoops may produce two unequal effective confining pressures {15 and {1y
in the principal x- and y-direction defined as follows:
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K=o e, (4.3.22)

) (l_pcc)
D, = L (4.3.23)
sd,
Ay
el 4.3.24
A= ( )

where fy, is yield strength of transverse reinforcement; wi_ the i clear distance between
adjacent longitudinal bars; b: and dc core dimensions to centerlines of hoop in x and y
direction (where b > d), respectively; Asx and Asy are the total area of transverse bars in x and
y direction, respectively.

Once f’1x and f* 1y are determined, the confined concrete strength ¢ can be found using the
chart shown in Figure 4.3-5 with {1« being greater or equal to "1y . The chart depicts the
general solution of the “five-parameter” multi-axial failure surface described by William and
Warnke (1975).

2.50
Tiylfeo=0.3
= E f;)/féa =02
2.00 =
féc/féu = f[/y/féo =01
£ 150 o
@ fly/fco =0.0
g
s
< 1.00
~
Mander et gl. solution
0.50 - -+ —
--------- Proposed approximate
0.00 -
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Larger confining stress ratio f7,/f7,

Figure 4.3-5 Peak stress of confined concrete. (Chen et. al 2014)

Note that setting "1 = 0.0 in Equations 4.3.17, 4.2.20, and 4.3.21 will produce Mander’s
expression for unconfined concrete. In this case and for concrete strain ¢ ¢ >2 ¢ ¢, a straight
line that reaches zero stress at the spalling strain « s is assumed.

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



4-19 BSDS DESIGN STANDARD GUIDE MANUAL I

4.3.2.4 Confined Concrete Ultimate Compressive Strain

Defining the ultimate compressive strain as the longitudinal strain at which the first confining hoop
fracture occurs, and using the energy balance approach, Mander et al. (1984) produced an expression
for predicting the ultimate compressive strain that can be solved numerically. A conservative and
simple equation for estimating the confined concrete ultimate strain is given by Priestley et al. (1996).

14p, f
£y = 0,004+ = e (4.3.25)

cc
where ¢ g is the steel strain at maximum tensile stress for rectangular section ps= px+ pyas
defined previously. Typical values for ¢ ¢, range from 0.012 to 0.05. Equation 4.3.25 is formulated
for confined sections subjected to axial compression. It is noted that according to (Chen and Duan
2014), when Equation 4.3.26 is used for section in bending or combined bending and axial then it
tends to be conservative by at least 50%.

Effectively

confined core

d,

Ineffectively

confined core
< :
) ) (é %% &<
e ; X o . .
Cover concrete _| a 5
(spalls off) 7

4

4

} b.-s

Figure 4.3-6 Confined core for rectangular hoop reinforcement (Chen et.al 2014)

4.3.2.5 Structural Steel and Reinforcement

For structural steel and non-prestressed steel reinforcement, its stress—strain relationship can be
Idealized as four parts: elastic, plastic, strain hardening, and softening as shown in Figure 4.3-7. The
simplest multilinear expression is
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Ece 0<e <¢

s<s = %s 'y
1, £, <€ <€y
e (4.3.26)
S y s “sh
fs - jy+g _ (fu_fy) 8sh<gsgesu

su “sh

- £ —¢€
ju[l_ 5 su

Esb —£

(fsu _fsb):| €< & = &y

S

where fs and & is stress of strain in steel; Es the modulus of elasticity of steel = 29,000 ksi (200, 000
MPa); fy and e, yield stress and strain; € hardening strain; fsu and es, maximum stress and
corresponding strain; and fsb and &g, rupture stress and corresponding strain.

For the reinforcing steel, the following nonlinear form can also be used for the strain-hardening
portion (Chai et al., 1990):

- m(gs_gsh)+2+(ES_£sh)(60_nI)

=1, fore, <e <e
L= oo eg) 2t 2G0ra1) OrEn<E SEu (4.3.27)
£ )(30r+1) —60r —1
m = a1 o) l’r 7) T (4.3.28)
2r”
rzgsu_ssh
........................ (4.3.29)
fw = l.SfY
148}, for Grade 40 i (4.3.30)
£ =
sh Se, for Grade 60

{ 0.14+¢, for Grade 40

........................ (4.3.31)
0.12 for Grade 60

“su

e

Figure 4.3-7 Idealized stress-strain curve of structural steel and
reinforcement. (Chen el al. 2014)
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For both strain-hardening and softening portions, Holzer et al. (1975) proposed the following
expression:

i A g —¢ i e —£ .
fs = j\-’ 1-‘,—875}1 A-] exp ]__57511 for 85h< ES < Esb .................. (4332)
’ E‘su. - Esh jy Esu - E51'1
The nominal limiting values for stress and strain proposed by Holzer et al. (1975) as shown:

Table 4.3-3 Nominal Limiting Values for Structural Steel Stress—Strain Curves (Chen et.

al 2014)
ﬁ ksi (MPa) f. ksi (MPa) g, g Eqy €4
40 (280) 80 (550) 0.00138 0.0230 0.140 0.200
60 (420) 106 (730) 0.00207 0.0060 0.087 0.136
75 (520) 130 (900) 0.00259 0.0027 0.073 0.115

4.3.3 Plastic Hinges

The equivalent plastic hinge length, L, as defined in FHWA Retrofitting Manual 2011 is given by semi-
empirical equation below:

L, =0.08L+4400¢,d, inmm ... (4.3.33)

where db and &, are the diameter and yield strain of the longitudinal tension reinforcement

respectively, and L is the shear span or effective height. Another approached of estimating the length
of plastic hinge (Priestley et al. 2007) is to use a simplified approach based on the concept of a “plastic
hinge”, of length L, over which strain and curvature are considered to be equal to the maximum
value at the column base. The plastic hinge length incorporates the strain penetration length L, as
shown in Figure 4.3-8. Further, the curvature distribution higher up the column is assumed to be
linear, in accordance with the bilinear approximation to the moment-curvature response. This tends
to compensate for the increase in displacement resulting from tension shift, and, at least partially, for
shear deformation. The strain penetration length, Ls, may be taken as:

L, =0.022f .d; fre inMpa ... (4.3.34)

Where fye and dbl are the expected yield strength and diameter of the longitudinal reinforcement.
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linear to
yield

L
il ,

Figure 4.3-8 Idealization of curvature distribution —
[Ref: Priestly, M.J.N. Calvi G.M. Kowalsky M.J. (2007)]

and the plastic hinge length of column, Lp is given by:

L, = kLC + LSp > 2LSp ......................................................................... (4.3.35)
where:
k = 0.2(% —1} 0,08 o (4.3.36)
y

and where Lc is the length from the critical section to the point of contra-flexure in the member.
Equation (4.3.36) emphasis the importance of the ratio of ultimate tensile strength to yield strength
of the flexural reinforcement. If this value is high, plastic deformations spread away from the critical
section as the reinforcement at the critical section strain-hardens, increasing the plastic hinge length.
If the reinforcing steel has a low ratio of ultimate to yield strength, plasticity concentrates close to the
critical section, resulting in a short plastic hinge length.

4.3.4 Multiple Support Excitation

In a structure with multiple supports, different time history forcing functions in terms of ground
acceleration can be applied to different supports. In cases of long-span bridges (suspension bridge or
cable stayed bridge), when the distance between the supports of a substructure is large, arrival time
of seismic excitation varies. This effect can be considered using the "Multiple Support Excitation"
function. The response of the bridge under multiple-support ground motions is generally different
from those excited by identical support ground motion, because multiple-support ground motions
may excite vibration modes not captured by using uniform support ground motions, and vice versa.
The relative deviation is more severe for longer spans.

For the analysis of such systems the formulation of Section 4.3.2 is extended to include the degrees
of freedom at the supports ( Figure 4.3-9 ). The displacement vector now contains two parts: (1) ut
includes the N DOFs of the superstructure, where the superscript t denotes that these are total
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displacements; and (2) ug contains the Ng components of support displacements. The equation of
dynamic equilibrium for all the DOFs is written in partitioned form:

{m mg:| u' +|:C Cg:| u' +{k kg} Ut _{ 0 } -
mg  my ||, Cy  Cy ||Uy KD Ky ||y, o, () 3.

Superstructure
DOF:u’

7. 7. 7.

Support DOF: u,

Figure 4.3-9 Definition of superstructure and support DOFs. (Chopra 2012)

In Eq. (4.3.37) the mass, damping, and stiffness matrices can be determined from the properties of
the structure using the procedures presented earlier in this chapter, while the support motions U, ®),

Uy (t),u, (t) must be specified. It is desired to determine the displacements ut in the superstructure
DOF and the support forces pg.

To write the governing equations in a form familiar from the earlier formulation for a single
excitation, then:

{E}Z{E}{;} ................................................................... (4339)

In this equation us is the vector of structural displacements due to static application of the prescribed
support displacements ug at each time instant. The two are related through

<kl o (4.3.39)
kg kgg ug pg

S
where P, are the support forces necessary to statically impose displacements ug that vary with time;
obviously, us varies with time and is therefore known as the vector of quasi-static displacements.

With the total structural displacements split into quasi-static and dynamic displacements, Eq. (4.3.38),
we return to the first of the two partitioned equations (4.3.38):

mit’ + mgii, + cu’ + cpug +ku' +Kkeu, =0 (4.3.40)

Substituting Eq. (4.3.38) and transferring all terms involving ug and us to the right side leads to
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MU+CU+KU = Pur (E) e, (4.3.41)

where the vector of effective earthquake forces is
Peir(f) = —(mi" +mgiip) — (ci” +coly) — (ku' +keup) (4.3.42)

This effective force vector can be rewritten in a more useful form. The last term drops out because
Eq. (4.3.39) gives

KU 4 Kgly = 0 oo (4.3.43)

This relation also enables us to express the quasi-static displacements us in terms of the specified
support displacements ug:

us =TIu® L=k K (4.3.44)

We call 1 the influence matrix because it describes the influence of support displacements on the
structural displacements. Substituting Eqgs. (4.3.43) and (4.3.44) in Eq. (4.3.42) gives

Pes (1) =—(mI+m )i, (t) = (cT+c)u () ..o (4.3.45)

If the ground (or support) accelerations U (t) and velocities U, (t) are prescribed, per(t) is known
from Eq. (4.3.45), and this completes the formulation of the governing equation [Eqg. (4.3.41)].

Simplifying eqgn. (4.3.45) since in practical application if the damping matrix are proportional to the
stiffness matrix the damping term may approximately zero, hence,

P (1) = —MIUL (1) oo (4.3.47)

And for structures structure with multiple support motions

(Y Ry R (o S (4.3.48)
1=1

The Ith term in Eq. (4.3.47) that denotes the effective earthquake forces due to acceleration in the Ith
support DOF is of the same form for structures with single support (and for structures with identical
motion at multiple supports). The two cases differ in an important sense, however: In the latter case,
the influence vector can be determined by kinematics, but N algebraic equations [Eq. (4.3.47)] are

solved to determine each influence vector I, for multiple-support excitations.
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CHAPTER 5:  ANALYSIS EXAMPLE
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Chapter 5 Analysis Example

This chapter consist of basic example of the seismic analysis of continuous bridge subject to earthquake
loadings. Both response spectrum method and elastic time history analysis method has been employed
in this exercise. The outline of the analysis will be as follows:

__________________________________________________________

1. Determunation of structural conditions.

¥

2. Determunation of loading conditions.

¥

3. Determination of ground/soil condition.
({Determination of Soil springs)

v

4. Determunation of Design Earthquake loadings. i

(2.g. Design Response spectrum, time history ground motions)
v

5. Confirmation of analysis methods to be used.
(e.0. Modal, Direct Integration, etc..)

¥

6. Post Analysis (Verification of bridge response e.q. mass
participation, natural period, displacements and forces, etc ).

Figure 5-1 Outline of Analysis

5.1 Analysis Modelling

Quality of mathematical model as well as loading model according to actual condition and
configuration based on particular guidelines is necessary.

The criteria for the seismic analysis and design of example bridge was principally conducted in
accordance with provisions of Bridge Seismic Design Specifications (BSDS). In case of necessity of
additional design criteria, basically, DGCS 2015 and AASHTO LRFD (6™ edition) was referred to.

5.1.1 Structural Conditions

Structural conditions were set as follows. In regard with this, bridge profile and superstructure cross
section are shown in Figure 5.1-1.

— Bridge type: 3 span continuous AASHTO girders — Type V

— Bridge length and span length: 35.0+35.0+35.0 = 105.0 (m)

— Total road width: 1.5+ 0.6 + 3.15+ 3.15+ 0.6 + 1.5 =10.5 (m)

— Skew angle: 90 degrees (non-skewed straight bridge)

— Pier type: Single circular column

— Abutment type: Cantilever type

— Foundation type: Cast-in-place concrete pile (CCP) foundation (¢1200)

— Centroid of the superstructure: 1.8m from the column top (application point of superstructure
mass)

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



5-3 BSDS DESIGN STANDARD GUIDE MANUAL I

— Bearing Restraint Condition: Longitudinal direction: M F F M (Al, P1, P2, and A2,
respectively)
Transverse direction: F F F F (Al, P1, P2, and A2,
respectively)
Note: M: movable, F: fixed

3@35m=105m

10500

50

e 9

1500 7500

- -

o
ik 0, i 0,
 |irors% ;& 1o 0% L 0.75

Figure 5.1-1 Bridge profile and Superstructure cross section

900

1829

5.1.2 Bridge Importance (Bridge Operational Classification) (BSDS-Article 3.2)

Example Bridge is classified as “Other Bridge”, as shown in Table 5.1-1. Considering the operational
classification requirement, following two (2) design conditions were set. Design seismic force “An
earthquake with 1,000-year return period” was applied to the bridge seismic design force in
consideration of an active fault near the bridge and the location of the bridge (in Metro Manila)
Response Modification Factors for Substructures (R-factor) A response modification factor (hereafter,
called R-factor) for “Other Bridges” was applied to design of pier columns. As a relationship between
“R-factor” and “Operational Category” is shown in Table 5.1-2, “R=3.0" was selected for design of
single columns.
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Table 5.1-1 Operational Classification of Bridges

Operational Performance

Classification (OC)

— Bridges that must remain open to all traffic after the design
earthquake.

— Other bridges required by DPWH to be open to emergency
vehicles and vehicles for security/defense purposes immediately
after an earthquake larger than the design earthquake.

OC-I
(Critical Bridge)

— Bridges that should, as a minimum, be open to emergency

OC-I11 vehicles and for security/defense purposes within a short period
(Essential Bridge) after the design earthquake. i.e. 1,000-year return period event.
OocC-11 — All other bridges not required to satisfy OC-I or OC-II

(Other Bridge) (Selected) performance

Table 5.1-2 Response Modification Factors, R

Operational Category
Substructure — -
Critical Essential Others

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 piles only 1.5 3.5 5.0

e With batter piles 1.5 2.0 3.0
Multiple column bents 1.5 35 5.0

Pertaining to seismic performance of the bridge, seismic design of sample Bridge was conducted,
targeting seismic performance level 3 (SPL-3) against large earthquakes with a 1000-year return period.
The definition of SPL-3 is shown in Table 5.1-3.

Table 5.1-3 Earthquake Ground Motion and Seismic Performance

Bridge Operational Classification

Earthquake Ground Motion

probable during the bridge
service life)

resist seismic _forces
within elastic limit)

resist seismic forces
within elastic limit)

(EGM) 0C-1 OC-I1 OC-I11
(Critical Bridges) (Essential Bridges) (Other Bridges)

Level 1 SPL-1 SPL-1 SPL-1
(Small to moderate (Keep the bridge (Keep the bridge (Keep the bridge
earthquakes which are highly sound function, sound function; sound function;

resist seismic forces
within elastic limit)

Level 2

(Large earthquakes with a
I,000-year return period)

SPL-2
(Limited seismic
damage and capable
of immediately
recovering bridge
Jfunctions without
structural repair)

SPL-2
(Limited seismic
damage and capable
of recovering bridge
Sfunction with
structural repair
within short period)

SPL-3
(May suffer damage
but should not cause
collapse of bridge or
any of its structural
elements)
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5.1.3 Material Properties
5.1.3.1 Material Properties shown in Table 5.1-4 were applied in the design.

Table 5.1-4 Material Properties

Material Strength Remarks
fc’=41.0 (MPa); - Ec= 0.043*yc!**+/fc’= 31,000 (MPa) (rounded
Compressive Strength at 28 | down)
days Note: ye= 2350 (kg/m3): unit weight of concrete
Concrete - Applied to PC I-girders
fc’=28.0 (MPa); - Ec= 4800 Vfc’ = 25,000 (MPa) (rounded down)
Compressive Strength at 28 | - Applied to all the substructure members and deck
days slab
Fy=414 (N/mm2); - Applied to all the substructure members
Rebar | Grade60 steel - Applicable diameter:
D16, D20, D22, D25, D28, D32, D36

5.1.3.2 Unit Weight

The following unit weights were applied in the design.

- Reinforced concrete: yc= 24.0 (kN/m3); rounded up for modification
- Water: yw= 10.0 (kN/m3)

- Soil (wet): yt= (result of soil tests) (kN/m3)

- Soil (saturated): ysat=yt+1.0 (kN/m3)

- Soil (backfill): ys= 19.0 (kN/m3)

5.1.4 Ground Conditions (BSDS-Article 3.5.1)

(1) Outline of Ground Conditions

The ground of the bridge site consists of seven (7) types of layers. Out of the seven layers,
Guadalupe Formation (GF), which is classified as soft rock, has been selected as bearing
layer of the site. Ground profile and soil parameters are shown in Figure 5.1-2

BHOZ ?-1 B — 4f" . Pl i’"" - — - — . 'Pz" NEN T — - - - - | 8“01
4 'Lf?—._‘ - 1 1 .—"}__‘ . ' .
. < | Acl | O r | | ,  Acl
i ] i e i i T A

Ac2 ! ; R i
GFw f GF (bearing layer)
GF (bearing layer) =~ =~ ! I""" e
N ¥ C [n) qu
L blows |KN/m3|kN/m2|degrees| MPa
F |Embankment 24 17 - 42 -
Asl |Gravely sand = = s - =
Acl |Sity day 9 17 18 - 0.037
As) |Gravely sand 32 18 - 4 -
Ac? |Sity day 21 18 18 -
GFw |Guadalupe formation (severely weathered) | 36 19 = 46 -
GF |Guadahipe formation (soft rock) 50 20 - 46 483

Figure 5.1-2 Geological Profile and Soil Parameters
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(2) Soil Type Classification

Ground types of the bridge site was classified as “Ground Type-II” in accordance with criteria defined
in Table 5.1-5, in which ground characteristic value, Tg, defined by the following equation, was used
as evaluation index Figure 5.1-3 shows detail of the evaluation at two (2) boring locations (BH-01

and BH-02).
n H
To = 42_'
Vv
i=1 Vsij
where,
Te Characteristic value of ground (s)
Hi Thickness of the i-th soil layer (m)
Vsi Average shear elastic wave velocity of the i-th soil layer (m/s)
i Number of the i-th soil layer from the ground surface when the
ground is classified into “n (No.) layers” from the ground surface
to the surface of the base ground surface for seismic design.
Table 5.1-5 Ground Types (Site Class) for Seismic Design
Characteristic Value of
Ground Type Ground, Te (5)
Type-I Good diluvial ground and rock Te<0.2
Type-I1I Diluvial and alluvial ground not belonging to either 02<Ts<0.6
Type-I11 or Type-I ground
Type-111 | Soft ground and alluvial ground 06=Ts
BH-01 BH-02
Layer . A Layer . S
Layer thickness | N-value (r\n/j;) HI(/S\)/SI Layer thickness | N-value (r\n/z) H'(/S\)/SI
Name | Type | Hi(m) Name | Type | Hi (m)

F [Clay| 4.0 37.7 292.4 10.0137 F |Clay| 3.0 22.7 283.1 |0.0106
Acl |Clay| 4.0 8.7 205.7 10.0194 Acl [Clay| 5.0 7.0 191.3 |0.0261
As2 | Sand| 2.0 17.7 208.5 |0.0096 As2 |Sand| 4.0 45.7 286.0 0.0140
Ac2 |Clay| 4.0 35.3 2924 10.0137 Ac2 [Clay| 7.0 26.3 292.4 10.0239
GFw [Rock| 8.0 44.5 283.5 ]0.0282 GFw |Rock| 4.0 22.7 283.1 10.0141

Te=4*> (HIVs) 0.338 To=4*> (HIVs) 0.355
Soil Type Type-II Soil Type Type-II

Soil type Definition Soil type Definition

Type-I| T<0.2 Type-I T<0.2

Type-Il 0.2<T3<0.6 Type-ll 0.2<T3<0.6
Type-lll 0.6<Tg Type-lll 0.6<Tg

Figure 5.1-3 Soil Type Classification
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5.2 Response Spectrum Analysis

Response spectra were used to represent the seismic demand on structures due to a ground motion
record and design spectra were used for the seismic design of structures.

5.2.1 Design Acceleration Response Spectra

BSDS 3.4.1 General Procedure

1

1

! (1) The General Procedure shall use the peak ground acceleration coefficient (PGA) and the short and
| long-period spectral acceleration coefficients (SS and S1 respectively) to calculate the design
| response spectrum as specified in Article 3.6.

| The values of PGA, SS and S1 shall be determined from the acceleration coefficient contour maps
I of Figures 3.4.1-1 to 3.4.1-3 for the Level 1 Earthquake Ground Motion and Figures 3.4.1-4 to
| 3.4.1-6 for Level 2 Earthquake Ground Motion of this Section for the entire Philippine archipelago
| and from Appendix 3A and 3B for the regional level acceleration coefficient contour maps as
! appropriate, or from site specific ground motion maps approved by the DPWH or the Owner.

|
1
1
1
1
|
1

(2) For sites located between two contour lines, the higher value of the two-contour line shall be
taken as the coefficient value.

I_(3) The effect of ground type (site class) on the seismic hazard shall be as specified in Article 3.5.

(1) Identification of Acceleration Coefficients

By examination of acceleration contour maps for 1000-year return period earthquakes,
specific values of three (3) acceleration coefficients were identified as PGA= 0.6, Ss= 1.20,
and S;= 0.45, respectively, as shown in Figure 5.2-1.

\ L.
(1)PGA Contour Map @ Ss (0.2 sec.) Contour Map

| @ S1 (1.0 sec.) Contour Map

Figure 5.2-1 Acceleration Contour Maps

(2) Determination of Site Factors

Site factors of each acceleration coefficient were determined as Fpga= 0.88, Fa= 0.92, and
Fv=1.55, respectively, as shown in Figure 5.2-2.

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
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(1) Fpga (site factor for PGA) 5'@;;;&;,;,3‘1;55; of Fpeal 1
PGA |PGA<|PGA=|PGA=|PGA=|PGA=|PGA> 1 Fpe= 0.9+(0.85-0.9)/(0.80-0.50)*(0.60-0.50)

(T=0) | 0.10 | 0.20 | 0.30 | 0.40 | 050 | 08
Soil ELE2 1121515 10 | 1.0 | 1.0
typ M) 16 | 14112 ] 10 | 09 | 085+
T 25 | 1.7 |1 12 | 09 | 08 | 0.75

=0.88 (0.5, 0.9)

'

)

i
e e

(2) Fa(site factor for Ss) E [Linear nterpolation of Fa] f

Ss | Ss< | Ss= | S= | Ss= | Ss= | Ss2 | Fa= 1.0+(0.9-1.0)((1.25-1.00)%(1.20-1.00) |
(T=0.2)| 0.25 [ 050 ) 075 | 1.00 | 125 ] 20 ' =092 E
ol LI 12 [ 12 [ 11 [ 10 [ 10 [ 10 5 :
m| 16 | 14 | 12 |10 | 09 Fessrp-—-™ |
WPem| 25 17 |12 [ 09 | 08 075 ; 5
3) Fv (site factor for S,) i [Linear interpolation of F] d

S [S<SE|S=|S7] 87|52 | Fy= 1.6+(1.6-1.5)/(0.4-0.5)*%(0.45-0.4) ;
(T=1.0){ 0.10 [ 020 | 030 | 040 | 050 | 080 =155 :
sl LI L7 [ 16 [ 15[ 141414 ; ;
M| 24 | 20 | 18 [ 16 | 15 Fudepmnep ;
OPEIT[ 335 [ 32 | 28 | 24 | 24 | 20 ;

Figure 5.2-2 Site Factors

(3) Formulation of Design Acceleration Response Spectrum

The five-percent-damped-design response spectrum was formulated by the following two (2)
steps, as shown in Figure 5.2-3

- Step.1: Calculate and plot the coordinates of the following points in the graph.
(0, Fpga*PGA), (0.2*Ts, Fa*Ss), (0.2, Fa*Ss), (Sp1/Spbs, Fa*Ss), (1.0, Fv*S;)

PGA : peak horizontal ground acceleration coefficient

Ss . 0.2-sec period spectral acceleration coefficient

St . 1.0-sec period spectral acceleration coefficient

Fpga : site coefficient for peak ground acceleration

Fa . site coefficient for 0.2-sec period spectral acceleration
Fv . site coefficient for 1.0-sec period spectral acceleration

- Step.2: Form spectrum by connecting the plotted points with the following two (2) formulas.
- Csm= As+(SDS-As)(Tm/TO0) (if 0<Tm<Ts)
-Csm=SDI1/T (if Ts<Tm
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1000-year return pertod {Soil Type-10)
1.20
+(2) Sps=Fa*§s=0.92*1.20= 1.104
i & =\
LT 11 S L — RN S— R S —
a G SouTm (TsTm)
#0320 ,. """"""""""""""""""" N (3)So1=Ey*S1= 1.55%0.45=0.608-
= III ..-- \‘."'\--\, ‘1-'.
E 0 &0 Jil ..... ‘ +:_HH"- ..................................................
g7 d Cam= As+(3ps-Az)(Tm/To) T~
b ., (0=Tm=Ts) T
é I:l4|:| ""':“"+:;""""""""""""""""""""""""""""""""'"""::'—'_'"_“'—'-'_'_':'_'_"_';'_' """
= '@:—‘Ls= Fpga*PGA=0.88%0.6=0.33 T
i
0.00 4 : 4
oo 0.2 0.5 1.0 1.5 20
Petiod T (zed)
T5=Sp1 /Sps= 0.608/1.104=0.632
Tr=0.2*T5= 0.2*%0.632=10.126

Figure 5.2-3 Design Acceleration Response Spectrum for the Design

5.2.2 Analysis Requirements and Physical Modeling

(1) Seismic Performance Zone (BSDS-Article 3.7)

Since “Sp1” of the bridge site was 0.698 (g), seismic performance zone (SZ) of the site was
categorized as SZ-4, as shown in Table 5.2-1.

Table 5.2-1 Seismic Performance Zone

Acceleration Coefficient, Sp1 | Seismic Zone | .
Sp1<0.15 SZ-1 i Com| s |

: (m\ |
0.15 < Sps < 0.30 SZ-2 : !
0.30 < Sp1 < 0.50 sz3 | So1= 0.64 st oo o2 , !

: To+0.2T] Ts=Sp./S, ’ :
0.50 < Spr SZ-4 - 0 1.0 Tm(s)!

(2) Analysis Requirements (for Multi-span Bridges) (BSDS-Article 3.2)

1) Regular Bridge Requirements

Sample Bridge satisfied all the regular bridge requirements shown in Table 5.2-2. The
detail of requirement assessment is as follows.

— Number of spans: 3

— Bridge skew angle: 90 degrees

— Maximum span length ratio: 1.0:1.0
— Maximum pier stiffness ratio: 1.0:1.0

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
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Table 5.2-2 Regular Bridge Requirements

Parameter Value
Number of Spans 2 3 4 5 6
Maximum subtended angle for a curved bridge 90° 90° 90° 90° 90°
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 9
excluding abutments

2) According to “minimum analysis requirements for seismic effects” shown in Table 5.2-3,
either “single-mode elastic method (SM)” or “uniform load elastic method (UL)” has only
to be taken for seismic analysis. However, “multimode elastic method (MM)” was applied
in order to clarify a design procedure of BSDS using the most typical analysis method in
the Philippines.

Table 5.2-3 Minimum Analysis Requirements for Seismic Effects

3) Applied Analysis Methodologies

Multispan Bridges
Seismic | Single-Span ) . ) " .
Zone Bridges Other Bridges Essential Bridges Critical Bridges
Regular Irregular | Regular Irregular | Regular Irregular
1 k sk * * * *
2 No S‘;ismic SM/UL SM SM/UL MM MM MM
analysis
3 required SM/UL MM MM MM MM MM/TH
4 SM/UL MM MM MM MM/TH MM/TH
Where,
* = no seismic analysis required
UL = uniform load elastic method
SM = single-mode elastic method
MM = multimode elastic method
TH = time history method

Three (3) dimensional response spectra analysis method (multimode elastic method) was
applied for the seismic analysis under the following conditions.

a) Application Point of Superstructure Mass

Application point of superstructure mass was set at centroid of the superstructure. As
shown in Figure 5.2-4, height of the application point is approximatelyl.8m from top
surface of pier copings.

(

I

. Y

'3
—

A‘T%’,';

] T ------- o
‘ ’g = "’Appllcatlon point of superstructure mass
o

C A(estimated centroid of the superstructure)

Figure 5.2-4 Application Point of Superstructure Mass
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In dynamic analysis, it is important to define all the considered deadload that act on the
structure during earthquake into equivalent mass. Some of commercial software has able
to convert automatically by assigning each dead load (e.g. self-weight, nodal load, beam
load, etc.) into equivalent masses. First option is to convert self-weight into mass as shown
in Figure 5.2-5 a and other deadload in Figure 5.2-5 b. Other option is by defining it
manually and assigning according to its actual location.

Structure Type * Loads to Masses ®
Stl' tl_l T Mass Direction
ucture Type Ox Oy Oz
®3D  (OX-ZPlane () ¥-Z Plane () %-Y Plane () Constraint RZ Oxy Ovz Oxz
@,z
Mass Control Parameter Load Type for Converting
(®) Lumped Mass Nodal Load
i 3 Beam Load
[ consider Off-diagonal Masses M
[l considering Rotational Rigid Body Mode for Modal Participation Factor [IPressure (Hydrostatic)
() Consistent Mass Gravity : m/sect2
Load Case / Factor
Convert Self-weight into Masses
Load Case : DEADLOAD v ..
(®) Convertto X, ¥, Z () Convertto X, ¥ () Convert to Z Cil
loadCase  Scale Add
Gravity Acceleration : 9.806 mysec”2 e
Initial Temperature : [l Modify
[] align Top of Beam Section with Center Line (X-Y Plane) for Display Delete

[] align Top of slab(Flate) Section with Center Line (X-Y Plane) for Display
Remove Load to Mass Data

Cancel Cancel

Figure 5.2-5 a) Convert self-weight to mass b) Convert other types of deadload to mass

b) Modeling of Bearings (Boundary Conditions at Bearings)

Degrees of freedom of movable and fixed bearings were modeled under the conditions
shown in Figure 5.2-6.

|G|oba| Coordinatesl | Movable bearing | Fixed bearing

z y (Transverse dir.)

x (Longitudinal dir.)

Figure 5.2-6 Degrees of freedom of Bearings

Bearing was modelled as a linear spring consider rigid in restrained direction by assigning
high spring stiffness value in Figure 5.2-7 a for movable bearing at the abutment and
Figure 5.2-7 b for fixed bearing at Piers.
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Add/Modify General Link Properties X Add/Modify General Link Properties X
Name jaovapLE] Name D)
Description [ ABUTMENT BEARTNG Desription [ Prer BEARING
Application Type Application Type
(®) Element Type 1 (O Force Type : Boundary Nonlinear Analysis (®) Element Type 1 (O Force Type : Boundary Nonlinear Analysis
Property Type : Spring ~ Inelastic Hinge Properties... Property Type : Spring v Inelastic Hinge Properties...
(O)Element Type 2 : Seismic Control Devices () Element Type 2 : Seismic Control Devices
Seismic Control Devices Type Viscous Damper / Oil Damper Seismic Control Devices Type Viscous Damper | Cil Damper
Seismic Control Devices Properties : Seismic Control Devices Properties :
Self Weight [Juse Mass Self Weight [JUse Mass
TotalWeight: [0 |k Total Mass : jg Totlweight: [0 |k Total Mass ; Kifg
Lumped Weight Ratio: Lumped Mass Ratio: Lumped Weight Ratio: Lumped Mass Ratio:
Iend: Jend = : Lend: Jend = Tend:lend = ; Iend: Jend =
Linear Properties Nenlinear Properties Linear Properties Nonlinear Properties
DOF  Stiffness Damping DOF DOF  stiffess Damping DOF
Oox o Kidfm 0 KMN®sec/m Dx [px | 10000000| kifm 0 Ki=sec/m Dx
Dy | 10000000| kijm KM*sec/m Dy [Apy | 10000000| khjm ki*sec/m Dy
Dz | 10000000 kit/m KN=sec/m Dz EApz | 10000000 knjm kN=sec/m Dz
Rx | 10000000 dy*m/[rad] knmsec/frad] Rx BARx | 10000000 knv=m/rad] idm*sec[rad] Rx
Ory 0 kv mTrad] kN*m*sec/frad] Ry Cry o kNm/[rad] kiv*m*sec/[rad] Ry
[Jrz vmilrad] K sec/[rad] Rz MRz Kovem/lrac] v sec/rad] Rz
Description Coupled Description Coupled
[Ishear Spring Location [ shear Spring Location
Distance Ratio From End T Dy: Dz: 0.5 Distance Ratio From End I Dy: pz: |05
Cancel Cancel

Figure 5.2-7 a) Movable bearing b) Fixed bearing

c) Pier/Column Stiffness in Analysis (BSDS-Commentary-C4.5.3)

“A moment of inertia equal to one-half that of the uncracked section” was adopted as
“cracked section stiffness” in bridge analysis in the consideration of nonlinear effects
which decrease stiffness. Image of cracked section stiffness is illustrated in Figure 5.2-8 .

»=

floment (kN*m) Ultimate point (du
|A modeled pier/column ‘ point (®u,

Q« ~ Force
=’

1

1

Yield point (®y,

! Definition of | |

,r ............................. »: CraCk lent (@C, :

I ! - - / \
WA"_ : ........ 5 Luwnnnnnn E*| (Stiffness of uncracked :
= | 4 '

* | L E5(0.51) (Stiffness of cracked :
Foundation v, o (Um) !
| | m :

E: Young modulus of concrete

I: Moment of inertia of area

Figure 5.2-8 Image of Cracked Section Stiffness of Piers/Columns
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e Tendon Stiffness Scale Factor
®i Qua Oz Q3 Qi Property Name Duct Hall Boundary Group Default ...
View Point Scale Factor (I, J)
Oi->7 (ocal x) @ ->iocal x) bartisanert da I=1] Before After
Area  Asy  Asz Ixx Iyy Izz  |eight w
Qae [ J= J& fos Jos Jos [+ J: |
1 1 1 0.5 0.5 0.5 1 1
Add [ Replace
I=J| 1] fAre | fAsy| fAsz| fhoo | flyy | flzz | Avat] o »~
L {a 111.00(1.00|1.00|0.50|050|0.50(1.00|1
J [1.00(1.00 100|050 050|0.50(1.00|1
v
< >
Z Coordinate @) Centroid O Left-Bottom
+ N Tendon lRebar ]

| Profile | Propery | y(m) | zim) | Area(m*2)| A

Column |G : 0.70615, 1.2591 | SELECT Show Stiffness. .

Section Properties *
Stiffness e
Value Unit Stiffness Unit
gﬂ 2 rozze 0L m2 Area 6.157522e+000 | m"2
. + m” -
s el Asy 5.541769+000 | m"2
s 5.034371e+000 | m~4 Asz 5.541769e+000 | m"2
| by 3.017186e+000 | m"4 [+ 3.017186e+000 | m"4
lzz 3.017186e+000 [ m™4 Iy 1.508593e+000 | m™4
o —vomonmol F——
Czp 1.400000e+000 | m Cyp 1.400000e+000 | m
Czm 1.400000e+000 | m Cym 1.400000e+000 | m
Qv 6.533333e-001 | m"2 Czp 1.400000e+000 | m
Qzb 6.533333e-001 [m"2
Peri.0 8.796453e+000 | m L (L LLLL Lt L o
Peril 0.000000e+000 | m Qb 6.533333e-001 | m"2
Center: 1.400000e+000 | m Qzb 6.533333e-001 [m"2
Centerz 1.400000e+000 [ m vl 0.000000e+000 | m
vl 0.000000e+000 | m
= ABOBORETON0N e z1 1.400000e+000 | m
v2 1.400000e+000 | m v2 1.400000e+000 | m
z2 0.000000e+000 | m z2 0.000000e+000 | m
v3 0.000000e+000 | m v3 0.000000e+000 | m
‘Z: jligggggz*ggg i z3 -1.400000e+000 | m
il K i m
z4 0.000000=+000 | m ¥ -1.400000e+000 | m
z4 0.000000e+000 | m
Cloze

Close

Figure 5.2-9 a) Stiffness factor b) Uncracked section properties c)
Cracked section properties

d) Dynamic Spring Properties of Pile Foundation (BSDS-Article 4.4.3)
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Focusing on "1/B" range of pile foundation, which is the effective range of “Ky”, foundation
structure was modeled as group of springs in one node as shown in Figure 5.2-10.

Figure 5.2-10 Dynamic Spring Property of Pile Foundation a) Discrete pile model b) Lumped

Spring model
[Typical foundationmodel] [Simplification of foundation model]
.~ | Pi ! -~ Force
5 Florce | Pile cap Fclce | vy
I ! 2% !
! ! Wﬁ 1/B .
I i ‘\/W?‘E €
- IR : ..sz.’. ..................
] | ,_,WH; Calculation of Ass: Horizontal spring
ad : i I“\N\/ £ “Kn” with average
[IvE R [ Clobedp |1 value of “Ep” in *Arr: Rotational spring
Rl Al et i T "1/B" range _ _
e pae e T | ___ AvwVetticalspring
ad ad iad I T l  (Off-diagonal springs) :
e |- [k roy | | |
T : oE : : ' Asr, Ars: springs in combination |
== P : with “Ass” and “Arr”__.
1 Equivalent

In BSDS, for pile foundation there are two recommended modelling for analysis to determine
the natural vibration periods under seismic load. It’s either of the following:

a)

b)

Pile cap is modeled as a vertical element with piles represented by vertical, horizontal,
and rotational springs lumped at the end node supports. The pile system is represented
by foundation spring constants with properties considering all piles in the group. This is
called as the simplified foundation model as shown in Figure 5.2-10 b.

Another type of pile foundation model is called discrete model. In this model, the pile
foundation is modeled using discrete elements representing the pile cap and pile body
with corresponding stiffness and material properties. Vertical and horizontal springs are
used at the nodal points in the piles to represents the ground resistance as shown in
Figure 5.2-10 a. This model is recommended when designing pile foundation using
plastic hinging forces from columns.

If the effect of foundation on analyses is focused on "1/B" range, which is the effective
range of “KH”, foundation structure can be modeled as group of springs in one node as
shown in Figure 5.2-10. If this method is applied, “KH” should be calculated with the
average value of “ED” in "1/B" range,

“(ED) B”. After the calculation of “KH” with “(ED) B”, B can be obtained with the
following equation.

Then, if there's no pile projection over the ground surface, spring properties of a pile can
be determined with the following equations; spring properties of a pile with rigid
connection at the head
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Kl= 4*]5*1*[33 (kN/m)

K2= K3 = 2*E*I*p’ (kN/rad)
K4= 2*E*T*p (KN*m/rad)
Kv=a*Ap*E/L (kN/m)

Where,

K1, K3 :

K2, K4

Kv

Ap

E

radical force (kN/m) and bending moment (kN*m/m) to be applied on a pile
head when displacing the head by a unit volume in a radical direction while
keeping it from rotation.

radical force (kN/rad) and bending moment (kN*m/rad) to be applied to on a
pile head when rotating the head by a unit volume while keeping it from moving
in a radical direction.

axial spring constant of a pile

modification factor; with CCP, a= 0.031*(L/D)-0.15
pile length (m)

pile diameter (m)

net cross-sectional area of a pile (mm2)

Young’s modulus of elasticity of the pile (kN/mm?2)

Finally, spring properties of entire pile foundation can be determined with the following equations.

Ass =n* K,

Asr = Ars = —n*K,

Arr=n*K, + KVZX.‘

n
3

1

7\

Ass: horizontal spring

E,ougimdiual dir.

At rotational spring

' Ay vertical spring

L e Trancvers - [-=-——=T——T——-— et et 1
»Transverse dir. ' (Combined springs to be considered) !

..... : ! Asr, Ars: spring in combination with|
B Pile cap 1 “ » “ 2 1
i Ass” and “Arr i

Note: the above equations can be applied only when there’re no battered piles.

Where,

Ass

Asr, Ars :

horizontal spring property of the foundation structure (kN/m)

spring properties of the foundation structure in combination with “Ass” and
“Arr” (kN/rad)
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Arr . rotational spring property of the foundation structure (kN*m/rad)
n : number of piles in the foundation structure (nos)
Xi : X-coordinate of the i-th pile head (m)

Determination process of spring properties of foundation for bridge seismic analyses can be
summarized with the following flowchart.
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Step-1: Assumption of “1/B.".

(Feedback)

A

Generally, 4*D< (1/B1) < 6*D

&

Step-2: Calculation of “By” with “1/B,”
D

A
=

B, =

Input (1/B) into (1/B1) until (1/B)
becomes equal to (1/B1).

Step-3: Calculation of “Ky” -
1/
a*E i*Li
(a*Ey), = D ( ol *Li)
£ e 1/p
ground deformation within "1/B" range
e
Step—4: Calculation of “B”
B ». Compare value of (1/pB) : (Fegdback)
4*E*| + with that of (1/B.). :
Where, — Toomootmommmmmooooooos Pile cap -
~—— Force
E: Young's modulus of concrete piles (kN/m2) "’W',r‘; , e
'\/Wi'f? 1/B; effective range of “Ky
~§ If (1/B) becomes equal to (1/B1), A4 (m)
Step-5: Calculation of “K1, K2, K3, K4” K P ,'[ggr'u'c't[j;gfﬁgc;éé;t]é; of a pile] |
;'l: """"""" :““I“'-I“‘“u | .L,I th i
| K1= 4*E*1*B? (kN/m) : e L length (m) :
! i w1 D: diameter (m) !
' K2= K3 = 2*E*I*B? (kN/rad) | K | :
: ! i Ap: cross-sectional area (m2) _ |
(K4=27E*1"B (kKN*m/rad) |
~- Under the condition with “no battered
Step-6: Calculation of “B”
[CRnrina nranartu nf antira nila fAalindatinnc)
Axx=n*K,  Pile
_ . n*
Axa= Ars=-n Kf Xi& 7r & Aaa: rotational spring
Aaa=n*K, +K, Z X iz 0] > Ayy: vertical spring (Fixed)
Ayy =n*K, =1 | (Combined springs to be considered)
Where, n: number of piles | Axa, Aax: spring in combination with !
U AN AnA YN

Figure 5.2-11 Determination Process of Dynamic Spring Property of Pile Foundation

In these examples, the simplified dynamic analysis model “lumped spring model was adopted during

the analysis.
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From borehole data at Pier foundation the following average N-value based on soil layer was obtained

and the corresponding soil spring stiffness was calculated according to Figure 5.2-11.

FORPIER 1

Layer | Layer thiLcalzlr? erss N- Vsi Cv VsD vt Go vD Ep
symbol | type Li (m) value | (m/s) (m/s) | (kN/m3) | (kN/m2) (kN/m2)
Ac Clay 12.00 17 257 | 08| 205 18.0 77188 | 0.5 | 231564
GFW | Clay 1.00 50 292 | 08| 233 20.0 110793 | 0.5 | 332379
FOR PIER 2

Layer | Layer thiLcalzlr?erss N- Vsi Cv VsD vt (€ WD Eb
symbol | type Li (m) value | (m/s) (m/s) | (kN/m3) | (kN/m2) (kN/m2)
Ac Clay 11.00 15 247 0.8 | 197 18.0 71281 | 0.5 | 213843
GFW | Clay 1.00 50 292 |0.8| 233 20.0 110793 | 0.5 | 332379
GF Sand 1.00 50 295 0.8 | 235 20.0 112704 | 0.5 | 338112
Pile spring stiffness, P1
Longitudinal/Transverse Direction Y-axis:

Type Stiffness Unit I e

Row 1 j w

Ass 3,771,748 | (kN/m) [

Asr,Ars | -4,774,365 | (kN/rad) ] e

Arr 37,961,700 | (KN*m/rad) D P/ e

Avv 3,236,400 | (kN/m)

X - axis gt i LT_ [ F_ _ql_/\._ al

Pile spring stiffness, P2
Longitudinal/Transverse direction

Type Stiffness Unit

Ass 3,519,762 | (KN/m)
Asr, Ars -4,559,278 | (kN/rad)
Arr 37,594,500 | (kN*m/rad)
Avv 3,236,400 | (kN/m)

Figure 5.2-12 Piles foundation plan

The computed spring stiffness in this example both directions are same since the configuration of pile
foundation as well as the number of piles is the same as shown in Figure 5.2-12.

Consideration of off diagonal spring stiffness (Asr, Ars) was also employed in modelling of spring
foundation as shown in equation below.
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F,1 [Ku O 0 0 Kgyx 09 [Ux]
F, 0 K,, 0 Kg, 0 o0 U,
F,| | o 0 K, O 0 0] |U,
[M,| [ 0 Kg, O R, o o] |6,
leJ L 0 0 0 0 0 R, 16,

Where:

Ass = Ky, = K, and K, ink N/m
Arr =Ry =Ry and R, in kN.m/r ad.
Ars,Ast = —Kgyy, = Kpyx ink N/7 ad.

Applying to the analysis model by means of assigning a couple of springs as shown in Figure
5.2-13. See also C.4.4.3 Section 4.4.3 in BSDS 2013 for more detail.

General Spring Type (Coupled & x & Spring) x
Name ; |F‘IER 1 |
Input Method
Stiffness Matrix [ ] Mass Matrix [ pamping Matrix
Stiffness l
SDx Shy 5Dz SRx SRy SRz
SDx |3.??1?5e+0||| o || 0 || 0 || 4.??43?e+c|| 0 |
SDy |n || 3.??1?5e443||| o || 4.??43?&4{"” 0 || 0 |
sbz |0 |[o || 3.2384e+001| 0 [0 |||:| |
SRx |n || 4.??43?e+m|| 0 || 3.?961?e+n||| 0 || o |
sy [zorko o Jo|amvens |
sRz |0 IE IE |[o || || 1e+007 |
General Spring Type (Coupled 6x 6 Spring) >
Name : |PIER 2 |
Input Method
Stiffness Matrix |:| Mass Matrix |:| Damping Matrix
Stiffness l
Shx SDy sDz SRx SRy SRz
SDx | 3.519?se+n||| o |||:| || o || —4.55928&—!{“ 0 |
soy |0 || 3.519]"6e+DI||D || 4.55928e+u|||n || o |
sbz |0 |[o || 3.2364+00/ 0 [0 || 0 |
SRx |0 || 4.559282 +01 | 0 || 3.75945¢+0] | 0 || 0 |
sy aswmers o Jo e |
SRz |0 |[o o o o | 1e+007 |

Figure 5.2-13 Soil Spring stiffness input in Midas Civil
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e) Damping of Structures (BSDS-Avrticle 4.5.4)

In dynamic analysis, damping of the structural members was given under the following
conditions.

- Damping method: strain energy proportional damping
- Damping ratio: - Concrete: 2%
- Foundation: 20% (desirable value for “ground type 11°)

Bridge physical model with lumped type foundation spring model in this example as
shown in Figure 5.2-13.

8 |

Figure 5.2-14 Dynamic Analysis Model of example Bridge in MIDAS Civil

5.2.3 Analysis Loading Model

5.2.3.1 Deadload

Deadload of the structure are composed of self-weight and superimposed deadload. In this example,
superimposed deadload are composed of the following:

Wpost = 243 kN
Wrail = 134.4kN
Wsidewalk = 655.2kN
Wwsurfsce = 290 kN
We_diaphragm = 166 kN
Wi_diaphragm = 177 kN
Wshearblock = 52 kN
Whlock_pier = 10 kN
Wsi = 1509 kN
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5.2.3.2 Inertia effect of Live load During earthquake

BSDS C.4.4.1

“Generally, the inertia effects of live loads are not included in the analysis; however, the
probability of a large live load being on the bridge during an earthquake should be considered
when designing bridges with high live-to-dead load ratios which are located in metropolitan areas
where traffic congestion is likely to occur”. In this commentary, was mentioned the presence of
live load during earthquake specially in metropolitan area like Manila. This clause also may be
effective for viaduct which the probability of having vehicle at the bridge during earthquake is most
likely to happen. In the analysis, it is not clear how much live load will be considered, but to be
conservative 50% of live load effect was considered during earthquake as shown in Figure 5.2-14.
This live load effect was converted into equivalent mass to perform as inertia force additional to
dead load.

Wianeload = 18.68 KN/m 50%WIlane = 9.34 kN/m Distributed throughout the span
Reaction of Governing Truck load = 1800 KN 50%Rtruck = 900kN Act at superstructure bearing
support

E | o

Loads to Masses

Mass Direction

Ox Oy Oz
I el TN
®x,Y,2

Load Type for Converting
MNodal Load
Beam Load
[ Floor Load
[JPressure {Hydrostatic)

Gravity : mfsec”2

Load Case | Factor
Load Case : DEADLCAD | |

Scale Factor :
E cadCase cale Add
INERTIAL ... 1 Modify

Delete

Remove Load to Mass Data

Cancel

Figure 5.2-15 50% of Live load effect converted into equivalent masses

5.2.3.3 Earthquake Load

The 1000-year return period Level 2 earthquake has been employed as a design response spectrum
in this example. The acceleration response spectrum as shown in Figure 5.2-15 and the table
corresponding to the curve also as shown in figure below.
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Add/Medify/Show Response Spectrum Functions X
Function Name Spectral Data Type
| TYPE 2 1000 RP | (®) Normalized Accel. () Acceleration (O velocity () Displacement
Scaling Gravity Graph Options
Import File Design Spectrum @ Scale Factor I:I mfsec"z D] xeaislog scae
i LS ) - Damping Ratio
P;L'g;j Spe'j(r;}! Data (O Maximum Value 0 a [ J¥-axislog scle
1 U.UUUU 0.5300
- 775 F
2| 01260 1.1040 toasTe
3 0.2000 1.1040 1037751
4| 06320 1.1040 0.53775
5 0.6780 1.0290 m0.83775
i 0.7240 0.9640 PR —
7 0.7700 0.9060 E—
g 0.8160 0.8550 8 )
9] 08620 0.8090 m 0-S2778
10 0.8080 0.7680 1043775 4
11 0.8540 07310 0.22775 -
12 10000 DBQBD 0.33775 T T T T T T T T T T T T T T T T T T T T T T T T T T
13 1.2500 0.5580 0.01 0.2l 0.6l 0.1 1.21 1.51 1.1 2.11 2.41
14 1.5000 04650 | ¥ Period (sec)
Description

| Cancel Apply

Figure 5.2-16 Design acceleration response spectrum

5.3 Modal Analysis

5.3.1 Multimode Spectral Analysis

BSDS 4.3.3

(1) The multimode spectral analysis method shall be used for bridges in which coupling occurs in
more than one of the three coordinate directions within each mode of vibration. As a minimum,
linear dynamic analysis using a three-dimensional model shall be used to represent the structure.

(2) The number of modes included in the analysis should be at least three times the number of spans
in the model. The design seismic response spectrum as specified in Article 3.6.1 of these
Specifications shall be used for each mode.

(3) The member forces and displacements may be estimated by combining the respective response
quantities (moment, force, displacement, or relative displacement) from the individual modes
by the Complete Quadratic Combination (CQC) method.

The multi-mode spectral analysis method is more sophisticated than single-mode spectral analysis
and is very effective in analyzing the response of more complex linear elastic structures to an
earthquake excitation.

Multi-mode spectral analysis assumes that member forces, moments, and displacements because of
seismic load can be estimated by combining the responses of individual modes using the methods
such as Complete Quadratic Combination (CQC) method and the Square Root of the Sum of the
Squares (SRSS) method. The CQC method is adequate for most bridge systems (Wilson et al., 1981;
Wilson, 2009; Menun and Kiureghian, 1998) and the SRSS method is best suited for combining
responses of well-separated modes.

Application example of modal analysis and the combination rule using CQC as shown in Figure 5.3-
1.
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Modal Combination Control h:4

Modal Combination Type
(Jsrss  (@coc  (aBs  (linear

[ add signs{+,-) to the Results

Along the Major Mode Direction

Along the Absolute Maximum Yalue

Select Mode Shapes

Mode | Use| Mode Shape Factor | ™
1 1.0000
2 1.0000
3 1.0000
4 1.0000
5 1.0000
3] 1.0000
7 1.0000
8 1.0000
g9 1.0000
10 1.0000
1 1.0000
12 1.0000

13| A 1nonn ¥
Check All Check Nane

Cancel

Figure 5.3-1 Modal Combination using Midas

5.3.1.1 Eigenvalue Analysis

Response values are calculated based on vibration property of the bridge and inputted seismic
motion. Before calculating specific response values such as sectional forces and displacements,
understanding the vibration characteristic of the target bridge must be extremely important phase
because not only understanding dynamic behaviors but also dominant basic vibration mode can be
understood to be utilized for static analysis. The most familiar methodology to clear this problem
is eigenvalue analysis with multimode elastic method. Multi-Degree-of-Freedom and Multi-Mass-
Vibration system such as bridge structure has same number of natural periods and vibration modes
to number of mass. Such like that, eigenvalue analysis can be defined as calculating characteristic
values of multi-mass vibration system; the following values are commonly utilized.

(1) Natural Frequency and Natural Period

Natural frequency is defined as the vibration frequency (Hz), and Natural Period is the time
(seconds) for a cycle, which indicates the period of well-vibrated vibration system.
Eigenvalue analysis is to obtain characteristic values of vibration system, the principal is
conformed to the mentioned equation below regarding dynamic analysis in which right side
member is zero. Then, damping term should be separated from eigenvalue analysis but
should be considered to determine mode damping based on various damping property when
response spectrum analysis or time history response analysis. Therefore:
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)

®)

No effects from inputted seismic motion and its direction

Effects from mass and structural system

Non-linear performance of structural members not considered

Damping coefficient not considered, but later can be considered for
response spectrum analysis or time history response analysis

(I

In eigenvalue analysis, the natural frequency w is obtained without consideration of damping
factor, using the following equation. Where, the natural period T, is the inverse number of
the natural frequency.

[K]-o*[M]=0
[K ]: Stiffness matrix, [ﬂf ] - Mass matrix

Participation factor and Effective mass

The participation factor at "j" th mode can be obtained by following the equation. The
standard coordination "gj" that is the responses of the mode with larger participation factor
become larger and commonly the participation factor has both positive and negative values.

B, =10 [ MKy,
,BJ. . Model participation factor, {(I)J } Mode marrix, [JLI ] - Mass matrix,
{L}. Acceleration distribution vector: {Z }z ':'*fL}: {Z } Acceleration vector, = :Ground motion

acceleration, M ;- Equivalent mass

From the participation factor, the effective mass at "j" the mode can be obtained by the
following equation and have always positive value and the summation of effective mass of
all of the vibration modes must conform to total mass of the structure. This effective mass
indicates "vibrating mass in all of mass". In most seismic design codes, it is stipulated that
the sum of the effective modal masses included in an analysis should be greater than
90% of the total mass. This will ensure that the critical modes that affect the results are
included in the design. In this example, the mass participation is tabulated in cumulative
order as shown in Figure 5.3-1.

Natural Vibration Mode (Mode Vector)

Natural vibration mode, what is called as mode vector, indicated the vibration shape at any
mode based on dynamic equation of n-freedom system, which is very important factor
because it is required in all the terms consisting of dynamic equation such as mass, damping
and stiffness matrix. Generally, standard vibration mode vector {®j} can be obtained by
modal coordination which is transformed from displacement vector {u} under ratio constant
condition; then, coupling parameters are disappeared; n-freedom problem can be treated as
"n" of mono-freedom systems. Such the analytical method is called and model analysis
method
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Longitudinal Transverse dir.
MODAL PARTICIPATION M.

Mode TRAN-X TRAMN-Y TRAN-Z ROTN-X ROTN-Y ROTN-Z

No MASS(%) | SUM(%) | MASS(%) | SUM(%) | MASS(%) | SUM(%) | MASS(%) | SUM(%) | MASS(%) | SUM(%) | MASS(%) | SUM(%)
1 8477 9477 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.10 0.00 0.00
2 0.00 8477 82.16 82.16 0.00 0.00 3.1 3.51 0.00 010 0. 0.1
3 0.00 9477 0.00 82,16 3.59 3.59 0.00 3.51 0.23 0.32 0.00 0.01
4 0. 9478 0.00 82.16 0.33 3.92 0.00 3.51 64.36 64.68 0.00 0.1
5 0.00 9478 0.01 8217 0.00 3.92 0.03 3.54 0.00 64.68 66.49 66.50
6 0.00 9478 0.00 8217 66.64 70.56 0.00 3.54 0.60 65.27 0.00 66.50
L 0.00 9478 0.00 8217 112 7168 0.00 3.54 9.05 7432 0.00 66.50
8 0.00 9478 7.35 89.53 0.00 7168 243 5.87 0.00 74.32 0. 66.51
9 0.00 9478 0.00 89.53 9.98 81,66 0.00 557 024 74.56 0.00 66.51
10 0.05 94.84 0.00 89.53 0.46 8212 0.00 5.87 3.60 78.16 0.00 66.51
1 0.00 94.84 0.05 B89.58 0.00 8212 167 763 0.00 78.16 5.10 7161
12 0.00 94.84 3.23 92.81 0.00 8212 62.39 T0.02 0.00 78.16 0. 7162
13 0.02 94.86 0.00 5281 0.51 8263 0.00 70.02 0.00 78.16 0.00 7182
14 018 895.04 0.00 92.81 1272 95.35 0.00 T0.02 0.00 78.16 0.00 7162
15 407 99.11 0.00 5281 0.64 56.00 0.00 70.02 223 80.39 0.00 7182
16 0.00 9.1 0.0z 92.63 0.00 56.00 0.15 T0.16 0.00 80.39 16.64 88.26
1 0.00 99.11 0.00 9283 0.02 96.02 0.00 70.16 0.00 80.39 0.00 68.26
18 0.05 89.16 0.00 92.63 0.00 96.02 0.00 T0.16 7.58 87.97 0.00 88.26
19 0.00 99.16 4.83 97 66 0.00 96.02 3.18 73.34 0.00 B7.97 0.03 88.29
20 0.00 89.16 0.00 97.66 0.80 96.62 0.00 7334 0.01 87.98 0.00 88.28

Total modal participation mass to be considered (requirement: over

Figure 5.3-2 Mass Participation
(a) Eigenvalue analysis option

The subspace iteration method is an effective method widely used in engineering practice
for the solution of eigenvalues and eigenvectors of finite element equations.

- This technique is suited for the calculations of few eigenvalues and eigenvectors of
large finite element system.

- Starting iteration vectors will be stablished first.

q=min{2p, p+8} < No. of Mass Degrees of freedom

+1
d =g =
a 2
Where:
g = number of iteration vectors

p = number of eigenvalues and vectors to be calculated
d = subspace dimension

Eigenvalue Analysis Control K

Type of Analysis
(®) Eigen Vectors () Ritz Vectors
(®) Subspace Iteration
O Lanczos

Eigen Vectors
Eigenvalue Control Parameters

ks 20 - -
Number of Frequendies : = MNumber of Iterations : 28 -
Freguency range of interest Subspace Dimension : 300 =
Search From : 0 [cps] Convergence Tolerance : 1e-010
To: 0 [cps]
Remove Eigenvalue Analysis Data Cancel

Figure 5.3-3 Eigenvalue Analysis option
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Fundamental modes of vibration of the example bridge in two orthogonal direction as shown in
Figure 5.3-2 a and Figure 5.3-2 b.

a. Longitudinal Direction, Tn = 1.15 secs.

b. Transverse Direction, Tn = 0.69 sec.

Figure 5.3-4 Natural period of Bridge
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5.3.2 Bridge Response
Results from seismic analysis of example bridge Pier bottom as shown below.

Table 5.3-1Pier Bottom Force Response

Axial Shear-y Shear-z Taorsion Moment-y Moment-z
2 — Pk (kM) (t) (kN) (kN*m) (N*m) (k=)
412 | TYPE 2 PGA - X(R| J[542] 323.67 0.00 T117.23 0.00 50013.56 0.00
413 | TYPE 2 PGA - X(R| J[543] 326.66 0.00 709562 0.00 39545 46 0.00
412 | TYPE 2 PGA -Y(R| J[642] 0.00 414403 0.00 322538 0.00 513599.06
413 | TYPE 2 PGA - Y(R| J[543] 0.00 4181.1 0.00 3536.09 0.00 51863.05

5.4 Elastic Time History (Direct Integration) Analysis

In BSDS Atrticle 4.3.4 mention the used of “Time History Method” in bridge analysis specially for very
critical and irregular bridge as specified by DPWH.

Time history analysis is a step-by-step analysis of the dynamic response of a structure to a specified
loading that may vary with time. Time history analysis is used to determine the seismic response of a
structure under dynamic loading of representative earthquake as discussed in chapter 4 of this guideline.
In this chapter, time history analysis using direct integration method of bridge will be discuss.
Mathematical model of example bridges to be used in this analysis are the same as from previous model
in Chapter 5.1 except that the seismic load in this model is a transient load. In BSDS following was
defined in time history load:

BSDS 4.3.4.2 Acceleration Time Histories

“1.0 Developed time histories shall have characteristics that are representative of the seismic
environment of the site and the local site conditions.

2.0 Response-spectrum-compatible time histories shall be used as developed from representative
recorded motions. Analytical techniques used for spectrum matching shall be demonstrated to be
capable of achieving seismologically realistic time series that are similar to the time series of the initial
time histories selected for spectrum matching.

3.0 Where recorded time histories are used, they shall be scaled to the approximate level of the design
response spectrum in the period range of significance. Each time history shall be modified to be
response-spectrum compatible using the time-domain procedure.

4.0 At least three response-spectrum-compatible time histories shall be used for each component of
motion in representing the Level 2 EGM design earthquake (ground motions having seven percent (7%)
probability of exceedance in 75 years). All three orthogonal components (X, y, and z) of design motion
shall be input simultaneously when conducting a nonlinear time-history analysis. The design actions
shall be taken as the maximum response calculated for the three ground motions in each principal
direction.

5.0 If a minimum of seven-time histories are used for each component of motion, the design actions
may be taken as the mean response calculated for each principal direction.

6.0 For near-field sites (D < 10 km), the recorded horizontal components of motion that are selected
should represent a near-field condition and should be transformed into principal components before
making them response-spectrum-compatible. The major principal component should then be used to
represent motion in the fault-normal direction and the minor principal component should be used to
represent motion in the fault-parallel direction. ”

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 5: ANALYSIS EXAMPLE 5-28

In this example, seven (7) pairs of time history site specific ground motion has been used as shown in
Figure 5.4-1.

There are also several methods used in the time history response analysis including the modal analysis,
direct integration and the complex response method but the appropriate method shall be chosen based
on the purpose of analysis during verification of seismic performance as discussed in Chapter 4 of this
guideline. In this example, Direct integration by means of Newmark Integration (Linear acceleration
method) has been employed for the analysis. The response may be calculated using spectrally matched
input motions applied in two directions simultaneously. In general, the methods of time history analysis
are summarized as shown in Figure 5.4-1 as explained in chapter 4 of this guideline.

DYNAMIC ANATLYSIS
BY TIME HISTORY

_1_ ELASTIC/INELASTIC

TIME-DOMATN SOLUTIONS

= STEP-BY-STEP INTEGRATIONS

EXPLICIT SCHEMES

IMPLICIT SCHEMES

—s MODE SUPERPOSITION

ELASTIC

Figure 5.4-1Time History Analysis Methods

5.4.1 Time History ground motions

The generated site-specific ground motions based on actual ground characteristics and site conditions
has been used in this example.

EQ1
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{
1

Figure 5.4-2 Seven Pairs of spectrally Matched acceleration time history

Using the mathematical model of sample bridge in Error! Reference source not found., Followings
are the example of time history analysis performed in Midas Civil software

(1) Definition of dynamic load cases

As shown in Figure 5.4-2, first load case is defined as EQL. Load type is transient since it is a
time domain loadings and analysis type are linear using direct integration by Newmark

Integration method.

Add/Medify Time History Load Cases X
General
MName : EQ1 Description @
Analysis Type Analysis Method Time History Type
@ Linear O Modal @ Transient
[ () Nonlinear ® PrEEEmErEE Perindic ]
Static
Geometric Nonlinearity Type
MNone Large Displacements
End Time : &0 +1lsec Time Increment : 0.01 5 gec
Step Number Increment for Qutput : 1 %

Order in Sequential Loading
[ subsequent to Load Case
Initial Element Forces(Table)
Initial Forces for Geometric Stiffness

Cumulate D/V/A Results Keep Final Step Loads Constant

Damping

Damping Method : Element Mass & Stiffness Proportional ~
Time Integration Parameters

Newmark Method :  Gamma | 0.5 | Beta |0.16666666656|

() Constant Acceleration (®) Linear Acceleration (O) User Input
Monlinear Analysis Control Parameters

Perform Iteration Iteration Controls...
Mo Yes Description

Cancel Apply

Figure 5.4-3 Load cases definition
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(2) Definition of time forcing function (input acceleration time history)

Seven pairs of spectrally matched acceleration time history in Figure 5.4-1 has been inputted
in the analysis model as shown on Figure 5.4-3.

Add/Meodify/Show Time History Functions *
Function Mame Time Function Data Type
| manalo-L2eq1x | (® Normalized Accel. (O Acceleration (O Force () Moment (O Normal
Scaling Gravity Graph Options
:
meert Ferthauske © scale Factor -9.806 mfsec2 E::: :z ::::
Time Function 2 (O Maximum Value 0 g
(sec) (0) LreT
1] 0.0000 0.0002 oe
2| 0.0100 0.0002 0.5
3] 0.0200 0.0002 0.4 4
4| 0.0300 0.0002 s 22
5| 0.0400 0.0002 = gj |
6] 0.0500 0.0002 i '0_ Febnh 2 s, Admd A A
7] 00600 0.0002 [ ¥ bl
8] 0.0700 0.0002 0.z L
9| 00800 0.0002 RS
10| 0.0900 0.0002 5o
11| 0.1000 0.0003 T
12| 01100 0.0003 -
13| 01200 0.0003 00z 4 € 8 12 1€ 20 =24 28 2z o2& 40 44 48
14| 01300 0.0003 | v Time (sec)
Description Earthquake Record |
Generate Earthquake Response Spectrum... | oK Cancel Apply

Figure 5.4-4 Example input ground motion
(3) Input Ground Acceleration (Fault parallel and Fault Normal Direction)

Selected earthquake ground motion has been assigned according to its principal orthogonal
direction simultaneously with respect to the direction of source and the principal axis of the
bridge. In this example, only the two components at horizontal direction (fault normal (EQXx) and
fault parallel (EQy)) earthquake has been applied. The angle of excitation according to bridge
position with respect to the nearest source (Line Fault) in this case is approximately 45° as shown
in Figure 5.4-5.

G
il Time History Analysis Data
Ground Acceleration v

Time History Load Case Name

EQ1 vl =

Function for Direction-X

3 FunctonName: | manalo12t v | ...

. ScaleFactor :

E ArvalTme @ [0 Jsec
B8  Function for Drection-Y

Function Name : manalo12t v | ...

Scale Factor  : 1

AmivalTme : [0 sec

Function for Drection-Z

FunctionName: |NONE vl

Scale Factor  :

AmivalTme : 0 sec

Angle of Horizontal Ground Acc.
[ S [deg]
Case Name angleofAcc. A
EQ1 45

: £Q2 -45
Bt ol 3 > ke s >

Rotational angle about GCS Z-axis signifying the direction of the
w=s| horizontal component of the ground acceleration. Sign
convention is (+) in the counter-clockwise direction and (-) in
the clockwise direction, with reference to the X-axis.

Figure 5.4-5 Excitation angle of earthquake based on the nearest source
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(4) Damping

The damping of a structure is related to the amount of energy dissipated during its motion. It
could be assumed that a portion of the energy lost because of the deformations and thus damping
could be idealized as proportion to the stiffness of the structure. Another mechanism of energy
dissipation could be attributed to the mass of the structure and thus damping is idealized as
proportion to the mass of the structure. In time history analysis, damping is very important to
consider during the analysis. In BSDS Commentary C.4.5.4 mention that “Damping may be
neglected in the calculation of natural frequencies and associated nodal displacements. The
effects of damping should be considered where a transient response is sought.

Suitable damping values may be obtained from field measurement of induced free vibration or
by forced vibration tests. In lieu of measurements, the following values recommended in AASHTO
may be used for the equivalent viscous damping ratio:

"I Concrete construction: two percent (2%)
| Welded and bolted steel construction: one percent (1%)
1 Timber: five percent (5%)

In this example, The Rayleigh damping in a direct integration method has been use as explained
in chapter 4 of this guideline. The values of ag and a; determined by only two major modes,
which are incorporated in C = agM + a;K to compute a damping matrix. With the equation of
motion in a matrix format, direct integration is executed for each time step. Application of this
type into the analysis model as shown in Figure 5.4-5

Group Damping : Element Mass & Stiffness Proportional X
Unspecified Nodes, Elements and Boundaries Specified Nodes, Elements And Boundaries Damping Coefficients for Spedified Material Data fGroup
. . Mass Stiffness Material Data / Group
Damping Type : Proportional Proportional } Name: Type  Ratiol Rato2 Alpha Beta
O Direct Specifcati 5 Type: (@) Material O structure (O Boundary RC Mat... 0.02 0.02 0.136209 0.00274642
irect Specification : o
Crearant Name of Material  Group : All Material Data v Pe Mat.. 002 002 0.136208  0.00274642
A cuate from 0.34052153177 | | 0.00686604597
Modal Damping :
Coeffidents Calculation
Coeffidents Calculation Mass Siffness
3 ¥ ¥
Mode 1 Mode 2 e e ProDom‘ona\ ProDDrﬁona\
®Frequency [Hd : 0.864 1454 Direct Spedification : 0 0
(O Period [sed] = 0 0 (®) Calculate from D D
_ . Modal Damping :
(000 ~ 1.00) Frequency / Period
Made 1 Mode 2
WE=mEEr (®) Frequency [Ha] : 0.864 1454
* Damping coefficients spedfied in "Unspedfied Nodes,
Elements and Boundaries” are applied to the Modes, (O Period [sed] : i i
elements or hnundfarlas to which the damping coeffidents Set Defadlt Data
have not been assigned.
* Damping coefficents for masses converted from Self- Damping Ratio
e
Weight are determined from the elements or General ®) Use Material Data Direct Define
Links, However, damping coeffidents for masses entered
from Nodal Masses or Loads to Masses are determined Mode 1 Mode 2
from the nodes. Damping Ratio
= "Group Damping: Element Mass & Stiffness Proportional” (0.00 ~ 1.00) l:l l:l Define J
can be applied with the "Element Mass & Stiffness Pro-
portional” damping method in the Time History Load Case. Priority of Damping Ratio oK Cancel

Figure 5.4-6 Damping Coefficient Calculation using Midas civil

(5) Time History Analysis Results

a) Time History Response
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Moment History at Pier bottom
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Figure 5.4-7 a) Moment (My) Response of Pier bottom due to Eql

b) Force Response

Design actions were taken as the mean response due to seven pairs of ground motions as
explained in BSDS 4.3.4.2.

Table 5.4-1 Force Response

SAMPLE BRIDGE
PIER NO.: 1 FORCES
cen [ 1ons [ oo | [ T | T [ T [ e [ e
412 EQ1(maJ[642] 288.03 5182.82 347684 3733.92 70233.34 580724
412|1EQ2(maT[642] 450.08 4043 08 T451.77 378343 108068 83 60436.00
412{EQ3(maJ[642] 28019 6843.97 60849 363511 2091915 89701.26
412|EQ4(maJ[642] 318.65 3061.04 816582 404132 9691587 64480.69
412|1EQ3(maJ[642] 29787 32334 348641 286991 8089425 4522467
412|EQ6(maT[642] 414.11 4121.20 10333.81 320148 1240019 5229422
H12|1EQT(maJ[642] 33452 5078.16 5017.66 415015 83300 67 67361.60
MEAN: 341.907143| 5051.97143| 6088.17286| 3032.18857 03400.43( 62638.71714
SAMPLE BRIDGE
PIER NO.: 2 FORCES
cen [ oo [ oo | [ T | T [ e [ e | e
413 EQ1(maJ[643] 21003 5240.60 5448 80 434205 698620 59580.55
413|EQ2(maJ[643] 32511 4004 94 7414 .77 4188 39 107509 25 6099572
413|EQ3(maJ[643] 25216 6908 .45 605212 3914 .37 9043025 90400 2
A3 EQ4(maT[643] 326.22 31257 8124 28 4364 46 064037 6512497
413|EQ3(maJ[643] 33539 32730 345812 2813.26 8045942 455099 37
H13|EQ6(maT[643] 410.16 4163 44 10281.85 3448 .46 123341 .47 52718.63
H13|EQT7(mdaJ[643] 206.77 6000.29 588404 481029 82034 56 67878.07
MEAN: 309.391429| 5101.06143| 6052.13857| 4268.75420| 02004.50714| 63186.78714
MAX FORCES: 341.907143| 5101.06143| 6988.17286| 4268.75429 93490.43| 63186.78714|
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c) Displacement Response of Pier top

Displacement (Dx) Pier top_EQ1

0.15
0.1

0.05

-0.05

Displacement, m
o

-0.1

-0.15
0 10 20 30 40 50 60

time,secs.

Figure 5.4-8 b) Pier top Displacement response due to EQ1

The design displacement at any direction were taken as the mean response of bridge due to seven
pairs of earthquakes as shown in Table 5.4-2.

Table 5.4-2 Design Displacement At Pier Top

Node Load DX (m) DY (m) DZ (m) RX (rad) RY (rad) RZ (rad)
224 | EQ1(max) | 0.121684 | 0.102286 | 0.00011 | 0.012822 | 0.014288 | 0.001674
224 | EQ2(max) | 0.187435 | 0.104567 | 0.000171 | 0.012379 | 0.022053 | 0.001696
224 | EQ3(max) | 0.15734 0.1552 0.00011 | 0.017458 | 0.018419 | 0.002535
224 | EQ4(max) | 0.167794 | 0.111639 | 0.000121 | 0.012887 | 0.019657 | 0.001812
224 | EQ5(max) | 0.140006 | 0.078113 | 0.000113 | 0.00828 | 0.016411 | 0.001286
224 | EQ6(max) | 0.214616 | 0.090488 | 0.000157 | 0.010142 | 0.025144 | 0.001475
224 | EQ7(max) | 0.14447 | 0.116174 | 0.000127 | 0.014156 | 0.017002 | 0.001861

MEAN: 0.161906 | 0.108352 | 0.00013 | 0.012589 | 0.018996 | 0.001763
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Intentionally Blank
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CHAPTER 6: SEISMIC DESIGN OF
PIER
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CHAPTER 6: SEISMIC DESIGN OF PIER

Chapter 6 Seismic Design of Pier

6.1 Flowchart

modify structural dimensions

STAR

Collect bridge data and reports

|
Determine seismic requirements
and site factors. Reference: BSDS

|
Perform preliminary design for initial
dimensions of structural components

»l

1
Perform seismic analysis of the
bridge. (Refer to Chapter 5)
|
Obtain the elastic seismic forces of pier column |
|
Perform load calculations and verify limit

states

Verify slenderness effect.
Compute keu/r (DGCS 12.4.4.2)

Verification of column flexural resistance
and displacement (BSDS 4.7)

Is displacement and flexural
resistance satisfied and optimized?

NO

Calculate pier/ column overstrength moment

resistance (Mp) and corresponding (Vp)

[

Verification of column shear resistance
BSDS 5.3-4 |

DGCS 12.5.3
DGCS 12.7.11.2
DGCS12524

| Add inertial seismic effect of pile cap |

Verify structural resistance of pile cap

DGCS 12.4.3.2 DGCS 12.8
DGCS 12433 DGCS125.5
DGCS 12.4.3.4 DGCS 12.7.8
DGCS 12.5.3.2

Perform pile stability and structural

|
| GotoFlowchartB |

Including:

General information of
bridge (such as general
elevation, structural
conditions, bearing
configurations, gaps,
etc.

Geotechnical report
(including ground
profile and bore logs &
initial recommendation
for type of foundation)
Hydraulic report
(including scour
analysis)

Material parameters
Soil parameters

Load parameters

resistance by JRA method (BSDS 4.4.2) Figure 6.1-1 Flow Chart
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modify structural dimensions

FLOWCHART B
|

Verify load limit states
(Refer to pile cap analysis)

»|

NO

71
Determine pile geometry
and parameters

Assessment of liquefaction potential;

is soil
liquefiable?

Determine pile spring constants
eHorizontal pile springs, kn - BSDS EQ C.4.4.2-4 Reduced soil
Pile axial springs, ky- BSDS EQ C.4.4.2-1 constants

eRadial springs ki, ka, ks, ks - BSDS Table C.4.4.3-2

Calculate displacement 6x, 8y, a
(BSDS C.5.4.3.7-3)

Calculate reaction of piles (axial, moment, radial)
(BSDS C.5.4.3.7-3)

Pile Reactions < Capacity
Displacement < Limit

Perform pile structural resistance
DGCS 12.5.3.2

Is structural

resistance
optimized?

END

Figure 6.1-2 Flowchart B
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6.2 GENERAL DESIGN CONDITIONS & CRITERIA

6.2.1 Bridge General Elevation & Cross section
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6.2.2 Pier Geometry and Location Map.
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Figure 6.2-2 Pier Geometry and Location Map
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6.2.3 Structural Conditions

— Two lane carriageway; total width = 10.50m

— 3 -35m continuous ASSTHO girders- Type V

— Bearing restraints: M-F-F-M (F=fixed, M=movable)

— Regular bridge (non — skewed bridge)

— Pier type: single column on cast in place concrete pile

— Abutment type: cantilever type on cast in place concrete pile

6.2.4 Seismic Design Requirements and Ground Conditions

Bridge Operational Classification = OTHERS
Earthquake Ground Motion = Level 2
Ground Type = 3
Seismic Performance Level = 3
Seismic Performance Zone = 4
Peak Ground Acceleration = 0.69

6.2.5 Site Factors

Site Factors:
Fpga = 0.88
Fa= 0.92
Fv = 1.55
As = 0.53

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



BSDS DESIGN STANDARD GUIDE MANUAL I

$1019e4 91IS € -Z'9 a4nbi4

g

©1'+'0 S = 6o=
(#0-5+ 0)e(S0-+0N(S 1-9°1)+9'1 =R3 (00 1-07 1)a(00 1-ST 1J(0'1-60)+0'T =% | (05009 0)4(05'0-08 0T(6'0-$8'0)+6 0 =™ !
SO " . o s o2 1 [edgovoneodingn reawry) ;| [€BAY jo vonejodsoym sean)s
QT | #C | ¥T | 8T | CT¢ | 8¢ | i “‘TSCo[ 80 | 60 | T1 | L1 | ST (I da _mno 80 60 T c1Tct1lse Eu,?u
Sreryenr| s oz | ve (mf o PSSO v w1 T o1 ) | Fegorfieer] o1 | z1 [ 1 | o1 [l
¥1 L vl | ¥1 ]St |91 |t J1]" o1 [ ot Jot [rr et feu 1™ [orlor Tor T iiIer [ et [11%s
0850 | 050 | 0F0 | 050 |0CO | 010 [(01=D)| | OC|Sct |00T |sL0| 050 sco [co=D)| [os0losolorolotolozoloro ] 0=0
RMg|='s |=sl='s]='s|>s]| 's 25§ | =55 | =55 | =55 | =55 | >55 | S§ 2y od|=vod |=vod |=¥od |=¥od|>¥od| vod
(s 305 Jopey 1) Ad (g (55 303 sopgj auss) e (T (V5 20) 301%) 188) €843 (1)
. : depy moju @
%Eh_oﬁcuﬁuov_oﬂ_m@ %Eh_o«gooﬁuoamovum@ NE S oo.«wm
1 2 L L

(O3 T TIATTD AOT¥dd NANLTI AVIX 0001

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)




CHAPTER 6: SEISMIC DESIGN OF PIER

6.2.6 Borelogs (not to scale)
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Figure 6.2- 4 Bore Logs of Pier 1 and Abutment
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6.2.7 Hydrology and Hydraulics Data

100 years Return Period
Discharge: 3100 m®/s

Water Level, DFL: 18.50m
Velocity: 4.12 m/s

Freeboard: 0.0m (no consideration)
Drainage Area: 2,360 sqm
Computed scour depth: 6.67m

6.2.8 Design Loads

1. Permanent Loads

DC = Dead load pertaining to structural and
non-structural components
DW = Dead load pertaining to future wearing

surface
EH = Horizontal earth pressure
ES= Earth surcharge
EV = Vertical pressure from earth fill

For Seismic load analysis: Refer to BSDS

Load Combinations and factors: Refer to DGCS 10.0

6.2.9 Material and Soil Property

Conc. Compressive strength @ 28days, f'c
Reinforcing steel (ASTM 615), fy

Unit weight of concrete, 8¢

Unit weight of concrete, Ys0il

Unit weight of rock, Y'r

415
24
19
20

2. Transient Loads

EQ = Earthquake

LL/IM = Vehicular
Load/Impact Load

LS = Live load Surcharge

WA = Water Load

FR = Friction Load

BF = Braking Force Load

MPa
MPa
kN/m?
kN/m?
kN/m?
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6.3 LOAD CALCULATIONS
6.3.1 Seismic Loads

Obtain the elastic seismic forces of column at its base due to earthquake loadings in | *Refer to Chapter 5

longitudinal (Long'l EQ) and transverse (Trans. EQ) directions from the bridge ;rawgsszifstmh:bri dge

seismic analysis. and the results of the
elastic seismic forces.
Loads = Long'l EQ +50% LL « BSDS C4.4.1 (2) :
EQ loads + 50% LL (as
Trans. EQ +50% LL equivalent inertial
mass) for
LC1=1.0%Long'l EQ + 0.3*Trans. EQ |Calculate the orthogonal forces and inelastic hinging effect with metropolitan
LC2 = 1.0*Trans. EQ + 0.3*Long’l EQ [ Modification Factor, R. bridges.
Modified elastic forces(LC moment /R)
ELAST'C FORCES <<<local axis of
column
Loadings LONGITUDINAL TRANSVERSE AXIAL
Load Type|  SHEAR - MOM -y SHEAR -y MOM -z FX Bridge >
Longl EQ. | 711700 90014.00 000 000 32400 Long' ,
Loads LI EQ. 0.00 0.00 4181.00 51863.00 0.00 . o/ |
®fOor regular/norma
LC 7117.00 90014.00 1254.30 15558.90 324.00 and short bridges, it
LC2 2135.10 27004.20 4181.00 51863.00 97.20 is likely the Long' EQ
v M V M will produce in z-
L L ! ! direction while Trans
LC1 7117.00 30004.67 1254.30 5186.30 324,00 EQ will produce in y-
LC moment/R direction.
LC2 2135.10 9001.40 4181.00 17281.67 97.20
R= 3

Note: For regular/normal bridges, forces are absolute values that is without regards to its Sign | «gsps 3.8. The

because the seismic can act in either direction. sample bridge is OC
111, Mod. Factor for
BSDS 3.8: RESPONSE MODIFICATION FACTOR, R single column, R=3

Table 3.8.1-1 Response Modification Factors — Substructures

Operational Category

Substructure ocC-I OC-II OC-III
(Critical) (Essential) (Others)

Wall-type piers — larger dimension 1.5 1.5 2.0

Reinforced concrete pile bents

« Vertical piles only 1.5 2.0 3.0

«  With batter piles 1.5 1.5 20 .

Single columns 1.5 2.0 ﬁh *The column is

Steel or composite steel and conerete pile bents D /.-"'-_-""- circular which is

« Vertical piles only 1.5 3.5 5.0 Column ) same capacity in any

= With batter piles 1.5 2.0 3.0 g E T direction. To simplify

Multiple column bents 1.5 3.5 5.0 the investigation, the

load components are
Calculate the combine seismic design forces considering the bi-axial Pmin/Pmax combined to obtain
response (for circular column). My vector sum. This
S AT procedure not
— — S applicable for tied,
SEISMIC DESIGN FORCES due to combination of biaxial response: Peq Log rectangular or wall
EQ_LC1 |Mlong=MdL = sqrt (|\/||_2 + MTZ) = 30449.59|KN-m 324.0 Vir - shape pier column.
Viong=VdL = sart (V.2 + V) = 7226.68|kN Transverse
EQ_LC2 |Mtrans=MdT = sqrt (MLZ + MTZ) = 19490.73|kN-m 97.2
Vtrans=VdT = sart (V2 + V1) = 4694.62|kN
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6.3.2 Permanent Loads

a. superstructure
DC_super = Rp, = Deadload reaction of Pier 1 (top DC super, DW
of pier cap) from superstructure permanent loads l
(including diaphragms, sidewalks, railings, slab, DC_super = 5600 kN X i 5
girders, etc. except future wearing surface). o o
Abut Pier  Pier  Abut
DW = future wearing surface DW= 300 kN
b. substructure unit weight of concrete Y, = 24kN/m’
DC cap =((9.1m x 2.9m x 2m )-(6.85m"3) ) x Y = DC_cap- 11025 N
Vol of the tapered section = 1/2(0.75m*2.9m*3.15m)*[2] = 6.85m°
DC col= (nDcol’/4 ) x 11mx Y, = DC col= | 1401 kN

where Dcol =2.6m@ Heol = 11m

eNote: Other loads
were obtained
basically by manual
calculations.

* Refer to Typical
cross section of Pier
for the geometry and
dimensions.

6.3.3 Vehicular Loads

Note: There may be several positions of Trucks in the carriageway, however in this
exercise, the combination of (2-trucks + lane)90% is assumed to produce severe

effects to the bent.

a. Vehicular Truck + Lane Loads

I . .,.'..,
GE— G .
- e e A it oy L it Yt L e St S o St Wt vt o |

-

LIVE LOAD POSITIONS FOR PIER 1 REACTION

CALE N

£ oF coLumn

3750 3750

-

1800

-

800
m m

:

P

600,
HL+93 <+ LANE LOAD|
5. I U S ——
U IMtran
Pu

w0000
" LIVE LOAD POSITION FOR PIER 1 REACTIONS

NTS

P

\

TN
SCALE

4

e In actual design
practice, several
trials in the
positioning of
vehicular trucks may
be performed to
arrive results that
will produce severe
effects to Pier.

eAs shown, it is
presumed this case
will produce worst
effect to pier.
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6-12

From live load analysis, the Reaction of tandem of 2-HL93 =

the Reaction Lane Load =
90% (Rxn) =
90% (Rxn) =

Reaction of tandem of 2-HL 93 =
Reaction of Lane load =

Reaction per wheel line (2-HL 93)

Reaction per wheel line (Lane load)

Impact (not to be applied to Lane Load and footing),IM
Factor for multiple presence (m) on 1-lane

Factor to multiple presence on (m) 2-lane

No. of lanes

For bottom of Column
Mtrans = (Reaction per wheel (2-HL 93 +IM) + Lane)x L.A. x m
Pmax = Reaction ((2-HL + IM)+ Lane Load) x m x No. of tandems of 2-HL93

b. Vehicular Braking Force, BF

Note: Braking force shall be taken as the greater of :

25% (HL 93) = 25%(145kN + 145kN + 35kN) =

25% (Tandem)=  25%(110kN+ 110kN) =

5% (HL 93 + Lane Load) = 5%(145kN +145kN+35kN+Total Length *9.34)
5% (Tandem) + Lane Load) = 5%(110 +110+Total Length *9.34)

Therefore horizontal force BF = greater of the vehicular BF x no. of lanes x m

For bottom of Column
Viong = BF /no. of Column per pier for single column-pier
Mione = Viong (L.A= height of column+cap thickness)

For bottom of footing
Mlong = Vlong (L.A.= height of column+cap thickness+ftg thickness)

528.00
360.00
475
324

237.60
162.00
nfa
1.20
1.00

2409.16
1912.03

81.25
55.00
65.29
60.04

162.50

162.50
2112.50

2437.50

kN
kN
kN
kN

kN
kN

KN-m
kKN-m

kN
kN
kN
kN

kN

kN
kN-m

kN-m

*The superstructure
is fixed to pier
therefore the
vehicular load will
produce braking
force.

6.3.4 Stream flow, WA

a. During Ordinary Water Level (OWL)

P=5.14 X 10* Cy V
for circular shape
(refer to hydraulic report), m/s

Uniform distributed pressure,
Drag coeff. C4 = 0.7
Velocity of water,VV= 3.00

* DGCS 10.12.3

e The OWL is always
present hence its
effect is combined
with Extreme Event 1
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Howt = 5  height of ord. water level, m
P= 0.0032 MPa
Dcol = 26 m
Ftg depth = 2 m
WA= 8.42 kN/m WA = P x width (Dcol) =111 _ * The footing is
2 = - intentionally
Acol = 531 m ok ‘_ protected with non-
H sub = 500 m o ‘ erodible rock to
N WA = address scour issues.
For bottom of Column <]
Vtrans = WA X Hoy - £2.10 kN in
Mtrans = Vitrans * How /2 = 105.24 kN-m “ﬂ|—| ﬂﬂﬁ o
BF(buoyant force) = Acol x H_sub x Yw = -265.33 kN
* The effect of DFL is
b. During Design Flood Level (DFL) 100 year period g?,n;:;ﬁiw'th
Uniform distributed pressure, P =5.14 X 10 C4
Drag coeff. 0.7  for circular shape
Velocity of water, 412  (refer to hydraulic report), m/s
Hor = 10  height of design flood level, m
P= 0.0061 MPa
Ftg depth = 2 m
WA= 15.88 kN/m WA =P x width (Dcol)
Hsub= 10.00 m
For bottom of column
Vitrans = WA X Hpgy - 158.79 kN
Mtrans = Vtrans * Hpp /2 = 793.96 kN-m
BF(buoyant force) = Acol x H sub x Yw = -530.66 kN

For bottom of footing
Vitrans = WA X Hpg, =
Mtrans = Vitrans * Hpg /2 + ftg thk

158.79 kN
1111.54 KN-m

6.3.5 TU, Shrinkage & Creep, Settlement

These force effects are excluded in this example. In the actual design, the effects of
these forces must be considered if applicable.
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6.3.6 Summary of unfactored loads

Loads at bottom of column

Pmax | Pmin Vlong Vitrans Miong Mtrans
Loads
kN kN kN kN kN-m kN-m
DC_super 5600 | 5600 0 0 0 0
DC_cap 11025 | 11025 0 0 0 0
DC_col 1401 | 1401 0 0 0 0
bW 300 | 300 0 0 0 0
LL+IM 1912 0 0 0 0 2409
BF 0 0 163 0 2113 0
WA owL -265.33 |-265.33 0 42 0 105
WA dfL -530.66 | 0.00 0 159 0 794
EQ LC1 3240 | 00 1221 30450
EQ LC2 97.2 | 00 4695 19491

e The Pmax
practically refers to
condition when the
structure is already
completed, while
Pmin refers to
construction stages.

6.3.7 Load modifiers and factors

Q= Xn;YiQ; Total factored force effect, Q
where Mi= M *Nr * 1y >0.95 Strength Limit State (maximum value)
M= UVp*nr*my  <0.95 Strength Limit State (minimum value)
ni = load modifier
Y = load factors
np = factor relating to Ductility
nr= factor relating to Redundancy
nl = factor relating to Operational Importance
Qi = Force effects

For the Strength Limit State
> [ M= 2 105 {for non-ductile components and connections
:T; p= = 1,00 |for conventional designs and details complying AASHTO Specs
§ . . 095 for components and connections that additional ductility enhancign measures are specified beyond required
by AASHTO
o= = 1.00  [Forall other Limit State
For the Strength Limit State
§ MR- > 1,05 [for non-redundant members
§ . ; L0 for cgpve(nional levels of redundancy, foundation elements where @ already accounts for redundance as
% specified in Art 15.2)
& TR= > 0.95 {for exceptional levels of redundancy beyond girder continuity and torsionally-closed cross section.
Tr= : 100 |For all other Limit State

*DGCS 10.3

*Yi load factors
specified in DGCS
Table 10.3-1 and
10.3-2
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|
Té 8 For the Strength Limit State
c
.g S| - > 1.05 |for critical or essential bridges
© = —
E S Nl = 1.00  |for typical bridges
OE Ml= > 0.95 |for relatively less importance bridges
nl= = 1.00 |Forall other Limit State
Table 10.341 Load Combination and Load Factors Table 1032 Load Factors for Permanent Loads, yp.
Load Combination UW:P::'{":‘M ‘ Load Factr
Type of Load . ® Load Factors:
wd| | DGCs Table 10.3-1
DC: Companent and Aftachments 126 090 and 10.3-2
Limit State
00: Downdrag 180 04
DW: Wearing Surfaces and Ufilfies 150 085
STRENGTH-I {Unless nofed) o 175 100 - 100 050120 00 yee -
STRENGTH-I %o 135 100 - 100 05OM20 00 ye - - - - EH: Horizontal Earth Pressure
STRENGTHHII o 135 100 - 100 050120 00 yee - - - - Active 150 090
STRENGTHHII T - 100 14 100 050M20 00  yee - AtRest 15080
STRENGTRIY LIl L EL: Lockehin Erecton Stesses 10 100
EH, EV,ES,DW, 15
DC ONLY EV: Vertcal Earth Pressure
STRENGTHY 135 100 040 100 050M20 00 ye - - - - Retaining Walls and Abutments 135 100
EXTREME EVENT -1 B 00100 - i Rl Rigid Bued Stncture 130 0%
EVENT1 Rigd Frames 1% 09
EXTREME EVENT - I T 05 100 - 100 - - - - 100 100 10
0 Flexible Buried Structures other than Metal Box Culverts 195 0.90
EVENT - Il
Flexible Metal Bor Culverts 150 0%
SERVICE-| 100 100 100 030 100 100120 00 yee -
SERVICE - 100 13 100 - 100 100120 - - - - |- ES: Eart Surharge 150 0%
SERVICE- 1l 100 08 100 - 100 100120 00 yee -
SERVICE - IV 100 - 100 070 100 100120 - 10 -
FATIGUE-1LL, IM, & CEONLY - 150 -
FATIGUE-IILL, IM, & CEONLY - 07 -
imi i i * * =
o for strength limit (maximum values) ni- 1.05*1.00*1.0 1.05 «In this exercise, the
£ Max=n; [1.25DC+1.5DW+ 1.75(LL+BR+IM+LS+PL)+1.0WA +.10FR )] bridge is classified as
= typical concrete
xe] . .
S |b. for strength limit (minimum values) Ni- 1/(1.05%1.00%1.0) = 0.95 bridge, non-ductile
€ and conventional
§ Min=n;[0.90DC+0.65DW+0.75 ES+1.75(LL+BR+IM+LS+PL)+1.0WA+1.0FR] level of redundancy
|
c. for all other limits state Ni= 1.0
6.3.8 Summary of factored and load combinations
eModifier, ni
STRENGTH 1 (Strength Limit)
Pmax =i [ 1 .25 (DC_super+DC captDC col}+.5(DW) +1.75(LL + IM) +1.0(WA dfL] Pmax= 1406451 kN :;i e
Pmin =ni[0.9 (DC_super+DC_cap+DC col}+0.65(DW) + 1.0(WA owl)] Pmin= 6861.68 kN nl > 1.00
for max. values
ni=1.05x 1.00 x 1.00
Vlong =ni[1.25 (DC_super+DC _cap+DC col)+1.5(DW) +1.75(BR)] Viong= 29859 kN ni=1.05
. for min. values
Virans =n{1.25 (DC_super+DC_captDC_col)+1.5(DW) +1.0(WA dfL)] Wtrans = 166.73 kN i
ni=0.95
Milong =ni[1.25 (DC_supertDC cap+DC _col)+1.5(DW) +1.75(BR)] Mlong = 388L.72 kN-m
Mitrans =ni[1.25 (DC_super+DC cap+DC col)+1.5(DW) +1.75(LL + IM) +1.0WA dfL] ~ Mtrans = 5220.79 kN-m
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e

Pmax=ni[1.25 (DC_supertDC_cap+DC_col}+1.5DW)+0.5(LL+IM)+ LOWA_owl)+ 1.0EQ] Pmax = 11594.06 kN

Pmin =ni[0.9 (DC_supertDC cap+DC _colj+0.65DW +1.O(WA_owl)y+1.0EQ] Pmin=  7027.82 kN

Viong =ni[1.25 (DC_super+DC captDC col)+1.5(DW) +0.5(BR) +1.0EQ] Viong= 730793 kN

Vtrans =qi[1.25 (DC_super+DC cap+DC col)+1.5(DW) +1.0(WA owl) +1.0EQ] Vrans = 4736.71 kN

Miong =ni[1.25 (DC super+DC cap+DC col)+1.5(DW) +0.5(BR)+1.0EQ] Mlong = 3150584 kN-m

Mitrans =ni[1.25 (DC_super+DC cap+DC_col)+1.5(DW) +0.5(LL + M) +1.0WA_owl+1.0EQ] Mtrans = 20800.55 kN-m
SERVICE 1

Pmax =qi[1.0 (DC_super+DC cap+DC col)+1.0(DW) +1.0(LL + IM)+1.0(WA owl)] Pmax = 10050.20 kN

Vlong =ni[1.0 (DC_super+DC cap+DC col)+1.0(DW) +1.0(BR)] Viong= 162,50 kN
Vtrans =ni[1.0 (DC_super+DC cap+DC col)+1.0(DW) +1.0(WA owL)] Mtrans = 42.1kN
Mlong =ni{1.0(DC_super+DC captDC col)+1.0(DW) +1.0(BR)] Mlong = 2112.50 kN-m

Mitrans =ni[1.0 (DC super+DC cap+DC col)+1.0(DW) +1.0(LL+ IM ) +1.0WA ow]] Mtrans = 2514.40 kN-m

From load combinations above, it shows Extreme Event 1 is critical at LC1
combination (Long'L EQ direction) ...!!!!

6.3.9 Verification of slenderness effect

AASHTO LRFD BRIDGE DESIGN SPECIFICATIONS Directions LONG'L | TRANS. *DeCs 12.4.4.2
Table C4.6.2.5.1—Effective Length Factors, K K 21 21 AASHTO Tabl
. . able
IR Lu,m 110 | 110 |ckear height C.4.6.2.5.1 - effective
EAR .1' 1 Diameter, m 2.60 Length Factor, K.
?;cui::];:\f : lo=(xD')64, m’ 204 for circular column
ydubedin | VL Ag =Dl 531 for circular column
RN EEE r=sqrt(lg/Ag), m 0.65 radius of gyration
Teentialk Fos [ 07 [ 10 |10 | 20 | 20 KLulr B54 | 554
Do il ot Ec, kNim’ 21,000,00000
" 065 (080 10 | 1221 )20
condl.i?m:; Cm 1 for all cases
ApRICR it
+ | Romtionfined  Tramslaton fixed {k 0.75 for concrete
End condition ¥ | Rotation free  Tramslation fixed
coda [ Rotation fived  Translabion free Bd 0
Rotation free  Tramalation free Eclg= (Eclg/2.5)(14y), kN-m? 24,214,01580
if kLulr>=22 compute magnification factor P= Ecly/(kLu)’ , kN 44740636
if kLulr < 22 neglect slendersness effects Pu=factored axial load kN 11,594.06 {Pmax
if kLu/r<=100 proceed to approximate By = B = Cn(1-(PuhP)) >=1
evaluation of slenderness effect Moment magnification factor ~ 6b= s = 1.036

6.4 Verification of Column Flexural Resistance and Displacement

6.4.1 Verification of column resistance
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DESIGN FORCES OF COLUMN o o ;*g‘mji:;f L1
Pmax = 11594.06 kN /"" Culumu 3 directi(?n) is the
Pmin=|  7027.82  [kN \. ) governing demand
LC1| Vlong = 7307.93 kN =Vd. k&t
LC1| Mlong = 32633.39 kN-m =Md.
Vitrans = 4736.71 kN ‘ *Design moments
Mtrans =|  21544.97  |kN-m - Pmin/Pmax et
Investigate :
Dcol = 2600 mm
Longitudinal bars = 76-36@ ey
" A G iy
ideal max ps is 2.0%
Tfﬂ.ﬂﬂ?fﬂf to 2.8%. The designer

Mr = Flexural resistance of the column

Mr=@ Mn where: @= 0.9 flexural resistan

ce factor for column (either spiral or tied column)

Mn = nominal flexural resistance, kN-m to be obtained from “Interaction Diagram”

Mn = 37,000.00 kN-m
Mr=@ Mn= 33,300.00 kN-m
Md = Mlong = 32,633.39 kN-m
cd= Mr/Md= 102 Ok in Long'l direction !!!
Verify min. and max. longitudinal reinf.
ZONE 1 No seimic requirement For Zone 3 and 4:
ZONE 2 0.01 < ps <0.06 ps_min = OK, satisfied with min. reinf. !
ZONE3 an 4 0.01 < ps<0.04 ps mx = OK satisfied with max. reinf. !l!
P ( kN)
160000
— \\"‘\
/ ' \ et
"FI_-“ j_x " 120000 — (Pmax)
\ 1/ 4 fs=0.5fy
- 80000
f5=0 Bfy \_\
2600 mm diam_ ‘:‘
Code: ACI 316-14 40000 .‘
e ot s ;/K
o e 2oy =" 4ot 000 pmin= 702782 KN
Bars: ASTM AB15 _ Mn My ( kNm) '
Date: 06/26/18 = == Pmax= 1159406 kN
Time: 14:55:21 — (Pmin)
40000 Mong = 3233651 kN-m

may resize the
column. However,
the displacement of
column needs to
satisfy. BSDS 4.7

*Mn is read from
interaction diagram.

eDGCS 12.7.11

*The column is
critical at Pmin or
when in tension.
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Caolumn; pier Enginesr: MFT

fo=26 MPa fy =415MPa Ag=75.3092%+006 mm"2  T7E#11 bars
Ec=24870 MPa Es =200000 MPa As =TE430 mm*2 tho =1.44%
fo=238 MPa e yt=0.002075 mmimm Xo =0mm [x = 2 242+012 mm*4
e_u=0.003 mmimm Yo =0 mm Iy = 2.24e+012 mm*4

Betal = 0.846954 Min clear spacing =61 mm  Clear cover = 113 mm
Confinement: Spiral

phi(a) = 0.85, phi(h) = 0.9, phi(c) =0.75

6.4.2 Verification of column displacement

a. Allowable displacement requirement:

Aallow =0.25 @ Mn/PdL

where:

PdL= factored axial dead load on top of column, N
DL on top of column unfactored, N factor factored PdL, N
DC_super = 5,600,000.00 1.25 7,000,000.00
DC cap = 1,102,500.00 1.25 1,378,125.00
DW = 300,000.00 1.25 375,000.00
Total =PdL = 7,002,500.00 8,753,125.00

Aallow = 0.25@Mn/PdL= 951 mm

Definition of Ae (analysis result)

b. Actual design displacement:

Iq F
- ——————
i I Ae = Al- A2 (m) I
) Where
J:'LEC}[U Ell = Rd * ﬂe : I A1 = Displacement at pier
1 column top (m) I
—t 1 A2 = Displacment at pier
=3 : ) column base (m) I
where: s e - - -
| ] HAL:

A — displacement of the point of contraflexure in the piers/columns relative to the
point of fixity for the foundation, mm

Ae - displacement calculated from elastic seismic analysis, mm
Rd = (1-1/R)*(1.25*Ts/T) + (1/R) , if T<1.25*Ts

R= modification factor BSDS Art. 3.8

T= period of fundamental mode of vibration, sec

Ts = corner period specified in BSDS Art 3.6.2, sec

.eBSDS 4.7

*The column need to
satisfy the limit of
displacement.
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T= 1.00sec

Ts= 059 sec

1.25*Ts = 0.74 sec

by inspection: T > (0.74sec
thereforeRd = 1

From analysis of acceleration response spectrum (Chapter 5):

From bridge seismic analysis due to mass or dead load only the displacement of top and bottom of column as follows:

OKin long'l displacement!!!

Vertical bars =

Therefore use Column diameter =

ps =

Longitudinal direction: Transverse direction:
Digp= 1y = 180 mm Digp= 1y = 100 mm
Moot =405 = 6 mm Moot =405 = 6 mm
Ae= Atop - Ayt 174 mm Ae= Amp - Apy 94 mm
Aactual=Rd * Ae = 174 mm Aactual=Rd * Ae = 94 mm
Aallow = 0.25@Mn/PdL = 951 mm Aallow = 0.25@Mn/PdL = 951 mm
cld= 5.47 cd= 1012

OKin transv. displacement!!!

2600 mm
76-360
1.44%

6.5 Verification of Column Shear Resistance

a. Obtain the corresponding shear from overstrength moment resistance

Shear design =

Vdl=Vp=  3,317.24 kN

The nominal shear resistance, Vn is lesser of the following:

Vn=Vc+Vs +Vp OR Vn=0.25f'cbvdv +Vp

where : V. =0.083*p*Sqrt(f'.)*b,*d
[ A*fy*d\ *(coth + cota)sina | / s

Vs

V, =0.00 for non-prestressed concrete

Ultimate shear resistance, V, =@V, :

Shear design parameters:

V,=@V, >Vp where @ =0.9 for shear

* BSDS 5.3.4: The
design shear Vd = Vp
for single column or
multiple columns.
While Vd is the lesser
of Vd or Vp for pile
bent.
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- - — *DGCS Eq 12.5.3.2-1
D  [diameter of pier column (out to out dimension) 2600 mm «DGCS Eq 12.5.3.2.2
cC |concrete cover (to spiral or hoops) (Table 12.9.2-1) 100 mm *DGCS Eq 12.5.3.2-3
db  |main bars or longitudinal bars, mm 36 mm *DGCS Eq12.5.3.2-3
ds |size of spirals 20 mm
fc  |concrete compressive srrength 28 MPa
fy  |yield strength of reinforcing steel 415 MPa
b, [|effective web width, mm = diameter of column 2600 mm
de |de=(D/2)+(D,/m) 2040 mm
d, |effective shear depth = .90 x de 1836 mm
[ |factor indicating ability of diagonally cracked concrete to transmit tension 2.0
6 |angle of inclination of diagonal compressive stresses 45 deg
a |angle of inclination of transverse reinforcement 90 deg
D, |diameter of circle passing thru centers of the longitudinal reinforcement, mm 2324 mm
D, |diameter of cirle measured outside the diameter of spiral/hoops, mm 2400 mm
A. |Area of core measured outside diameter of spiral/hoops, mm”2 4521600 mm?

A, |Gross area of secction 5306600 mm?
bV
*DGCS 12.5.3 for the
definition of terms
———— ——— T
D/2
d
e dv
D
D./=
» C
: For definition of terms:
b. Calculate the shear resistance: *DGCS recommends
the spiral type for
. confinement of
From above parameters: circular columns.
ds |size of spirals 20|mm Definition of no. of legs
A, |area of shear reinforcement 314|mm le g@leg
s |Tryspacing of transverse steel 100|mm?
No [Try number of legs 4{No .of legs no. of spirals  |No.of legs
Total area of shear reinf for two(2) sides : Av = single spiral |2 legs
1256 |mm? ;
Av = No*(Ay) bundle spiral {4 legs

cotb= 1/tan45°= 1
cota= 1/tan90°= 0
sina= sin90°= 1
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Vn is lesser of the following:

Vn=Vc+Vs +VWp = 9571 kN | Governing shear capacity!!!
Vn =0.25 f'c bv dv+Vp = | 33417.29 kN
vd =Vp= = 3317 kN

Ultimate shear resistance, V,

c. Verification of shear/transverse reinforcement for confinement at plastic

hinges

Length of column end region will be the largest of the following :

a.) Max. cross- sectional dimension = 2.60 m
b.) 1/6 clear height = 1.83 m Clear height =" 11.00 m
c.)450 mm (18 inches) = 045 m

therfore, Length= 2,60 m

d. Verification of minimum required transverse reinforcement

1. The greater of the following:

ps1 = 0.12%(f' o/ ) = 0.00810 Governs!!!
Note: for circular shape:
psz = 0.45*[ (Ag/Ac) = 1] *(flclfy) = 0.00527
2. Checking from provided confinement, where Av represent spiral leg on one (1)
side
p ided = A = 0.01081 Ok
s provide Dr*S .

Maximum spacing
1. S should not be greater than 1/4 min dimension of member (=D/4) OK!I

2. S should not be greater than 100mm OK!
Minimum clear spacing
1. Sc should not be less than 25mm OK!

2. Sc should not be less than 1.33 x aggregate size (1.33 x 25mm) OK!

e. Transverse reinforcement for outside region

ds |size of spirals 20|mm
A, |area of shear reinforcement 314{mm?
s Try spacing of transverse steel 100|mm
No |Try number of legs 2|No.of legs

V= 0.00 | kN for conservative approach, assume Vc=0.0, i.e. concrete has no shear strength,
Vp= 0.00 | kN For non prestressed concrete
Vs = [ Av*fy*dy*(cotB + cota)sina ]/s = 9571 kN

8614 kN ¢ld= 260 Vr>\Vd, therefore Ok 1!

*DGCS 12.7.11.2

*DGCS12.5.2.4
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Min area of transverse reinf. Spacing:

Asp=.083xsqrtf'c x bv x S/fy 275 mm? Ok

f.  Summary of shear/transverse reinforcement

Location Range, m|Spacing /Pitch of spirals, mm|diam, mm [No. of legs
End regions 2.60 100 20 4
Outside region 5.80 100 20 2
g. Column Details
A‘%&F ROADWAY
| .
THF——,. 76- 036
P
8 25008 + } 320 SPIRAL @100
° 5 J/ BUNDLE OF 2
I » t -,.E ”j
8 gJ 1 SECTION
= §§ AE T
2
g o 26000 f “
S I v : i SPIRAL @100
L iy “\ J

3000 | J1200 '

8400

1200| 3000

2 SECTION

4E 0

/1 PIER COLUMN REBAR ELEVATION

SCALE NTS

eTypical details of
column. Other
miscellaneous
details not shown.

6.6 Verification of Pile Cap Resistance

6.6.1 Calculate the inelastic hinging forces:

a. Determine the pier/column overstrength moment resistance, Mp= @Mn

where:
Mn = from Column interaction diagram, see "Verification of column resistance " analysis.
P=13

Mn = 37,000.00 kKN-m

Mp= 48,100.00 kN-m

*Mn is read from
interaction diagram.
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where:

H = is the height from the application of seismic inertial
force from superstructure to the pier/column base

H= hcol + pilecap + ¢.g. = (11m + 2m + 1.5m) = 145

therefore Vp = 3,317.24 kN

c. Calculate the inertial seismic effect of pilecap
weight and rock on top of pilecap.

Transient Loads:

Pmax = 475kN + 324kN x 1 x 2

b. Calculate the corresponding plastic shear force, Vp= Mp/H

| to inertial seismic
where: [Tl effects
As = acceleration coeff = 0.53
hf=height of pilecap = 20 [m
hrock=height of rock = 1.00 |m
L.A. = lever arm from pilecap base see Fig.
Gravity
DC pilecap =8.4m x 8.4 mx 2m x Y = 3387 kN
DC rock = (8.4m x 8.4 m - xDcol/4)x Im x YT = 1288 kN
Inertial seismic effect of foundation:
Vf = shear by pilecap = Vf =| 1795.11|kN
Vrock = shear by rock = Vrock =|  682.64(kN
Mf = moment by pilecap = Mf =[ 1795.11|kN-m  |footing
Mrock = moment by rock = | Mrock =| 1706.6/kN-m  |rock
d. Calculate the axial forces at the footing base
Permanent Loads:
(fromload analysis of column)
DC _super = Rp, = DC _super = 5600 kN
DW = future wearing surface = DW = 300 kN
DC_cap = DC_cap= 1102.5 kN
DC_col= DC_col = 1401 kN
DC pilecap = DC_pilecap = 3387 kN
DC_rock = DC_rock = 1288 kN

Vehicular Truck + Lane Loads (from live load analysis of pier column)
Pmax = Reaction (2-HL + Lane Load) x m x no. of vehicle (note: no IM for ftg)
1598.00 kN

C .ﬂ—_\ﬁgr

eQOverburden
weights such as
overlaid rocks and
the selfweight of
footing to be added
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Buoyancy Force @ OWL condition
H sub = height of submerged

yw = unit weight of water 10 |kN/m®
_ 2 _ _ * (-) of buoyancy is
Al = 6.15 m2 5 m Yoo = AL *H sub*yw=1] 308 |kN the uplift force effect
A ftg = 70.56 |m 2 |m Yig= A ftg *H sub * yw=| 1411 [KN | of the submerged
Arock= 64.41 |m’ 1 |m Vo= Arock * H sub * yw | 644 [kN | Structure.
Total] -2363 [kN

Summary of axial loads

Unfactored, kN |  Load Factors Factored, kN *DGCS 10.3 for the
Loads - load factors.
P Pmax | Pmin Pmax Pmin
DC_super 5600 1.25 0.9 7000.00 5040.00
DC _cap 1102.5 1.25 0.9 1378.13 992.25
DC col 1401 1.25 0.9 1751.25 1260.90
DC pilecap 3387 1.25 0.9 4233.75 3048.30
DC rock 1288 1.25 0.9 1610.00 1159.20
DW 300 15 0.65 450.00 195.00
WA (buoyancy force) -2363 1.0 1.0 -2362.80 -2362.80
LL 1598 0.5 799.00
EQ 324 10 324.00
Total 15,183.33 9,332.85

e. Summary of inelastic hinging forces for Longitudinal direction of the
bottom of footing

Total Mp = Mp + Mf + Mrock =Md Mp=Mp| 51,602 |kN-m A

Total Vp = Vp + Vf + Vrock = Vid Vp=Vd=| 5,795 |kN !

Pmax = permanent + transient +buoyancy force | Pmax=| 15,183 |kN '

Pmin = permanent + transient +huoyancy force | Pmin=| 9,333 |kN
Note: Inelastic hinging forces to be input into : Y
Pile Stability and Structural Resistance analysis |~ s
spreadsheet for the investigation of piles. ~

4 orign €

f. Determine pile reactions from pile stabilty and structural analysis

Rowl=Fl= 4595 | kN
Row?2=F2= 1900 | kN
Row 3=F3= -1525 | kN
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g. Determine design Moment and Shear of pile cap

critical moment L

Y-axis

| Commentary |

at face of columny E I |
fi—’i i ,_.Li_.l Rowl 1 Rowz2 Rciw 3
B - R
D200y Il &2 | G/ 4B
i N |l o Ly (VN xoams
= e e 5 I : m— H ]
! i E 8-91200 : l
L U e o o 4
200 30p0 j: sdoo {120 I— 1 &
! 8400 | 4
’ S P
I/:z/ - .
e Pile Reaction Diagram
* Determine weight of pile cap and overburden load
weight of part ftg =2.8m x 8.4m x 2m x Y = 1129 kN
weight of part rock =2.8m x 8.4m x Im x Y = 470 kN
¢ Determine design Moment for compresion side.
F1_total =3piles x F1 -weight of ftg - weight of rock = 12186.00 kN
Md=F1 total x LA = = 19497.60 kN-m
* Determine design Moment for tension side
F3_total =3piles x F3 +weight of ftg + weight of rock = -6174.00 kN
Md=F3_total x LA = = -9878.40 kN-m
6.6.2 Verification of flexure resistance
Design parameters:
Bottom main reinf. , db 36 mm Ab = 1017
Pile embedment 100 mm
Concrete cover 75 mm
Clearance of reinf from pile tip 30 mm
b=width of footing along y-axis 8400 mm
w=width of footing along x-axis 8400 mm
Concrete comp. strength, f'c 28 MPa
yield strenght of steel, fy 415 MPa

a. Flexure design on compression side
Minimum reinforcement

*DGCS 12.4.3.3
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Mer = Y3 (Y1 f;)S, flexural cracking moment
where:
fr = 3.33MPa  (fr=0.63*Vfc)
Y- 1.6 for all other concrete
Y- 0.67 for fy =415 Mpa reinforcement
S. = (b*hf3)/6 5.6 m? Section modulus
Mcr = 20,012.55 KkN-m
Mu_min =1.33*Md = 25,931.81 kN-m
Mu_min = min(Mcr, Mu_min) = 20,012.55 kN-m
Md= 19,497.60 kN-m
Condition: if((Md > Mu_min), Md, Mu_min)
Therefore, Md = 20,012.55 kN-m
Compute for reinforcement DGCS 12.4.2.1
pL= 0.85
de = hf-pile embedment-clearance-db/2  de= 1852 mm
m1=0.85*fc/fy= ml 0.057
m2=2/(0.85*f'c)= m2= 0.084 mméIN
Rn= Md/(@ b*de"2) = Rn= 0.772 MPa
p = ml*(1-sqrt(1-m2*Rn)) = p= 0.00189
As=p*b*de= As= 29,416.44 mm?
Spacing of hars =Ab*b/As S= 291 mm say S_prov=" 200 mm * Conservative
As_prov =Ab*b/S_prov As_prov = 42729.1 m? :sasca'gff'ysjtf:rmed
c=As_prov *fy/(0.85*fc*p1*b c= 104 mm design requirements
a=c*pl = a= 89 mm
Mn =(As_prov*fy)(de-a/2) = Mn= 32,054.32 kN-m
* Check net tensile strain, t
& =0.003*((de/c)-1) = &= 0.050 Tension Controlled!!!, Reduction factor =0.9
¢ Check flexural Capacity @Mn = 28,848.89 kN-m * DGCS 12.4.3.4
c/d= 144 Section is safe!!
¢ Check control cracking by distribution of reinforcement
Note: This provision applies to all members when tension in the cross section exceeds the 80% of the modulus rupture
@ applicable service limit load combination.
* DGCS 12.1.1.6
Moment demand at Service 1 Limit ~ Ms = 2,525.00 kN-m  <<<Service Limit Load Combination!!!
* DGCS 12.4.3.4
fr = 0.52%f'c fr = 2.75 MPa
80%fr = 2.20 MPa
fs = Ms/Sc fs= 0.45 MPa
checking: fs <80%fr  Section 12.4.3.4 need not to satisfy
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¢ Check for minimum spacing of reinforcement
For cast in place concrete, clear distance between paraller bars in a layer shall not be less than:
» 1.5 x nominal diam of bars 54 mm satisfied the required min. spacing!!!
» 1.5x max. size of aggregates 375 mm satisfied the required min. spacing!!!
+ 38mm = 38  mm satisfied the required min. spacing!!!

* Check for maximum spacing of reinforcement (for walls and slabs)
» 5<15xhf = 3000 mm satisfied the required max. spacing!!!
« 450mm = 450 mm satisfied the required max. spacing!!!

b. Flexure design on tension side

Minimum reinforcement

Mu_min = 20,012.55 kN-m
Md= 9,878.40 kN-m
Condition: if((Md > Mu_min), Md, Mu_min)
Therefore, Md = 20,012.55 KkN-m
Compute reinforcement
Top main reinf. , db 28 mm Ab= 615 mm’
de = hf-concrete cover-db/2 = de= 1911 mm
m1=0.85*f'c/fy= ml 0.057
m2=2/(0.85*f'c)= m2= 0.084 mm4N
Rn= Md/(@ b*de"2) = Rn 0.725 MPa
p=ml*(1-sqrt(1-m2*Rn)) = p= 0.0018
As=p*b*de= As= 28,478.76 mm?
Spacing of bars =Ab*h/As S= 182 mm say S_prov = 175 mm
As_prov =Ab*b/S_prov As_prov = 29541.1 mm?
c=As_prov *fy/(0.85*f'c*p1*b c= 72 mm
a=c*pl = a= 61 mm
Mn =(As_prov*fy)(de-a/2) = Mn= 23,052.14 kN-m Stru
* Check net tensile strain, &t
& =0.003*((de/c)-1) = &= 0.076 Tension Controlled!!, Reduction factor =0.9
* Check flexural Capacity @Mn = 20,746.92 kN-m

cld 1.04  Section is safe!!
Note: No need to investigate DGCS 12.4.3.4, 12.7.3.1 and 12.7.3.2. Already satisfied above.

® DGCS 12.7.3.1

* DGCS 12.7.3.2

¢ DGCS12.4.3.3

6.6.3 Verification of shear resistance

DGCS provides 3 procedures of determining shear resistance:

o Simplified procedure for non-prestressed sections

e General procedure <<<< this procedure is applicable for design of footing
and slab for larger thickness

e Simplified procedure for prestressed and prestressed sections

* DGCS 12.5.3

* DGCS 12.5.3.3.2
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critical shear from
v face of célumn on
tension side.

critical shear
dist. dv from
face of column
on compression y

+‘i

de

\ 8-81200

]
]
[ ]
]
T
]
]
i
PILE
i
3000 3boo 20
]
1

8400
/l
F3
F2
F1 Pile Reactions Diagram

a. Check shear at tension side

Vu=Vd = F3_total = 6174.00

Nominal shear resistance, vn = min(Vnl, Vn2)

where :
Vnl= Vc+ Vs

Ve= 0.083*B(f'c0.5)bv dv
Vs= [Av*fy*dv*(cot 0 + cot a)*sina] /S

Vvn2 = 0.25*f'c*bv*dv
bv = b= 8400
de = 1911
dvl = (de - a/2) = 1880
dv2= 0.9xde= 1720
dv3= 0.72hf = 1440
dv = max (dvl, dv2, dv3) = 1880
0= 45°
o= 90°

Compute for p :

4.8 51

g = DGCS Eq 12.5.3-2
(1+750&) (39+5x¢)

B in english units

B ('%‘J”+o.5wu+|vu—vp|—14mfpo)

& = (EsAs+EpAps)

CAST—IN—PLACE

kN

mm
mm
mm
mm
mm
mm
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Note: By inspection, approximately 1/4 of pile

section is the critical shear.
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Where :
Mu = 9,878,400,000.00 N-mm  (absolute valug of the factored moment, not
to be taken less than IVU-Vpl *dv, N-mm)
dv= 1880 mm
Nu = 0.00 N
Vu= 6,174,000.00 N (absolute value)
Es= 200,000.00 MPa
As= 29541 mm?
EsAs= 5908,224,000.00 N
EpAps = 0
Apsfpo= 0(for non-prestressed concrete
Vp= 0
IVu-Vpl*dv = 11,609,211,896.47  N-mm
therefore Mu = 11,609,211,896.47 N-mm
&= 0.00209
& limitations = 0.4 x 103 < <0.001
therefor use & = 0.001
The crack spacing parameter, Sxe, shall be determined as :
Sxe = Sx [35/(ag+16)], mm
where :
ag =size of aggregates 20 mm
Sx = 350 mm
Sxe= 340 mm
Limitations: 300mm<Sxe<2025mm
limit to min.. oKm
limit to max.. oK
p= 2.670
Ve= 18520 kN
Vs= 0.0 kN assume no transverse reinf,
Vnl = 18520 kN
Vn2 = 110564 kN it is a design
Ultimate shear resistance = @Vn 16668 kN approach not to
Shear demand, Vd = 6174 kN require transverse
reinforcement for
c/d= 2.70 Section is safe in shear!!! footing, walls or slab,
hence Vs= 0 kN.
a. Check shear at compression side
Vu=vd = F1_total = 12186.00 kN
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critical shear
dist. dv from

face of column LM’—»

on compression

Say about 50% of Vu will be effective ,
Reduced shear demand: Vu=Vd =50% F1_total =

6093.00 kN

Nominal shear resistance, Vn="min(Vnl, Vn2) E I
where : HiE
V1= Ve + Vs P
V= 0.083*p(f'c"0.5)bv dv = e e
Vs= [Av¥fy*dv*(cot O + cot a)*sina] /S i I
Vn2 = 0.25*f'c*bv*dv '
by = b 8400 mm ' :
de = 1852 mm [
avl= (de - a/2) 1808 mm i
dv2= 0.9 x de 1667 mm mfﬁv -
av3= 0.72hf 1440 mm
dv = max (dvZ, dv, dv3) = 1808 mm
b= 45°
o= 90°

Compute for p :

f= 48 51
(147508) (39+5y,)

DGCS Eq 12.5.3-2
B in english units

. ('%‘;‘+0.5Nu+|vu—vp|-;1psfp,,)
§ (EsAs+EpAps)
where:
Mu = 19,497,600,000.00 N-mm  (absolute value of the factored moment, not
to be taken less than IVu-Vpl *dv, N-mm)
dv= 1808 mm
Nu= 0.00 N
Vu= 6,093,000.00 N (absolute value)
Es= 200,000.00 MPa
As= 42729 mm?
EsAs= 8,545,824,000.00 N
EpAps = 0
Apsfpo= 0{for non-prestressed concrete
Vp= 0
[Vu-Vpl*dv = 11,014,016,314.16  N-mm
therefore Mu = 19,497,600,000.00 N-mm
&= 0.00198
s limitations = -0.4 x 10~-3 <£<0.001
therefor use £s = 0.001

*By inspection the
reaction of pile with
effect in shear is
about 1/4 of the
cross section of pile.
It is conservative to
take shear 50%
effective of the pile.
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The crack spacing parameter, Sxe, shall be determined as :

Sxe = Sx [35/(ag+16)], mm

where
ag =size of aggregates 20 mm
Sx 350 mm
Sxe= 340 mm
Limitations: 300mm<Sxe<2025mm
[imit to min.: oKm
[imit to max.. oK
p= 2.670
\Ve= 17804 kN
Vs= 0.0 kN assume no transverse reinf,
Vnl= 17804 kN
V2 = 106290 kN
Ultimate shear resistance = @Vh 16024 kN
Shear demand, Vd = 6093 kN
c/d= 263 Section is safe in shear!!!

6.6.4 Shrinkage and temperature reinforcement

Reinforcement for shrinkage and temperature stressses shall be provided near
surfaces of concrete exposed to daily temperature changes and in structural mass
concrete. For the pile cap, basrs shall be provided at the perimeter side of the pile
cap.

Ast => 0.75MPa x (bxh)/2(b+h)fy

where:
b = least width of component section, mm 8400 mm
h=least thickness of component section, mm 2000 mm

a) Ast => 0.75MPa x (bxh)/2(b+h)fy 1.460 mm?/mm

b) Limitations: 0.223<Ast<1.27
if Ast > 1.27, use 1.27 as the max. limit or if Ast < 0.223, use 0.223 as min. limit

therefore Ast = 1.27 mm?/mm use max limit!!!
try diameter db = 20 mm
Ab = 314 mm?
Spacing, S= 247 mm

say S_prov = 350 mm should match Sx

s Ast=Ab/S prov=0.897 mm?%mm satisfied max. limitations!!!

where :

a) S_prov should not be greater than 3 X thickness, or 450mm

b) S_prov should not be greater than 300 for walls and footings > 450mm thk.
c¢) S_prov should be 300mm for other components > 900mm thick.

therefore use S = 300mm for shrinkage and temperature bars to satisfy item c)

*DGCS 12.7.8
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6.6.5 Verification of two-way shear action (punching shear) for pile

Factored axial Pu of pile, F1 = 4595 kN
The nominal shear resistance, V, in N is lesser of the following :

Voo = (017 +0.33/8)(Fc"b,d,) *DGCS Eq12.10.3.5-1

OR

Voo =(0.33)(f'c™b,d,)
where:
Pe = ratio of long side to short side of the footing which the concentrated load or reaction is transmitted
ho = perimeter of the critical section, mm
dv = effective shear depth, mm

de = 1852 mm
a= 89 mm

S
hf= 2000 mm = g
Dpile =diam of pile, mm = 1200 mm .7 — N \\ '§
Bc = 1 (i.e. for square footing) o '\ —E— g
dvi= 1808 mm I~ ST 3
dv2= 1667 mm b 2
dv3= 1400 mm 120Ql. 3000 5}
dv = max (dvl, dv2, dv3) = 1808 mm
bo = 9444 mm
Vn;= 45167 kN
@Vn;= 40650 kN
OR
Vn,= 29810 kN
@Vn,= 26829 kN
Ult.punching resistance = @Vi 26829 kN
cld = 5.84 Pile is safe in punching shear!!!

*DGCS 12.10.3.5

6.6.6 Verification of two-way shear action (punching shear) for column

Factored axial Pu of column 15183 kN

The nominal shear resistance, V, in N is lesser of the following :

Vo = (0.17 +(0.33/8)(f'c ™ bod,) OR V, =(0.33)(Fc"b,d,) DGCS Eq12.10.35-1
where:

Be = ratio of long side to short side of the footing which the concentrated load or reaction is transmitted
bo = perimeter of the critical section, mm
dv = effective shear depth, mm

de = 1852 mm

a= 89 mm

hf= 2000 mm

Dcol =diam of column, mm = 2600 mm
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Bc = 1 (i.e. for square footing)
dv= 1808 mm
bo= 13840 mm
Vn,= 66191 kN
@Vn,= 59572 kN
OR
Vn,= 48335 kN
@Vn, = 43501 kN
Ult.punching resistance = @V 43501 kN
c/d = 2.87 Column is safe in punching shear!!!
6.6.7 Pile cap Details
Note: In this exercise,
¢ oF the required
y & reinforcement are
2N\ provided both
_—PIER COLUM directions of same
" 4 spacing and sizes
{ where in the
maximum design
forces are based from
Longitudinal
i = - £ direction which is the
; 920 © 350 TIES 5 g oA governing limit state.
1" BOTHWAYS g In actual practice, the

SECTION

SCALE 20

designer may
perform the design in
the other direction to
arrive to actual
requirements.

6.7 Pile Stability and Structural Resistance

6.7.1 Determine the design forces of footing from section 6.6 Verification of Pile

Cap Resistance
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Des

Longitudinal Direction

ign forces in due to

Forces acting at the bottom of pile

cap/footing from inelastic forces

Vertical | Lateral

Load Load Moment

Location

Vo Ho Mo

kN kN kN-m

Origin 0| 9350.00 | 5800.00] 51600.00 AcZ

Note: 1st trial isV, =Pmin
15200.0

Pmax

?

|Grayelly Sand

PIER 1 -BH2

*The verification of
stability of piles is
basically based on
JRA method. Refer to
BSDS sections 4 and
5.

ePiles shall be
evaluated both Pmax
and Pmin. Pmin is
critical in the pull out
action and flexural
resistance. Pmax will
govern in
compression action.

eBorelog of Pier 1is
the basis of
subsurface data.

6.7.2 Determine pile springs and geometric properties

a. Horizontal pile spring constant of pile (KH)
Note: The coefficient of subgrade reaction shall be determined, in principle, by using

the modulus of deformation obtained from a variety of surveys and tests by considering
the influence of loading width of foundations and other relevant factors:

BSDS Table C.4.4.2-1 Modulus of Deformation E, and a

Modulus of deformation E, to be obtained by means of the following

testing methods

Method

Definition Ordinary |Earthquake

Method A

A value equal to 0.5 of the modulus of deformation to be
obtained from a repetitive curve of a plate bearing test using 1 2
arigid disc of 30cm. in diameter.

Method B| Modulus of deformation to be measured in the bore hole. 4 8
Method C Modulu; of defo'rm.atlon to be optalned by means of an 4 5
unconfined or triaxial compression test of samples.
. , . -
Method D Modulus of deformation to be estimated from E, = 2,800*N ] )

using the N-value of the standard penetration test.

<<<< 1o e used

The coefficient of horizontal subgrade reaction should be obtained by using BSDS

Equatio

nC.4.4.2-4
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-3/4
ky= & B
H= HO 03 BSDS EqC.4.4.2-4
where :
. . ) 3 *BSDS section 4
K coefficient of horizontal subgrade reaction (kN/m”)
kKno  coefficient of horizontal subgrade reaction coresponding to the valu obtained by the plate bearing test using a
rigid disc of diameter 0.3m, kHO = (a*E0/0.3) (kN/m3).
By equivalent loading width of foundation to be obtained from BSDS Table C.4.4.2-2 (m)
Eo modulus of deformation at the design location, measured or estimated by the procedures in Table C.4.4.2-1
Ay loading area of foundation perpendicular to the load direction (mz)
D loading width of foundation perpendicular to the load direction (m)
B. effective loading width of foundation perpendicular to the load direction (m)
L. effective embedment depth of a foundation (m)
1/b  ground depth relating to the horizontal resistance and equal to or less than the effective embedment depth (m)
b characteristic value of foundation
El flexural stiffness of foundation (kN-m?)
Kip =kn Anp
BSDS EqC.4.4.3-9
where :
Kup horizontal spring constant of pile section corresponding to area App (KN/m)
Anp effective projected vertical area of the ground corresponding to pile spring Kyp (m2)

When analyzing the ground resistance of a pile foundation as a linear spring, the equivalent loading
width By should take a value of (D/b)*2.

b. Geometric properties of piles

Select pile section:
[“ICircular Section
[JSquare Section
Select Pile Installation Method :

[IDriven Piles (Blow Method)
[IDriven Piles (Vibro-Hammer Method)
[v|Cast-in-place RC Piles

[Bored Piles

[CIPre-Boring Piles

[Steel Pile Soil Cement Piles

eCast-in-place rc
piles are common
use in the
Philippines. Take
note the Bored piles
here refer to bored
piles constructed
according to Japan
method.
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Input Pile Dimension ; Diameter

Input Number of Piles

Input Pile Length :

Calculate Section Properties :
Cross-section Area

Perimeter of Pile :

Pile Moment of Inertia :

Pile Flexural Stiffness :

Concrete Material Properties :
Design Compressive Strength at 28" day
Unit Density for Concrete

Unit weight for Reinforced Concrete
Young's Modulus of Elasticity
Reinforcement Material Properties :
Minimum Yield Strength

Ultimate Tensile Strength

Young's Modulus of Elasticity

Method used to determine Modulus of Deformation :

1.20m
8 piles
13.00 m

1131 2

3770 m

0.102
2.75E+06 kN-2

28 N/mm?
2400 kg/m3

24 \Nim?
2.70E+07 kN/m?

415 N/mm?

620 N/mm?
2.00E+08 k2

Method D

Limit State used in determining subgrade coeff. ~ Ordinary Condition

BSDS Table C4.4.2-1

Coefficient to be used for estimating subgrade raction : 1 BSDS Table C4.4.2-1
Unit weight of water 10 kNIm®
1L Unitweight (W)
Soi ayer | 1) ' "
Layer [Thicknes N-Value Y r akE, " t; aE o *t; Layer Depth
Type
m  |Average KNm? | m m kN/m m
Clay | 1.00 11 18.0 8.0 | 30800 | 3.103 | 1.000 | 30800.00 1.00
Clay | 4.0 17 18.0 8.0 | 47600 | -0.897 | 3.103 | 147687.58 5.00
Clay | 4.0 22 18.0 8.0 | 61600 | -4.897 | 0.000 0.00 9.00
Rock | 4.00 50 20.0 | 10.0 | 140000 | -8.897 | 0.000 0.00 13.00
Rock -10.0

oThe initial pile
length is founded
into hard strata
@minimum of 1.m
depth.
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Assumption on Effective range of Horizontal Subgrade
Reaction, 1/b;

Note:
Typically it is 4 to 6 times as large as pile diameter

Iterate value of 1/b; until becomes lterate
equal to 1/b

Initial Equivalent Loading Width, B,

Ave. value of Modulus of Deformation aE ; within
effective range of 1/,

Coefficient of Horizontal Subgrade Reaction, Ky 3233454 kNIm®

323345  (based from derived equation)

Characteristic Value of Foundation, b
1/b
Horizontal Pile Spring Constant, k 159189.93
i Pilecap Force
i _,-.._P_:’;_a’
m,‘ Y1 ﬁ

.';",t" Focused on "1/5" ﬁmge

413m - Try Between
4D 6D
m m
4.8 72
2219m
43505.1 kN/m?

0.244
4103m =
kN/m
Smmplification of foundation element

-. Force
g
S

£ Ass: horizontal spring

“Arr: rotational spring

Ayy: vertical spring (Fixed)
{ (Combined springs to be considered) |
¢ Asr, Ars: spring in combination with
! “Ass™ and “Arr”

GENERAL DETAILS OF SPRING CONSTANTS

c. Axial spring constant of pile (Kv)

Note :The axial spring constant KV of a single pile use for design shall be estimated
from the empirical formula derived from the vertical pile loading test and results of
soil test, or from load-settlement curves from vertical loading test.

a*A,*E
KV = —lp_ P
where:
Ky axial spring constant of pile (kN/m)
a proportional coefficient (BSDS Equation C5.4.3.6-3)

*The subgrade
reactions are lumped
approximatedly 4D
to 6D to simplify the
calculations.
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Ap net cross-sectional area of pile (mz)

Ep Young's modulus of pile (kN/m?)

L pile length (m)

D pile diameter (m)

Embedment Ratio, L/D 10.83
Note:

For Piles L/D<10, L/D=10
Proportional Coefficient, o. = 0.031 (L/D) - 0.15 0.186

Axial Spring Constant of Pile, Ky 436512.22 kKN/m

d. Radial spring constrants pf pile (K1, K2, K3, K4)
Note: The radial spring constants K1 to K4 of a pile are:

K1, K3 radial force and bending moment (kN-m/m) to be applied on a pile head
when displacing a unit displacement in the radial direction while keeping it
from rotating (KN/m)

K2, K4 radial force and bending moment (kN-m/rad) to be applied on a pile head
when rotating the head by a unit rotation in the radial direction while keeping
it from moving in a radial direction (kN/rad)

Note: If the coefficient of horizontal subgrade reaction is constant irrespective of the
depths and if the embedded depth of a pile is sufficiently long, the constants can be
computed from BSDS Table C.4.4.3-2

Specify Limit State used in design During Earthquake
Coefficient to be used, a : 2
Characteristic value of foundation, b' : 0.290 mt
Pile length above design ground surface, h : 0m
b*L, : 3.77 Piles with semi-infinite length

Select restrictive condition of

[IRigid Frame of Pile Head
[IHinged Frame of Pile Head
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[VRigid Frame of Pile Head
[JHinged Frame of Pile Head BSDS Table C4.4.3-2 - Hayashi Chang Theory
Rigid Hinged
Radial Spring Constants of Piles, K : 267724.49 kKN/m | 803175.46 | 267724.49 | 133862.24| 133862.24
Radial Spring Constants of Piles, K; : 461815.26 kN-m/m [1385449.23| 46181526 | 0.00 | 000
Radial Spring Constants of Piles, K : 461815.26 kNfrad [1385449.23| 46181526 | 0.00 | 000
Radial Spring Constants of Piles, K, : 1593229.95 kN-m/rad 1593229.95(1593229.95| 000 | 000

6.7.3 Determine displacement and reaction force

Note: Pile reactions and displacements shall be evaluated considering the properties
of the pile structure and the ground. In the displacement method, the coordinate is
formed with the origin set at an arbitrary point O of the foundation. The origin O
may be selected from arbitrary points, but it is recommended to coincide it with the
centroid of the pile group below the pile cap/footing.

Ag¥dy +Ag*d, +A*a=H,

Apdy Ay Y, +A*a=V,

Aady +Agy*d, +Au*a=M,

Where:

Ho lateral loads acting at the bottom of pile dx lateral displacement from origin O, m

Vo vertical loads acting at the bottom of pil dy vertical displacement form origin O, m

M, moment (external force) at the origin O a rotational angle of the footing at the origin O, rad

The displacements (d, dy, and a) below are derived by solving BSDS Equation C5.4.3.7-1 and C5.4.3.7-2 :

\
Ho*Aaa - Mo*Axa

dx = * *
Axx Aaa 'Axa Aax

'Ho*Aax + Mo*Ax>
Axx*Aaa - Axa*Aax

-

BSDS EqC.5.4.3.7-1

BSDS EqC.5.4.3.7-3
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BSDS C5.4.3.7-2 COEFFICIENTS FOR DISPLACEMENT CALCULATION

cos(q)

sin(q)

l—,l—,l—,|l—, ||~

OoOloO|lo|lo|lo|lo|o

No. of
Row Piles Xi 0i Ayy Axx Axa Aax Aaa
1 3 3 0 |1309537| 803173 | -1E+06 |-1385446 16565520
2 2 0 0 | 873024 | 535449 | -923631| -923631 | 3186460
3 3 3 0 [1309537| 803173 | -1E+06 |-1385446 (16565520
Sum = |3492098| 2141796 | -3694522 | -3694522 | 36317499

a. Calculation for Displacement:

Longitudinal Displacement

Location

Displacement

Lateral

Vertical

Rotation
al

dx

dy

a

m

m

rad

Origin O

0.0063

0.0027

0.0021

b. Calculation of Reaction:

Deformed Shape

By using the displacements at the footing origin O obtained from the results of the
above calculations, the pile axial force, radial force, and moments acting on each pile
head can be obtained using the following equations:

Prni =Ky*dy'

Pui =Kl*dy'- Ky*a

My =-Ks*dyi' +Ks*a

~

J

dy'=dy*cosgi - (dy + ax;)*sing;

dyi' =dy*sing; + (dy + ax;)*cosq;

BSDS EqC.5.4.3.7-4

BSDS EqC.5.4.3.7-5
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where
dy' radial displacement at the i-th pile head, m
dyi' axial displacement at the i-th pile head, m
Xi x-coordinate of the i-th pile head, m
qi vertical axis angle from the i-th pile axis for battered pile, degree
P i axial force of the i-th pile, kN
P wi radial force of the i-th pile, KN
M i moment as external force acting on the i-th pile head, kN-m
Summary of Pile Reaction due to Long'l Direction
Axial | Radial | Moment
. Number | X Qi
Pile . .
of Piles Py Phi M cos(qy) | sin(a)
m deg. kN kN kN-m
-1525.4
1 3 -3.00 0 -1525.35( 725.00 | 388.27 1 0 1168.75
2 0.00 0 |1168.75| 725.00 | 388.27 1 0 3862.85
3 3.00 0 3862.85| 725.00 | 388.27 1 0
1 0
1 0
1 0
1 0
8
Maximum Axial Force for Capacity verification, P yimax 3862.85 kN
Minimum Axial Force for Capacity verification, P yi.min -1525.35 kN
Graphing of Reaction Force and Displacement of each pile
PILE EMBEDDED IN THE GROUND (h = 0)
Rigid Pile Head Connectionfinged Pile Head Connectio Parameters « In practice, the
Depth connections of piles
) ) Mt 388.272 |kN-m into footing is rigid
Deflectionf Moment | Shear [Deflection] Moment| Shear connection.
Ph 725000 kN Therefore, the
m mm | kN-m | kN mm | kN-m | kN E | 270E+07 kN/m? values under the
A hinged head maybe
I 0.102 |m ignored.
000 | 6.26 |[-388.27|-725.00( 5.42 | 0.00 |-725.00 b 0.290 |yt -388.3
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100 | 431 [-896.50|-316.71] 3.88 |-535.00 |-364.86
200 | 2.67 |-1068.39| -48.22 | 254 |-767.35(-117.27
300 | 142 |(-1030.30( 108.22 | 1.46 |-800.98 | 36.13
400 | 054 |[-879.40( 18222 0.68 |-719.08 | 117.51
500 | -0.02 |-684.30( 200.75| 0.15 |-582.79 | 148.30
6.00 | -0.33 [-488.98 185.88 | -0.16 |-433.16 | 146.90
7.00 | -0.46 |-318.09 154.18 | -0.31 |-294.89 | 127.64
8.00 | -0.48 |-182.39| 117.03 | -0.36 |-180.37 | 100.80
9.00 | -0.43 |-8345 | 81.51 | -0.34 | -93.55 | 73.09
10.00 | -0.35 | -17.54 | 51.37 | -0.29 | -33.16 | 48.39
11.00 | -0.26 | 2158 | 28.03 | -0.22 | 4.83 | 28.46
1200 | -0.17 | 40.77 | 1143 | -0.16 | 2550 | 13.72
1300 | -0.11 | 46.39 [ 070 | -0.10 | 33.87 | 3.74
1400 | -0.05 | 43.71 | -5.40 | -0.06 | 3430 | -2.32
15.00 | -0.02 | 36.71 | -8.14 | -0.02 | 30.22 | -5.42
16.00 | 0.00 | 28.17 | -8.65 | 000 | 2414 | -6.47
17.00 [ 0.02 | 1985 | -7.84 | 0.01 | 17.70 | -6.25
18.00 [ 0.02 | 1269 | -641 | 001 | 11.87 | -5.34
19.00 | 0.02 | 7.08 | -480 [ 002 | 711 | -416
2000 | 0.02 | 3.05 [ -329 | 001 | 355 | -2.97
2100 [ 0.01 | 041 | -204 | 001 [ 111 | -1.9%4
2200 | 001 | -1.12 | -1.08 | 001 | -040 [ -111
2300 ] 001 | -183 | -0.40 | 001 | -1.19 | -051
2400 [ 0.00 | -2.00 | 002 | 000 | -149 [ -011
2500 [ 0.00 | -1.85 | 026 | 0.00 | -146 | 0.13
2600 | 0.00 | -153 [ 036 | 000 | -1.27 | 0.25
2700 | 000 | -116 [ 037 | 000 | -1.00 | 0.28
2800 [ 0.00 | -0.80 | 033 | 000 | -072 | 0.27
29.00 [ 0.00 | -050 | 027 | 0.00 | -048 [ 0.22
3000 | 000 | -027 | 020 | 0.00 | -0.28 | 0.17
3100 { 000 | -011 | 013 | 0.00 | -0.13 | 0.12
32.00 { 000 | 000 | 008 | 0.00 | -0.03 | 0.08
33.00 | 000 | 006 | 0.04 | 000 | 0.02 | 0.04
3400 | 000 | 008 | 001 | 000 [ 005 | 0.02
3500 ( 0.00 | 009 [ 0.00 | 0.00 | 0.06 | 0.00
36.00 | 000 | 008 | -00L | 000 | 006 | -0.01
37.00 | 000 | 006 | -002 | 0.00 [ 005 | -0.01
38.00 [ 000 | 005 [ -0.02 | 0.00 | 0.04 | -0.01
39.00 { 0.00 | 003 | -0.00 | 0.00 | 0.03 | -0.01
4000 | 000 | 002 | 001 ] 0.00 [ 002 | -0.01

ho | 0536 |m -1074
W | 2249 |m
AL

== Py Rigid or Hinge
., g

Pile Length

Ilustration for Pile Forces :
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e Dﬁ?lac%“ent f51m) 2 Moment (kN-m) Shear (kN)
0 -40002000 0 20004000 4080000200800
0 0
5
5
10
= 10
3 _ 10
e E
53 c z
° 35 E I I
= [a)] r=]
o o § 15
20 C o
20 a
20
%
25
25
30
30
—RIGID ——HINGED —RIGID ——HINGED ——RIGID —— HINGED
Graphing of Reaction Force and Displacement of each pile
6.7.4 Verification of pile stability
a. The factored resistance of piles shall be taken as:
BSDS Eq.5.4.3.3-1
Re =Y(@R, - Ws) + W, - W
where:
Rg factored resitance of pile, kN
R, nominal resistance of pile, kN
W, effective weight of soil replaced by pile, kN
w effective weight of pile and soil inside pile, kN
@ resistance factor for pile under extreme event limit state 0.65 -BSDS Article 5.4.1(5)
Y modification coefficient depending on nominal bearing resist 1.00 -BSDS Tahle 5.4.3.3-1
BSDS Eq.C5.4.3.3-1
b. The nominal bearing capacity can be obtained from the empirical bearing
capacity
R, = qup + UZLifi
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where:

Rn nominal bearing capacity of pile, kN

A, area of pile tip

qq nominal end bearing resistance intensity per unit area, kN/m?

u perimeter of pile

L; thickness of soil layer considering shaft resistance, m

fi maximum shaft resistance of soil layer considering pile shaft resistance, kN/m*®

c. The factored axial pull-out resistance of a single pile shall be obtained
considering soil conditions and construction methods:

Pr =P, +W

where:

Pr factored axial pull-out resistance of pile, kN
P, nominal axial pull-out resistance, kN

w effective weight of pile, kN

@ resistance factor for pile under extreme event limit state 05 -BSDS Article 5.4.1(5)

d. Estimation of Nominal End Bearing Resistance Intensity (qd)

For Cast-in-place RC Piles : nominal end bearing resistance intensity 5000 kN/m?

Note: On the basis of the recent results of loading tests on cast-in-place RC piles, the nominal end bearing
resistance intensity may take the value of 5,000 kN/m2, when a fully hardened sturdy gravelly ground with an
N value of 50 or larger and with a thickness of 5m or greater is selected as supporting layer.

e. Estimation of Shaft Resistance Intensity fi acting on Pile Skin

Cast-in-place RC Piles
For Sandy Soil : 5N (< 200)

For Cohesive Soil : ¢ or 10N (< 150)

. Layer .
N | SO0 |rhickoess | vae | g [FT9 | ULt
Layer - 0 DE *DE
Layer Type Li pull-out force, kN
m__|Average| kN/m® | KN | ki/m’ KN/m”
Pyi - min
1 Clay | 1.000 11 8.0 9.05 110 1 414.69
2 Clay | 4.000 17 8.0 36.19 150 1 2261.95 l
3 Clay | 4.000 22 8.0 36.19 150 1 2261.95 ~<—UiLf;
4 | Rock | 4000 | 50 | 100 | 4524 | 150 | 1 2261.95 | KN/m?
5 Rock -10.0 1 lskin friction

— d— — A— ——

|
|

BSDS Eq.5.4.3.4-1

DE is the factor for
liquefaction. DE=1
for no liquefaction
potential in the
specific site. The
liquefaction analysis
is calculated
separately.
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Effective weight of soil to be replaced by the pile,Ws 126.67 kN
Effective weight of the pile with soil inside, Wp 205.84 kN
Nominal skin friction of pile 7200.53 kN
Result of Nominal Bearing Capacity of Single Pile, R;, : 12855.40 kN
Result of Factored Resistance of Single Pile,Rr : 8150.17 kN BSDS pp 4-15: "In
Result of Factored Axial Pull-out Resistance of Single Pile, Pg : -3806.10 kN | 'RA the reference

displacement at the
linear range is
recommended to be
one percent (1%) of
the foundation width

f.  Verification for Lateral Displacement at origin O

Displacement P g;:nozfm; which is
Demand | Capacity |C/D RatioVerificatior M\ M =0.90"Mn allowable
Mr displacement
mm mm Longitudinal | required from the
6.26 12 1.92 OK substructure.
However, under
. . . . . Transv earthquake loading
g. Verification for Maximum Axial Resistance of this value is taken as

the Pile Head a reference and may
not necessarily be

adhered to and may
Axial Load reach as much as 5%
. e - f the foundati
Demand | Capacity [C/D Ratig/erificatio o dt:.f“” ation
kN kN
3862.85|8150.17 | 2.11 OK

h. Verification for Maximum Axial Pull-out Resistance of the

Axial Pull-out
C/D Ratig/erificatio

Demand | Capacity
kN kN
-1525.35|-3806.10| 2.50 OK

6.7.5 Verification of pile structural resistance

Calculation for maximum moment for the design of pile

Maximum moment

Rigid Pile Head | Hinged-PileHead

¢ The results under

Im M, o Mo, hinge pile head are
intentinally crossed
KN-m hiil KN-m out. They are not
applicable in this
2.25 |-1074.25| 27+ |-86638 exercise.
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Define Reinforcement of Pile:

Diameter of Longitudinal Bars
Diameter of Hoops/spirals
Reinforcement concrete cover

25 mm
16 mm
100 mm

a. Calculation for Pile Flexural Resistance

Maximum axial force that will result for moment capacity on the pile, Py; :

Flexural resitance factor, @ :

Ultimate flexural resistance, M, = @M, : (from inetraction diagram above)

1200 mm diam.
Code: ACI 318-14
Units: Metric
Run axis: About Y-axis
Run option: Investigation
Slendemess: Not considered
Column type: Structural
Bars: ASTM A615
Date: D6/26/18

Time: 13:57:16

File: untitied.col
Project: MMPBSIP CD
Column: pier 1_Rd
fe=28 MPa

30000 ~

20000 ~

10000

-1525.35 kN
0.90 factor
1530.00 kN-m
Mn =

1700 kN-m

Ec = 24870 MPa
fo = 238 MPa

210000 L-—-oHm e
Engineer:

fy =415MPa Ag =1.13097e+006 mm*2 24 #8 bars

Es = 200000 MPa As = 12232 mm*2 rho = 1.08%

e_yt = 0.002075 mmimm

Xo =0mm

e_u=0.003 mm/mm Yo =0mm

Betal = 0.845954 Min clear spacing = 99 mm
Confinement: Spiral

phi(a) = 0.85, phi(b) = 0.9, phi(c) = 0.75

P-M Interaction Diagram of Pile
b. Calculation for Pile Shear Resistance
The nominal shear resistance, V,, shall be determined by :
V,=V, +V;
where :
V. =0.083* g*Sqrt(f'.)*h, *d,
Vs =[ A,*f,*d,*(cot6 + cota)sina] /s

Ix =1.02e+011 mm*4
ly = 1.02e+011 mm*4

Clear cover = 110 mm

DGCS Equation 12.5.3.2-1

DGCS Equation 12.5.3.2-3
DGCS Equation 12.5.3.2-4
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b, effective web width, mm 1200 mm
dy effective shear depth, mm 810.15 mm
S spacing of transverse reinforcement, mm 60 mm
B factor indicating ability of diagonally cracked concrete to tre 2.0 factor
0 angle of inclination of diagonal compressive stresses 45.0 deg
a angle of inclination of transverse reinforcement 90.0 deg
A, area of shear reinforcement within a distance "s" 402.12 mm?
D external diameter of the pile, mm 1200 mm
D, diameter of pile passing the centers of the longitudinal reinfc 943 mm
@ shear resitance factor for normal weight concrete 0.90 factor
Definition of Parameters:
1. Calculation for d, :
dy, = 0.9%d,
2. Number of shear area within a distance "'s" N = 2 pcs
3.Required spacing of transverse reinforcement = S= 60.00|mm
by
— G T
D/2
D o
TDr/ o
» C
Illustration of Terms by, dy and de for Cicular Sections
Shear strength provided by the concrete, V. : 853.95 kN
Shear strength provided by the reinforcements. Vs : 2253.32 kN
Nominal shear resistance, V, : 3107.27 kN
Ultimate shear resistance, V, =@V, : 2796.54 kN
Verification for Single Pile
Flexural Resistance Shear Resistance
— C/D Ratio |Verification — C/D Ratio | Verification
Demand | Capacity Demand | Capacity
kKN-m [ kN-m kN kN
1074.25 [ 1530.00 | 1.42 OK 725.00 | 2796.54 | 3.86 OK
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c. Verification of minimum required longitudinal reinforcement

The longitudinal reinforcement shall be verified according to the following:

where :
Aa total area of longitudinal reinforcement, mm?
As  cross-sectional area of single longitudinal reinforcement, mm?
Ag gross area of pile, mm?

A.The longitudinal reinforcement shall not be less than 0.01
ps =A,/ A, >0.01

B.The longitudinal reinforcement shall be more than 0.04 times the gross section area
ps =A. /Ay <0.04

Pile Bar | Number N
Diameter | Diameter | of Bars | Aa Ay Ps Verification
m m No. m? m? m? ratio | A | B
perbar | total bars | pile area ps =>0.01 ps <0.04
120 | 0.025 24 10.000490.01178 | 1.1310 | 0.0104 | OK | OK

d. Verification of minimum required transverse reinforcement

The ratio of spiral reinforcement to total volume of concrete core masured out-to-out of spirals shall be :

A. The greater of .
ps = 0.12%(F'c/fy)  and ps2 = 0.45% (Ag/A;) - L] *(f" c/f,) (for circular shape only)
where :
Ag  gross area of pile, mm?
Ac area of core measured to the outside diameter of the spiral, mm”

B. Checking from provided confinement, where As represent spiral leg on one(1) side

4*A
D,*s
where :

Ps3 =

As  area of shear reinforcement, mm? representing spiral leg on one(1) side .
D, diameter of pile passing the centers of the longitudinal reinforcement, mm

A. areaof core

*DGCS 12.7.11
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. psl =
Pile wre | @Max
Diameter Ag Ac As P2 0'1; (F Ps1. Ps2) P Nerificatior
C y)
m m? m? m? ratio ratio | max. |psprovided
Spiral leg
on one(1)
1.20 1.1310 | 0.79 | 0.000201 | 0.01338|0.00810 | 0.01338 | 0.01421 OK
c/d= 1.06

e. Verification of spacing of spirals at critical section

Maximum spacing
1. S should not be greater than 1/4 min dimension of member (=D/4)
2. S should not be greater than 100mm
Minimum clear spacing
1. Sc should not be less than 25mm
2. Sc should not be less than 1.33 x aggregate size (1.33 x 25mm)

Summary of design of Pile: Number of Piles 8
Length, m 13

Diameter, mm 1200
. of Reinf
no. o elq orcemnt 2 o5
and sizes
spacing and size
Spiral Reinf.

60 16

Summary of reactions for pile cap design:
From Pmin :

Pile reactions :
Row1=F1= |-1525.35/kN DESIGN REACTION FOR PILECAP
Row 2=F2= | 1168.75/kN
Row 3=F3= | 3862.85/kN

From Pmax :
Pile reactions :
Row 1=F1= -794.10(kN
Row 2=F2= | 1900.00/kN DESIGN REACTION FOR PILECAP
Row 3=F3= | 4594.10|kN DESIGN REACTION FOR PILECAP
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6.7.6 Pile Details

1o0tnG - bl

E eTypical details of piles.
L ryry Miscellaneous details
not shown.

014 0 0 WA

24- 925
916 SPIRAL @ 60

NOTE: STIFFENERS, SPACER
SPLICES NOT SHOWN.

q-p
-_
.
0 0CCS 122112
Ne

o
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5. = /~ "\ SECTIONA-A
g? = AL NTS
i = i ST,
; s ==
°
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CHAPTER 7:  SEISMIC DESIGN OF
ABUTMENT
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CHAPTER 7 Seismic Design of Abutment

7.1 Flowchart

modify structural dimensions

Collect bridge data and reports

I
Determine seismic requirements
and site factors. Reference: BSDS

Perform preliminary design for initial
dimensions of structural components
»!

NO

1
Perform load calculations and
verify limit states DGCS10.3
|
Perform structural resistance
of backwall and breast wall

Is unseating prevention
device connects to
superstructure, BSDS 7.3?

|YES

Verify Hg, Mg and P from breast
wall structural capacity for unseating
device requirements BSDC 7.3

is backwall

capacity > Hr

YES [«
Perform structural resistance

of pile cap and wing walls

All design requirements
satisfied and optimized?

Start design of piles by JRA
method (BSDS 4.4.2)

I
Go to Flowchart B

Including:

e General information of bridge
(such as general elevation,
structural conditions, bearing
configurations, gaps, etc.

» Geotechnical report (including
ground profile and bore logs &
initial recommendation for type
of foundation)

e Hydraulic report (including scour
analysis)

o Material parameters

 Soil parameters

Including:

e Flexural resistance (DGCS
12.43.2)

e Minimum reinforcement

(DGCS 12.4.3.3)

« Control cracking by
distribution reinforcement
(DGCS 12.4.3.4)

e Shear resistance (DGCS
12.53.2)

e Interference of shear
resistance

(DGCS 12.5.5)
e Shrinkage & temperature bars

(DGCS 12.7.8)

Including:

DGCS 12.4.3.2
DGCS 12.4.3.3
DGCS 12.4.3.4

DGCS 12.5.3.2

Figure 7.1-1 Flow Chart
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modify structural dimensions

FLOWCHART B
|

Verify load limit states
(Refer to pile cap analysis)

|

NO

NO

=1

Determine pile geometry
and parameters

Assessment of liquefaction potential

Determine pile spring constants

eHorizontal pile springs, ky- BSDS EQ C.4.4.2-4
oPile axial springs, kv — BSDS EQ C.4.4.2-1

is soil
liquefiable?

Reduced soil
constants

eRadial springs, ki, ko, ks, ks - BSDS Table C.4.4.3-2
|

Calculate displacement 0x, dy, o

(BSDS C.5.4.3.7-3)
|

Calculate reaction of piles (axial, moment, radial)

(BSDS C.5.4.3.7-3)

Pile Reactions < Capacity
Displacement < Limit

Perform pile structural resistance

DGCS 12.5.3.2

Is structural

resistance optimized?

END

Figure 7.1-2 Flow Chart (B)
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7.2 General Design Conditions & Criteria

7.2.1 Bridge General Elevation & Location Map
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7-5 BSDS DESIGN STANDARD GUIDE MANUAL I

7.2.2 Structural Conditions

— Two lane carriageways; total width = 10.50m

— 3-—35m continuous AASHTO girders- Type V

— Bearings restraints: M-F-F-M (F=fixed, M=movable)

— Regular bridge (non - skewed bridge )

— Pier type : single column on cast in place concrete pile

— Abutment type : cantilever type on cast in place concrete pile

[
J)LUZON

BRIDGE SITE

REGION IV-A \) ﬁ‘m N

Figure 7.2-2 Location Map

7.2.3 Seismic Design Requirements and Ground Conditions

Table 7.2-1 Seismic Design Requirements and Ground Conditions

Bridge Operational Classification = OTHERS
Earthquake Ground Motion = Level 2
Ground Type = 3
Seismic Performance Level = 3
Seismic Performance Zone = 4
Peak Ground Acceleration = 0.6g

7.2.4 Site Factors

Site Factors:
Fpga = 0.88
Fa= 0.92
Fv = 1.55
As = 0.53

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
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7.2.5 Borelogs (not to scale)
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Figure 7.2-4 Borelogs of Pier and Abut B
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Note: BHs of Pier 1 and Abut B will be the data to use for the design of Pier 1 and Abut B.
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7.2.6 Hydrology and Hydraulics Data
100 years Return Period
Discharge : 3100 m*/s
Water Level, DFL : 18.50m
Velocity: 4.12m/s
Freeboard : 0.0 m (no consideration)
Drainage Area |: 2,360 sqgm
Computed scour depth : 6.67m
7.2.7 Design Loads
1. Permanent Loads 2. Transient Loads
DC= Dead load pertaining to structural and non-structural EQ = Earthquake Load
components LL/IM = Vehicular Load/Impact load
DW= Dead load pertaining to future wearing surface LS = Liveload surcharge
EH= Horizontal earth pressure WA = Water Load
ES= Earth surcharge FR = Friction Load
EV= Vertical pressure from earth fill BF= Braking Force Load

For Seismic load analysis: Refer to BSDS
Load Combinations and factors: Refer to DGCS 10.0

7.2.8 Material and Soil Property

Conc. compressive strength @ 28days, f'c 28
Reinforcing steel (ASTM 615), f, 415
Unit weight of concrete, o, 24
Unit weight of soil, ¥ 19

MPa
MPa

kN/m?®

kN/m?®

Angle of internal friction of soil for granular soil, @
Estimated value @ between,30°35° 30 deg

7.3 Geometry and Load Calculations

7.3.1 Geometry of Abutment

Angle of friction between soil and wall (JRA, 2002), 6
seismic = 0 deg
static= 10 deg.

JRATahle C.2.25
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Wi W,
:F LA b ¢ = All sketches and figures
Railings B d, = ; : | are not to scale.
height (h) = 100 m - E
thickness (t1) = 0.30m Backfill e “Dimensions of railings,
length (Ly)= 4.00m b i sidewalks, approach slab,
Sidewalk i corbel are of typical sizes.
thickness (to)= 030m BUsTING GROUND o Structural design of these
width (W)= 1.20m | e W e - items are excluded.
length (L) = 4.00m fo { |
Approach Slab I"" ‘: T ‘;\ *Dimensions of structural
hf.right (hy)= 040m [7-] d"_-[T} o w:. el JI components were set up
width (Wep) = 4.0m . 3.". . FILECAP PLAN accgr@ng te mmal .
length (L) = 10.5m p— preliminary design analysis.
Corbel Foofing Bearing
height (he)= 0.50m height (hsg) = 2.00m dy= 0.70m
width (we) = 0.35m width (wag) = 7.00m
length (L) = 10.50m width (W) = 2.00m Piles size and location
Backwall width (Wie) = 3.00m dp= 120m
height (hgs) = 2.50m length (Lag) = 1050 m a= 1350m
width (Wee) = 0.52m b= 400m
length (Lew) = 1050 m c= 150m
Breast wall Wingwall Mo. of piles, (N) = 6 +Height of backfill is
height (hy) = 7.50m height (hew) = 2.70m Height of soil or backfill assumed equal to total
width (W) = 2.00m thickness (tw) = 0.70m Active Soil (h.) = 12.00m height of abutment to
length (Ly) = 10.50m width (Wye) = 3.00 m Passive Soil (hy) = 3.00m simplify calculations.

7.3.2 Diagram of forces acting to Abutment

CamTILEVER AL

Mononabe-Okabe Method to Consider Cohesion

Slope of wall to vertical, B 0 deg.

Slope angle of backfill, §

=

Wall slope to horizontal, @ 90 £g.

Backslope angle, 8

deg.

14.84 |deg.

*DGCS 16 & AlG
=Applicable forces are
discussed in the
succeeding sections.

* Abutments and other
walls shall be designed to
meet overall, external, and
nternal stability during
setsmic loading. In this
exercise, the abutment is
founded on piles hence the
external stability iz skipped.

+ As noted in the diagram
the location of seismic
force is 1/3 of the height.

*DGCS Al6.3.1

B =0° for non -inclined wall
7= 0% when backfill is level
o = 90° for vertical wal
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a. Horizontal forces from earth pressure
a.l Active lateral earth pressure P, = 1/2 y

soil

2
HK,

(sin{e + c-':}}2

Where: Ky = ;

T [ [Sin[o+ Bstac) sn(@—1) |

(sin{o)) '|_S‘”|_”—*’Ssraﬁ'cl'l" f + P : —
| Sinjo — dgtatip)-SiN(a + f}}.

Active lateral earth forces
Pa Pa Pa
Ka Abutment (full | Backwall (per Breast wall(per
length) meter) meter)
0.308 4430.80 kN 18.32 kN 293.04 kN
a.2 Seismic lateral earth pressure = 2
P Py = 12 yo,u H Kyp
2
Where:  Kye = (costg—0 - A)

Sin[¢ + S gpismic) SN — 8 — 1)

00s(8)-(00s(3))-cos(Sgpigpmig + B+ 6| 1+ | ———— e —
\ c0S{dseismic + 3 + 8)-cos((1 - 8))

Seismic active earth forces
Pae Pae Pae
Kae
Backwall (per Breast wall(per
Abutment meter) meter)
0.533 7655.38 kN 31.64 kN 506.31 kN

b. Horizontal forces from inertial mass of abutment, P\r

Calculation of seismic acceleration coefficient of wall, ky,

Effective peak ground acc. coefficient, As= 0.53 | From site specific factor analysis
Seismic horizontal coefficient, kno = As = 0.53 | for other foundations

Seismic horizontal coefficient, kno = 1.2 As 0.636 | for walls founded on hard or soft rock
Vertical acceleration coefficient, kv 0 Assume 0 for vertical acceleration

Note: in this exercise, the abutment is not founded on rock
Therefore, kho=As=  0.53

for seismic coefficient of wall

The final hor'l acceleration coefficient, kh = 1/2 kho=  0.265

However, the peak ground acceleration and backslope of angle shall be verified and satisfied:

*DGCS 10.154.3
DGCS 10.15.4.1

KA = coeff. of active
pressure

Kae = coeff. of
seismic pressure

*DGCS 16.2.6.2

DGCS A16.3.1
Mononobe-Okabe
analysis

*DGCS 16.2.6.1

*Horizontal forces are
forces due to seismic
loading of wall mass
of abutment.

*Refer to Chapter 5
for analysis of site
specific factors for
the value of
acceleration coeff..,As

DGCS 16.2.6.1
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verify peak ground acceleration: (1-ky)tan(p - 1) = 0.577 6= aa‘an( - “n_)
0.577 > ky OK -
(K )
i+ atan| —— | = 14.842:°
verify backslope angle: N
&> 14.842° OK
therefore, ky, = 0.265
Horizontal forces due to inertial mass of abutment, Pir
COMPONENT }’I\(’ﬁl'?n:‘; kh(*k\,’\lvlenight WS (kN) | kh*w*
Railings 96.00 25.44 57.60 15.26
Sidewalk 28.80 7.63 69.12 18.32
Wingwall 698.40 185.08 977.76 259.11
Approach slab 38.40 10.18 403.20 106.85
Backwall 31.20 8.27 327.60 86.81
Corbel 4.20 111 44.10 11.69
Breast wall 360.00 95.40 3780.00 1001.70
Footing 336.00 89.04 3528.00 934.92
Soil at heel 57.00 15.11 598.50 158.60

*w = full weight of component

¢. Horizontal forces from live load surcharge pressures, LS

| = 14.842.°

A live load shall be applied where vehicular load is expected to act on the surface of the
backfill within a distance equal to the wall height behind the back face of the wall

DGCS Table 10.15.5.4-1

Abutment Height (m) heq
15 12
3.0 0.9
greater than 6.0 0.61 |«——— Equivalent height of soil for traffic
perpendicular to wall
Labut = 1050 m  total length of Abutment wall
Habut =  12.0m total height of Abutment wall
Horizontal pressure due to live load surcharge = LS = KaYsoitheg = 3.58
Live load surcharge acting on abutment = LS* Habut * Labut = 450.46
Live load surcharge acting on backwall =LS*hbw*1m = 8.94
Live load surcharge acting on breast wall wall = LS*(hpw+hp)*1m = 35.75

d. Horizontal forces from uniform surcharge pressures, ES

kPa
kN
kN
kN

* Summary of hor’l
forces due to inertial
mass of permanent
loads to be applied in
the design of
structural
components.

*DGCS 10.15.5.4

econsidering per m-
strip
econsidering per m-
strip

DGCS 10.15.5.1
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Where a uniform surcharge is present, a constant horizontal earth pressure shall be added
to the basic earth pressure.

This constant earth pressure may be taken as:

where:

AP
ks
Os

Horizontal pressure due to live load surcharge = ES =

Live load surcharge acting on abutment = LS* Habut * Labut

Live load surcharge acting on backwall =LS*hbw*1m

dp =

KadC hap

Live load surcharge acting on breast wall wall = ES*(hpw+hp)*1m

KsQs

Constant horizontal earth pressure due to uniform surcharge
Coefficient of earth pressure due to surcharge or Ka
Uniform surcharge applied to the upper surface of the active earth
wedge

2.96
373.12
7.40
= 29.61

kPa
kN
kN
kN

e. Horizontal force due to movement of superstructure from via friction
effect of bearing pad, FR

Dead load reaction force of the superstructure, DC 2800.00 kN
Dead load of wearing surfaces and utilities, DW 150.00 kN
Live load reaction force, LL 750.00 kN
Coeffic_ient of friction of bearing pad, pf 0.15
DSyEEQrG?(I:oEdlallowance, IM n/a —> [
| Load Factc')r' T¥§:d0f Unfactored Load Factored |
Maximum | Minimum max min
1 n/a DC 2800 2800.00 nla
1 nla DW 150 150.00 nla
1 nla LL 750 750.00 nla
= | 3700.00
FR=Vxys | 555.00
STRENGTH 1
I-_oad Factorj jr,, T)( g aedof Unfactored Load Factored |
Maximum | Minimum max min
1.25 0.9 DC 2800 3500.00 | 2520.00
15 0.65 DW 150 225.00 97.50
1.75 LL 750 1312.50
V = | 5037.50 | 2617.50
FR=Vxps | 755.63 392.63
EXTREME EVENT 1
I._oad Factor,. lifp T)(g ;dOf Unfactored Load Factored |
Maximum | Minimum max min
1.25 0.9 DC 2800 3500.00 | 2520.00
15 0.65 DwW 150 225.00 97.50
0.5 LL 750 375.00
V = | 4100.00 | 2617.50
FR=Vxps | 615.00 392.63

*in this example no
uniform surcharge is
present. However, for
conservative
approach the effect of
approach slab is taken
as equivalent earth
surcharge

econsidering per m-
strip
econsidering per m-
strip

*DGCS 10.17
*Analysis of gravity
loads (dead load and
liveload) not
included. Analysis
was carried out
separately for gravity
loads to determine
vertical reactions.
The bearings at
abutment are
expansion/movable.
It will result
horizontal force, i.e.
friction
force(FR)from
bearing pad friction
effects during
movement or sliding
of superstructure.

For the load factors,
refer to:

*DGCS Table 10.3-1
*DGCS Table 10.3-2
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f.  Horizontal force due to braking force at approach slab, BF

The breaking force shall be taken as the greater of:
a. 25% of the axle weights of the design truck or design tandem
b. 5% of the design truck plus lane load or 5% of the design tandem plus lane load

35kN  145kN 145kN 110KN 110kN
HL-93 truck load Tandem load

Design lane load 9.34  kN/m

Number of lanes 2

Length of approach slab 40 m

Length of abutment 105 m

Tandem:  25% x 2 x (110kN) x 2lanes / Labut = 10.48 kN/m  Governs!
Lane: 5% x 2 x (110kN) + lane load x length of slab 4.61 KN/m

Truck: 25% x 35kN x 2lanes / Labut = 1.67 KN/m

Lane: 5% x 35kN + lane load x length of slab = 3.72 kN/m

BF =  10.48 kN (considering 1m strip)
BF = 110 kN (considering full length)

g. Uplift force due to buoyant force, WA

Buoyancy shall be considered to be an uplift force, taken as the sum of the vertical components of

static pressures acting on all components below the water.

Unit weight of water 9.81 | kN/m®

Height of ordinary water level 2 m (from bottom of ftg)
Height of design flood level 6.5 m (from bottom of ftg)
Height of passive soil, hp 300 | m

*DGCS 10.10

*No braking force
effect from
superstructure as the
bearing is movable or
sliding. However,
vehicular truck will
cause BF to backwall
because the approach
slab is pinned or
doweled connected to
corbel.

*By inspection the
length of approach
slab will
accommodate the 2
axles of Tandem,
while 1 axle only for
the Truck. Hence,
Tandem load will
produce maximum
BF force effect.

*DGCS 10.12.2

*The buoyant force is
calculated in two
cases. Ordinary water
level during load
combination Extreme
event | while DFL
during load
combination Strength
l.
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Weight of water during ordinary water level, OWL
WA = weight of water x (volume of submerged including backfill/passive soil)

WA DIST.
1442.07 35
Buoyant force acting on footing, WA 1442.07 kN during OWL
horizontal distance from toe 350 m

Weight of water during ordinary water level, DFL
WA = weight of water x (volume of submerged including backfill/passive soil)

WA DIST.
3965.69 3.50
Buoyant force acting on footing, WA 3965.69 kN during OWL
horizontal distance from toe 350 m

*WA is the uplift
force from footing
for submerged
structure.

7.3.3 Load modifiers, factors, and combinations

General load equation:

The total factored force effect shall be taken as:
Q= X 'Ille.

where:

For loads for which a maximum value of is appropriate:

ni =Nonen 1= 0.95

For loads for which a minimum value of yi is appropriate:

i NpNr™
where:
vi = load factor
i = load modifier
no - a factor relating to ductility
nr = a factor relating to redundancy
m = a factor relating to operational importance
Qi = force effect
Load modifiers:
* Ductility
For strength limit state
for non-ductile components and connections nD > 1.05
for conventional designs complying with AASHTO 1D = 1.00
for components and connections nD > 0.95
For all other limit states nD > 1.00

*DGCS 10.3

*Factor Y'i , refer to
DGCS Tables 10.3-1
and 10.3-2

«In this exercise, the
bridge is classified as
typical concrete
bridge, non-ductile
and conventional
level of redundancy
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* Redundancy
For strength limit state
for non-redundant members

for conventional levels of redundancy
for exceptional level of redundancy
For all other limit states

« Operational Importance
For strength limit state
for critical and essential bridges

for typical bridges
for relatively less important bridges
For all other limit states

Load factors:

Table 10.34 Load Combination and Load Factors

Use one of these

Load Combination

STRENGTHH (Unless noted) o175 100 - 100 05HI 0D g -
STRENGTHI o 1B 0 - 100 0 0D g -
STRENGTHHI po 1% 100 - 100 050120 00 ye -
STRENGTHHI - 100 14 100 050120 00 g -
STRENGTH-V o= 1000 - 100 050120 -

EH EV.ESDW, 15

DC ONLY

STRENGTHY o 135 100 040 100 0S0M20 00 e -
EXTREME EVENT - v 100 - 100 - - -1 -
EVENT-|

EXTREME EVENT - II p 05 100 - 100 -

EVENT-II

SERVICE-1 10 100 100 030 100 100120 00 e -
SERVICE-II 1m0 13 100 - 10 10120 -
SERVICE- Il 10 08 100 - 100 100120 00 e -
SERVICE- IV m - 10 07 100 1M - 10 -
FATIGUE-TLL,IM & CEONLY - 130 -

FATIGUE-IILL, M & CEONLY - 075 -

100 100 10
0

nR > 1.05
nR = 1.00
nR > 0.95
nR > 1.00
nl > 1.05
nl = 1.00
nl > 0.95
nl > 1.00
Table 10.3-2 Load Factors for Permanent Loads, vy,
Load Factor
Type of Load
DC: Component and Attachments 125 090
DD: Downdrag 180 045
DW: Wearing Surfaces and Ufilities 150 065

EH: Horizontal Earth Pressure

Active 150 090
At-Rest 135 090
EL: Locked-in Erection Stresses 100 1.0

EV: Vertical Earth Pressure

Retaining Walls and Abutments 135 100
Rigid Buried Structure 130 090
Rigid Frames 135 0%

Flexible Buried Structures other than Metal Box Culverts 195 0.90
Flexible Metal Box Culverts 150 090
ES: Earth Surcharge 180 075

*DGCS Table 10.3-1

*The applicable
basic load
combinations for
this exercise are
Strength I, Extreme
Event | and Service
l.

7.4 DESIGN OF BACKWALL

7.4.1 Determine the applicable loads calculated from section 7.3 Geometry and Load

Calculations
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1. Permanent loads *loads per meter strip
Dead load from the superstructure, DC 1 N/A
Dead load from self weight, DC 2
a) Weight of backwall, DC 2.1 31.20 kN
b) Weight of corbel, DC 2.2 4.20 kN
c¢) Weight of approach slab, DC 2.3 38.40 kN
Deadload of future wearing surface and utilities, DW N/A * Future wearing
Horizontal earth pressure load, EH (=Pa) 18.32 kN f\f,r;\ag\e/é? fé)pnf;'fdemd
Earth surcharge load, ES 7.40 kN approach slab.
i However in actual
2. Braklng fOI’CG ) BF 1048 kN practice‘ Wearing
surface maybe
3. Earthquake force, EQ applied immediately
Seismic active earth force, Pae 31.64 kN | Mtheapprochsiab .
Seismic inertial force, Pir
a) kh * Backwall 8.27 kN
b) kh *Corbe 111 kN
c) kh * Approach slab 10.18 kN
d) kh * Soil 37.76 kN
4. Vehicular live load N/A
5. Live load surcharge, LS 8.94 kN
6. Friction load, FR N/A
7. Water load and stream pressure, WA N/A * Vehicular live load

not applicable,
however the effect of
LL surcharge and BF
are applied.

7.4.2 Determine the load combinations with applied load modifiers and load factors

*Modifier, ni

Load modifier for maximum values, ni ~ 1.05 o = 1.05
a. Load Combination: STRENGTH 1 Load modifier for minimum values, ni ~ 0.95 R i {88
ni > .
for max. values
1i = 1/(1.05x1.0x1.0)
Load Factor » Unfectored load KN | |, o Factored ?i ~1.05 |
. or min. values
. Tyoe | Horl | Vert arm | Axial force, KN | Shear force, kN | Moment, kN-m 1 = 1/(L.05x1.0x1.0)
max | min (m) . . [ 0i=0.95
MaX min MmaXx min Mmax min -
125 | 090 [DC2.1 3120 [ 0.0 | 39.00 | 28.08 0 0 0 0
125 | 090 [DC22 420 | -040 | 525 3.78 0 0 -2.10 | -151
125 | 090 [DC23 0 38.40 | -0.40 | 48.00 | 34.56 0 0 -19.20 | -13.82
150 | 0.90 EH | 18.32 0 0.83 0 0 2147 | 16.48 | 22.80 | 13.68
150 | 0.75 ES 7.40 0 1.25 0 0 1110 | 555 | 1388 | 6.94
1.75 BF 10.48 0 2.50 0 0 18.33 0 45.83 0
1.75 LS 8.94 0 1.25 0 0 15.64 0 19.55 0
(Strength 1) Design load:| 96.86 | 63.10 | 76.18 | 20.93 | 84.81 | 5.02
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b. Load Combination: EXTREME EVENT I

Note: The lateral force to be applied to the wall due to seismic and earth | *®DGCS 16.2.6
pressure loading should be determined considering the combined effects of PAE
and PIR considering and them not to be concurrent. Two cases shoud be
investigated:
+ CASE 1: Combined 100% of Pxe plus 50% of Pig.
+ CASE 2: Combined 50% of P,e but no less than static active earth pressure
with 100% of Pi.
The most conservative result of the two cases shall be used in the design of the
backwall. Modifier,
o ni= 1.00
bl. Load Combination: EXTREME EVENT | (CASE 1) (Casel: 100% PAE + 50% Pir)
Load Factor Lo Unfactored load, kN Lever Factored
) Type borl | Vertd arm Axial force, KN | Shear force, kKN | Moment, kKN-m
max | min (m) - . -
max min max min max min
125 | 090 [DC21| 0 |31.20 | 0.0 | 39.00 | 28.08 0 0 0 0
125 | 090 [DC22| 0 420 | -0.40 | 525 | 378 0 0 | -210 | -151
125 | 090 [DC23| 0 | 3840 | -040 | 48.00 | 34.56 0 0 |-19.20 | -13.82
150 | 075 | ES | 7.40 0 1.25 0 0 1110 | 555 | 13.88 | 6.94
0.50 BFE [1048 | © 2.50 0 0 5.24 0 |1310] o0
0.50 LS | 894 0 1.25 0 0 4.47 0 5.59 0
1.00 50%Pir_a| 4.13 0 1.25 0 0 413 0 5.17 0
1.00 50%Pir_b| 0.56 0 1.85 0 0 0.56 0 1.03 0
1.00 50%Pir_c| 5.09 0 2.30 0 0 5.09 0 |1m0] o
1.00 50%Pir_d| 18.88 | 0 1.25 0 0 1888 | 0 [ 2360 | O
1.00 Pae | 3164 | © 0.83 0 0 3164 | 0 | 2626 | 0
(Extreme Event 1-Casel) Design load:[ 92.25 | 66.42 | 81.12 | 555 | 79.03 | -8.40
b2. Load Combination: EXTREME EVENT I (CASE 2) (Case2: 50% PAg + 100% Pir) | *Modifier, n;
ni= 1.00

However, if 50% Pag < Pa, USe Pa, else use 50%Pae

Verification:
50% Pag = 15.82
Pa =EH = 18.32 > 50% Page
therefore use EH
Load Factor Lond Unfactored load, kN Lever Factored
. Type Horl | Vertl arm Axial force, KN | Shear force, kN | Moment, kN-m
max | min (m) - g .
max min max min max min
25 090 | DC21 0 31.20 0 39.00 28.08 0 0 0
.25 090 | DC22 0 4.20 -0.40 5.25 3.78 0 -2.10 -1.51
1.25 0.90 | DC23 0 38.40 | -0.40 | 48.00 34.56 0 -19.20 | -13.82
1.50 0.75 ES 7.40 0 1.25 0 0 11.10 5.55 13.88 6.94
0.50 BF 10.48 0 2.50 0 0 5.24 0 13.10 0
0.50 LS 8.94 0 1.25 0 0 4.47 0 5.59 0
1.00 Pra | 827 0 1.25 0 0 8.27 0 10.34 0
1.00 Pir_b 111 0 1.85 0 0 1.11 0 2.06 0
1.00 Prc | 10.18 0 2.30 0 0 10.18 0 23.40 0
1.00 Prod | 37.76 0 1.25 0 0 37.76 0 47.20 0
1.00 EH 18.32 0 0.83 0 0 18.32 0 15.20 0
(Extreme Event 1-Case 2) Design load:| 92.25 | 66.42 | 96.45 | 555 | 109.47 | -8.40
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¢. Load Combination : SERVICE 1

Load Factor Load Unfactored load, kN | Lever Factored
. . arm Axial force, KN | Shear force, kN | Moment, kN-m
: T Hor'l | Vertl ' ' '
max | min ype o o (m) ["max [ min max_|_min_| max | min
1.00 DC2.1 0 31.20 0.0 31.20 0 0 0 0 0
1.00 DC 2.2 0 4.20 -0.40 4.20 0 0 0 -1.68 0
1.00 DC 2.3 0 38.40 | -0.40 [ 38.40 0 0 0 -15.36 0
1.00 EH 18.32 0 0.83 0 0 18.32 0 15.20 0
1.00 ES 7.40 0 1.25 0 0 7.40 0 9.25 0
1.00 BF 10.48 0 2.50 0 0 10.48 0 26.19 0
1.00 LS 8.94 0 1.25 0 0 8.94 0 11.17 0
(Service 1) Design load:[ 73.80 | 0.00 | 45.13 | 0.00 | 44.78 0
b3. Summary of Load Combinations:
STRENGTH I EXTREME EVENT 1 (CASE 1)

Axial force (kN) | Shear Force (kN) | Moment (kN-m) | Axial force (kN) |[Shear Force (kN) | Moment (kN-m)
max mn | max mn | max mn | max min max min | max min
96.86 | 63.10 | 76.18 | 20.93 | 84.81 | 5.02 | 92.25 | 66.42 | 81.12 | 555 | 79.03 | -8.40

EXTREME EVENT 1 (CASE 2) SERVICE1

Axial force (kN) | Shear Force (kN) | Moment (kN-m) | Axial force (kN) | Shear Force (kN) | Moment (kN-m)
max mn | max mn | max mn | max min max min | max min
92.25 | 66.42 | 96.45 | 555 |109.47 [ -8.40 | 73.80 | 0.00 | 4513 | 0.00 | 44.78 | 0.00

«Modifier, n;

1= 1.00

7.4.3 Determine the governing design forces:

Load Combination: EXTREME EVENT | (CASE 2)

Axial force = 92.25 kN
Shear Force = 96.45 kN
Moment = 109.47 kN-m

Note: The governing design forces shall be verified from : Verification of demand
forces for unseating prevention device from Design of Breast Wall.

The design forces required for the unseating prevention device as determined from
Breast wall design are as follows:

Vd =
Md =

400.00 kN
240.00 kN-m

HF:

*The summary of
load combinations
show that the
Extreme Event 1
(Case 2) is the critical
load case. However,
BSDS section 7.3
shall be satisfied.

*BSDS 7.3

* |t shows the
demand forces from
unseating prevention
device is significantly
larger than the design
force from lateral
loads of backwall.
Therefore, the
backwall shall be
designed from the
demand forces from
unseating device.
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7.4.4 Verification of flexural resistance

Demand moment, Md 240.00 kN-m
Concrete cover 75 mm
Diameter of reinforcing bar 25 mm Ab= 490.87
Diameter of shrinkage bar 16 mm
Dlamelter of cross ties 12 mm « per 1m-width
Effective depth of concrete, de 4045 mm design
Width to be considered, b 1000 mm
i P sareorer 20 +DGCS 12433
Flexural cracking variability factor, y; 1.6 *for all other concrete
Ratio of specified min. to ult. tensile strength of steel, y3 0.67 *for A615, 414MPa steel
Modulus of rupture, f, 3.334 MPa
Section modulus, S, 4 5E+07 mm®
Cracking moment, M
‘Mo=y3 (Y1'fr) Se 161.05 kN-m
Mu_min 1.33*Md = 319.20 kN-m
Condition: if Md > (min (Mcr, Mu_min), Md, (min (Mcr,Mu_min))
Therefore, Design moment for backwall, Md 240.00 kN-m  Governs!!!
Steel ratio « DGCS 12.4.2.1
By = Coefficient Criterion: = 0.85

the factor f; shall be taken as 0.85 for concrete strengths not
exceeding 28MPa. For concrete strength exceeding 28MPa,
1 shall be reduced at a rate of 0.05 for each 7MPa strength
excess of 28MPa but not less than 0.65

For required steel ratio, p m; = 0.0573
m= 0.084 mm’N
R,= 1630 MPa
p= 0.0041

Computation for main reinforcement

Required steel area, As 1647.02 mm?
Required spacing, s 298.04 say: 250  mm
Provided steel for backwall, As 1963.49 mm?
Compression fiber to neutral axis, ¢ 4028 mm
Depth of compression block, a 34.24 mm
Nominal moment capacity of section, M, 315.66 kN-m
Resistance factor, @ 0.9 tension is controlled
0.75 < $=0.65+0.15 (d,r,c-1) <09 201
Ultimate moment capacity of section, @M, 284.09 kN-m  OKI!
cld= 118

Using of 25mm & main bars spaced at 250mm O.C. for backwall is adequate
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Control of cracking by distribution of reinforcement

Applies to all reinforcements of concrete that exceeds 80% of the modulus of rupture, except deck slabs.

Moment demand at Service 1 4478 kN-m
80% of Modulus of rupture, f, 80% x 0.52vf'c 2.201 MPa
Tensile stress in steel at the service limit, f M/S. = 0994 MPa

Tensile stress in steel does not exceed 80% of the modulus of rupture, this provision does not need to be
satisfied

Extreme tension fiber to center of flexural reinforcement, d. - mm
Overall thickness of component, h - mm
Compression fiber to the centroid of extreme tension steel, d, - mm
Neutral axis to extreme compression fiber, x - mm
Modulus elasticity of steel, E - GPa
Modulus elasticity of concrete, E - GPa
Modular ratio, n -

Cracked section moment of inertia of section, | ya - mm*

Exposure factor, Y, -
Exposure condition: Class 1
Tensile stress in steel reinforcement at the service limit, f - mPa

ps=1+ d /(0.7 (h —dc))
The spacing shall satisfy: § 123000y, 8, fs—2dc

Initial spacing: - mm

Commentar

*DGCS 12434

* DGCS 12.1.1.6

* This section is N/A
because 80% fr > fss
limit.

7.4.5 Verification of shear resistance

Effective shear depth, d, 387.38 mm
Taken as the distance measured perpendicular
to the neutral axis, between the resultants of the
tensile and compressive forces due to flexure; =0.9*de 364.05 mm
it need not to be taken to be less than the =0.72*h 374.4 mm
greater of 0.9de or 0.72h

* DGCS 12.5.3.2
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Factor indicating ability of diagonally cracked concrete to transmit tension, 2.63 =

Solution for p: GENERAL PROCEDURE

Commentar

* General procedure is

Area of prestressing steel on tension side, A 0 mmd basically applicable to
. design of walls, slab
Area of non-prestressing steel, A 1963.49 mm? and footings with
Maximum aggregate size, a, 20 mm thickness > 400mm
Modulus of elasticity of prestressing tendons, f 0 MPa «DGCS 12.5.3.3.2
Factored axial force, N, -92250 N
*Positive for tension; Negative for compression
Factored shear force, V, 400000.00 N
Absolute value of the factored moment, |M,| 2.4E+08 N-mm
*But not less than |V, - V| d,
Modulus of elasticity of prestressing steel, E, 0 GPa
Modulus of elasticity of steel, E 200 GPa
Net longitudinal tensile strain, e 0.001
Crack spacing parameter, S, 360 mm
Shear resistance from steel, V 0 kN
Effective prestressing force, V, 0 kN
Shear resistance provided by concrete, V 44759 kN
The nominal shear resistance, V, 44759 kN
*shall be determined as the lesser of:
V,=Vc+Vs+Vp 44759 kN
V,=0.25fc" b,d,+Vp 2711.67 kN
Vu=Vd= 400.00 kN
Resistance factor for normal weight concrete, @ 0.9
Ultimate shear capacity of section, @V, 402.83 kN OK!
cld= 1.01
Section without shear reinforcement is adequate
7.4.6 Verification of interface shear resistance
Interface shear transfer shall be considered across a given plane at: *DGCS 12.5.5
a) An existing or potential crack
h) An interface between dessimilar materials
¢) An interface between two concrete cast at different times
d) The interface between different elements of the cross-section
Number of bars provided (for both faces per meter strip), N say 8 pcs *N= (b/s) x 2sides
Area of shear reinforcement crossing the shear plane, A 3926.99 mm?

*Minimum area of shear interface shall satisfy:

A;2(0354,)/f,

Interface length considered to be engaged inshear transfer, L;
Interface width considered to be engaged inshear transfer, by;

24289 mm®  SATISFIED!
1000 mm
288 mm

Area of concrete considered to be engaged in interface shear transfer, A., 288000 mm?

Permanent net compressive force normal to the shear plan, P
Factored interface shear force due to total load, V;

92250 N
400.00 kN

DGCS 12.5.5.3
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Cohesion and friction factors
*for concrete placed against a clean concrete surface, free of laitance, with surface intentionally
roughened to an amplitude of 6mm:

Cohesion factor, ¢ 1.7 MPa
Friction factor, m 1.00
Fraction of concrete to resist interface shear, K, 0.25
Limiting interface shear resistance, K, 10.3 MPa

The nominal shear resistance of the interface plane shall be taken as:
Va=cAcv+ u(Avffy+Pc) 2211.55 kN

The nominal shear resistance, V ,; shall not be greater than the lesser of:

a) Kf" cA, 2016 kN

b) KA. 2966.40 kN
Nominal shear resistance of the interface plane, V y; 2016 kN
Resistance factor for normal weight concrete, @ 0.9
Factored interface shear resistance of the section, V 1814.40 kN OK!

Section is adequate at interface shear transfer

Commentar

*DGCS 12.5.5.2

7.4.7 Verification of shrinkage and temperature reinforcement

Reinforcement for shrinkage and temperature stresses shall be provided near surfaces of concrete exposed to

L {EMEPIREhanges pnd n STUgturel mass concrete 16 mm
Assumed spacing, S 200 mm
Assumed shrinkage and temperature reinforcement, A 1.00531 mm%mm

Shrinkage and temperature reinforcement shall satisfy:

a) As=(0.75bh)/(2 (b+h)f,) 0.389 101 mm¥mm

b) 0.233<As<127 1.00531 mm?/mm

Spacing shall not exceed:
a) 3.0 times the component thickness, or 450 mm
b) 300 mm for walls and footings greater than 450 mm thick
¢) 300 mm for other components greather than 900 mm thick

Final shrinkage and temperature reinforcement, As 1005.31 mm? per meter
Final spacing to be used 200 mm
say: 200 mm

Use 16mm for temperature and shrinkage bar spaced at 200mm O.C. eachface

*DGCS 12.7.8

7.4.8 Development of reinforcement
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Commentar

Diameter of main bars, d, 25 mm *DGCS 12.8.2.1
Area of main bars, A, 490.87 mm?
Basic tension development length, 14 769.96 mm
Minimum development length (only for d, 36 mm and lesser) 622.50 mm
Modification Factor.
Modification factor 1 08
Modification factor 2 0.839
Final development length, |4 62250 say: 700 mm

7.4.9 Backwall details

* Note: the restrainer

520, 350 details and
reinforcement not
— 8 shown.
S
325 @ 200—+—327 4 g
R - N ) 7 12 @ 200 CROSS TIES EF
PREHOLE FOR RESTRAINER = - ¢16 @ 200 EF

Ld=/00

BACKWALL DETAILS

SCALE TS

7.5 DESIGN OF BREAST WALL

7.5.1 Determine the applicable loads calculated from section 7.3 Geometry and Load
Calculations

1. Permanent loads *loads per meter strip
Dead load reaction force of the superstructure, DC1  266.67 kN
Dead load from self-weight, DC 2
a) Weight of backwall, DC 2.1 31.20 kN
b) Weight of corbel, DC 2.2 4.20 kN
¢) Weight of breast wall, DC 2.3 360.00 kN
d) Weight of approach slab, DC 2.4 38.40 kN
Deadload of wearing surfaces and utilities, DW 14.29 kN
Horizontal earth pressure load, EH (=Pa) 293.04 kN
Earth surcharge load, ES 29.61 kN
2. Braking force, BF 10.48 kN ' )
*BF is the breaking
from approach slab.
3. Earthquake force, EQ BF from
Seismic active earth force, Pae 506.31 kN superstructure is N/A.
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Seismic inertial force, Pir
a) kh * Backwall

b) kh *Corbel

c) kh * Breast wall

d) kh * Approach slab

e) kh * Soil

4. Vehicular live load
5. Live load surcharge, LS
6. Friction load, FR

a) Strength 1
- at maximum condition
- at minimum condition
b) Extreme event 1
- at maximum condition
- at maximum condition
c) Service 1
- at maximum condition
- at maximum condition

7. Water load and stream pressure, WA

8.27
1.11
95.40
10.18
151.05

71.43
35.75
71.96

37.39

58.57
37.39

52.86

N/A

kN
kN

kN
kN

kN
kN

kN
kN
kN

Commentary |

+ Note: FR loads are
already factored.

7.5.2 Determine the load combinations with applied load modifiers and load factors.

Load modifier for maximum values, n; 1.05 *Application of
modifiers are similar
Load modifier for minimum values, n; 0.95 to backwall.
*Modifier, ni
a. Load Combination: STRENGTH 1 no > 1.05
nR > 1.00
Unfactored load, kN Factored ni = 1.00

for max. values
1i = 1/(1.05x1.0x1.0)

ni=1.05
for min values

1i = 1/(1.05x1.0x1.0)

1i=0.95

*Note: Friction forces

are already factored on
section Geometry and

Load

Load Factor Load Lever
arm Axial force, kN | Shear force, kKN | Moment, kN-m
. Type Hor'l | Vert'l
max min (m) - - -
max min max min max min
1.25 090 | DC1 0.00 | 266.67 [ 0.30 | 333.33 | 240.00 [ 0.00 0.00 | 100.00 | 72.00
1.25 090 | DC21]| 0.00 31.20 -0.74 39.00 | 28.08 0.00 0.00 | -28.86 | -20.78
1.25 0.90 |DC2.2( 0.00 4.20 -1.18 5.25 3.78 0.00 0.00 | -6.20 | -4.46
1.25 090 | DC23| 0.00 |360.00| 0.00 | 450.00 [ 324.00 0.00 0.00 0.00 0.00
1.25 0.90 |DC24| 0.00 | 38.40 [ -1.18 | 48.00 | 34.56 0.00 0.00 | -56.64 | -40.78
1.50 0.65 DW 0.00 14.29 0.30 21.43 9.29 0.00 0.00 6.43 2.79
1.50 0.90 EH | 293.04 [ 0.00 3.33 0.00 0.00 | 439.56 | 263.74 | 1463.75| 878.25
1.50 0.75 ES 29.61 | 0.00 5.00 0.00 0.00 44,42 | 22.21 | 222.10 | 111.05
FR 0.00 0.00 7.50 0.00 0.00 71.96 37.39 0.00 | 280.45
1.75 LL 0.00 | 7143 | 0.30 | 125.00 [ 0.00 0.00 0.00 | 37.50 | 0.00
1.75 BF 10.48 0.00 10.00 0.00 0.00 18.33 0.00 [ 183.33 | 0.00
1.75 LS 35.75 | 0.00 5.00 0.00 0.00 62.56 0.00 | 312.82 | 0.00
(Strength 1) Design load:|1073.11 | 607.72 | 668.69 | 307.17 |2345.94 [1214.58

b. Load Combination: EXTREME EVENT |

b.1 Load Combination: EXTREME EVENT I (CASE 1) (Casel: 100% Pag + 50% Pir)
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O enta
Load Factor o Unfactored load, kN Lever Factored ;lli\/iodiﬁer, Ilil_oo
, , arm | Axial force, KN | Shear force, KN | Moment, kN-m
ma | min Type | Hor'l | Vertl () . _ .
max_| min | max | min | max | min
125 | 090 | DC1 | 0.00 | 266.67 | 0.30 | 333.33|240.00 | 0.00 | 0.00 | 100.00| 72.00
125 | 090 |DC21| 0.00 | 31.20 | -0.74 | 39.00 | 28.08 | 0.00 | 0.00 | -28.86 | -20.78
125 | 090 |DC22| 0.00 | 420 | -118 | 525 | 378 | 0.00 | 000 | -6.20 | -4.46
125 | 090 |DC23| 0.00 |360.00 | 0.00 | 450.00|324.00| 0.00 | 0.00 | 0.00 | 0.00
125 | 090 |DC24| 000 | 3840 | -1.18 | 48.00 | 34.56 | 0.00 | 0.00 | -56.64 | -40.78
1.50 | 0.65 | DW | 0.00 | 1429 | 030 | 2143 | 929 | 0.00 | 0.00 | 643 | 279
150 | 075 | ES | 2961 | 0.00 | 500 | 000 | 0.00 | 4442 | 22.21 | 222.10 | 111.05
0.50 LL | 0.00 | 7143 ] 030 | 3571 | 0.00 | 0.00 | 0.00 | 10.71 | 0.00
0.50 BF [ 1048 | 0.00 | 10.00 | 0.00 | 0.00 | 524 | 0.00 | 52.38 | 0.00
0.50 LS | 3575 ] 0.00 | 500 | 000 | 000 | 17.88 | 0.00 | 89.38 | 0.00
FR | 0.00 | 0.00 | 7.50 | 0.00 | 0.00 | 5857 | 37.39 | 439.29 | 280.45 | .Note: Friction forces
1.00 Pae | 50631 0.00 | 333 | 0.00 | 0.00 |506.31 | 0.00 |1686.01| 0.00 | arealready factored on
100 50%Ps_2| 413 | 0.00 | 875 | 0.00 | 000 | 413 | 000 | 3617 | 000 | oction Geometryand
1.00 B0%P bl 0.56 | 0.00 | 9.40 | 0.00 | 0.00 | 056 | 0.00 | 523 | 0.00
1.00 50%Pr_c{ 47.70 | 0.00 | 3.75 | 0.00 | 0.00 | 47.70 | 0.00 | 178.88 | 0.00
1.00 B0%Pr d| 509 | 0.00 | 9.83 | 0.00 | 0.00 | 509 | 0.00 | 50.02 | 0.00
1.00 B0%Pi_e| 75.53 | 0.00 | 500 | 0.00 | 0.0 | 7553 | 0.00 |377.63| 0.00
(Extreme Event 1-Casel) Design load:| 932.73 | 639.71 | 765.42 | 59.60 |3162.51| 400.26

b.2 Load Combination: EXTREME EVENT I (CASE 2) (Case2: 50% Pag + 100% Pir)

However, if 50% Pag < Pa, USE Pa, else use 50%Pag

Verification:
50% Pae = 253.15
Pa =EH = 293.04 > 50% Pag
therefore use EH
Load Factor Load Unfactored load, kN Lever Factored
, \ arm Axial force, kN Shear force, kN Moment, KN-m
max min Type Hor'l Vert'l (m) _ _ _
max min max min max min
1.25 0.90 DC1 0.00 266.67 0.30 333.33 | 240.00 0.00 0.00 100.00 | 72.00
1.25 0.90 DC 2.1 0.00 31.20 -0.74 39.00 28.08 0.00 0.00 -28.86 | -20.78
1.25 0.90 DC 2.2 0.00 4.20 -1.18 5.25 3.78 0.00 0.00 -6.20 -4.46
1.25 0.90 | DC2.3| 0.00 | 360.00 [ 0.00 450.00 | 324.00 0.00 0.00 0.00 0.00
1.25 0.90 DC 2.4 0.00 38.40 -1.18 48.00 34.56 0.00 0.00 -56.64 | -40.78
1.50 0.65 DW 0.00 14.29 0.30 21.43 9.29 0.00 0.00 6.43 2.79
1.50 0.75 ES 29.61 0.00 5.00 0.00 0.00 44.42 22.21 | 222.10 [ 111.05
0.50 LL 0.00 71.43 0.30 35.71 0.00 0.00 0.00 10.71 0.00
0.50 BF 10.48 0.00 10.00 0.00 0.00 5.24 0.00 52.38 0.00
0.50 LS 35.75 0.00 5.00 0.00 0.00 17.88 0.00 89.38 0.00
FR 0.00 0.00 7.50 0.00 0.00 58.57 37.39 [ 439.29 [ 280.45
1.00 EH 293.04 | 0.00 3.33 0.00 0.00 293.04 0.00 | 975.83 | 0.00
1.00 Pr_a 8.27 0.00 8.75 0.00 0.00 8.27 0.00 72.35 0.00
1.00 Pir_b 1.11 0.00 9.40 0.00 0.00 1.11 0.00 10.46 0.00
1.00 Pr_C | 95.40 0.00 3.75 0.00 0.00 95.40 0.00 | 357.75 | 0.00
1.00 Pir_d 10.18 0.00 9.83 0.00 0.00 10.18 0.00 100.03 0.00
1.00 Pir_e€ 151.05 0.00 5.00 0.00 0.00 151.05 0.00 755.25 0.00
(Extreme Event 1-Case 2) Design load:| 932.73 | 639.71 [ 685.15 | 59.60 [3100.26| 400.26

*Modifier,

Ni= 1.00

*Note: Friction forces
are already factored on
section Geometry and
Load
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c.Load Combination: SERVICE 1
Load Factor o Unfactored load, kN Lever Factored iodifier
. s i
. Type | Horl | Vert! arm | Axial force, kN | Shear force, KN | Moment, kN-m i~ 100
max | min (m) : _ .
max_| min max min_| max | min

1.00 DC1 | 0.00 | 266.67| 0.30 | 266.67 | 0.00 0.00 0.00 | 80.00 [ 0.00
1.00 DC21( 0.00 | 31.20 | -0.74 | 31.20 | 0.00 0.00 0.00 | -23.09 [ 0.00
1.00 DC22( 0.00 | 420 | -1.18 | 420 | 0.00 0.00 0.00 | -496 | 0.00
1.00 DC23( 0.00 |360.00| 0.00 | 360.00| 0.00 0.00 0.00 | 0.00 [ 0.00
1.00 DC24( 0.00 | 38.40 | -1.18 | 38.40 | 0.00 0.00 0.00 | -45.31 | 0.00
1.00 DW 000 | 1429 | 030 | 14.29 | 0.00 0.00 0.00 | 429 0.00
1.00 EH |293.04| 0.00 3.33 0.00 | 0.00 [ 293.04 | 0.00 |975.83| 0.00
1.00 ES 29.61 | 0.00 5.00 0.00 | 0.00 [ 29.61 | 0.00 | 148.06 | 0.00
1.00 FR 0.00 0.00 7.50 0.00 | 0.00 | 52.86 | 0.00 | 396.43| 0.00
1.00 LL 000 | 7143 | 030 | 71.43 | 0.00 0.00 0.00 | 21.43 | 0.00
1.00 LS 35.75 | 0.00 5.00 0.00 | 0.00 [ 3575 | 0.00 |178.76 | 0.00
1.00 BF 10.48 | 0.00 | 10.00 | 0.00 | 0.00 | 10.48 | 0.00 | 104.76 | 0.00

(Service 1) Design load:| 786.18 | 0.00 | 421.74 | 0.00 |1836.20| 0.00

Summary of Load Combinations:
STRENGTH EXTREME EVENT 1 (CASE 1)

Axial force (kN) | Shear Force (kN) | Moment (kN-m) | Axial force (kN) | Shear Force (kN)

Moment (kN-m)

max mn | max | min [ max min max min max min

max min

1073.11| 607.72 | 668.69 | 307.17 |2345.94| 1214.58 | 932.73 | 639.71 | 765.42 | 59.60

3162.51| 400.26

EXTREME EVENT 1 (CASE?2) SERVICE1

Axial force (kN) |Shear Force (kN) | Moment (kN-m) | Axial force (kN) | Shear Force (kN)

Moment (kN-m)

max mn | max | min [ max min max min max min

max min

932.73 | 639.71 | 685.15 | 59.60 |3100.26| 400.26 | 786.18 | 0.00 | 421.74 | 0.00

1836.20{ 0.00

7.2.3 Determine the governing design forces:

Load Combination: EXTREME EVENT | (CASE 1)

Axial force = 932.73 kN
Shear Force = 765.42 kN
Moment = 3162.51 kN-m

*The summary of
load combinations
show that the
Extreme Event 1
(Case 1) is the critical
load case.
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7.5.4 Verification of flexural resistance

Demand moment

Concrete cover

Diameter of reinforcing bar
Diameter of shrinkage bar
Diameter of cross ties
Effective depth of concrete, de
Width to be considered, b

Overall thickness of component, h

Minimum reinforcement

Flexural cracking variability factor, Y1
Ratio of specified min. to ult. tensile strength of steel, ¥3

Resistance factor, @
0.75 < $=0.65+0.15 (d,;,c-1) <09 3.20

Ultimate moment capacity of section, @M,

3162.51 kN-m
75  mm
36 mm
16 mm
12 mm

1879 mm
1000 mm
2000 mm

Ab= 101788

1.6 *for all other concrete
0.67 *for A615, 414MPa steel

Modulus of rupture, f, 3.334 mPa
Section modulus, S 6.7E+08 mm®
Cracking moment, M ¢,
'M”: V3 (Vlfr) Sc 238245 KN-m
Mu_min 1.33*Md = 4206.14 kN-m
Condition: if Md > (min (Mcr, Mu_min), Md, (min (Mcr,Mu_min))
Design moment for breast wall 3162.51 kN-m
Steel ratio
B, Coefficient Criterion: = 0.85
the factor B, shall be taken as 0.85 for concrete strengths not
exceeding 28MPa. For concrete strength exceeding 28MPa,
By shall be reduced at a rate of 0.05 for each 7MPa strength
excess of 28MPa but not less than 0.65
For required steel ratio,p m; = 0.0573
my= 0.084 mm’N
R,= 0.995 MPa
p= 0.0025
Computation for main reinforcement
Required steel area, As 4604.625 mm?
Required spacing 22106  say
Provided steel for breast wall, As 5089.38 mm?
Compression fiber to neutral axis, ¢ 104.40 mm
Depth of compression block, a 88.74 mm
Nominal moment capacity of section, M , 3874.91 kN-m

Governs!!!

200 mm

0.9 tension is controlled

3487.41 kN-m  OK!

cld= 1.10

Commentar

* per Im-width design

*DGCS 12.4.3.3

*DGCS 124.2.1
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Control of cracking by distribution of reinforcement

Applies to all reinforcements of concrete that exceeds 80% of the modulus of rupture, except deck slabs.

Moment demand at Service 1 1836.20 kN-m
80% of Modulus of rupture, f, 2.201 MPa
Tension in the cross section 2.754  MPa

Tension in the cross-section exceeds 80% of the modulus of rupture, this provision has to be satisfied

Extreme tension fiber to center of flexural reinforcement, d. 121 mm
Overall thickness of component, h 2000 mm
Compression fiber to the centroid of extreme tension steel, d. 1879 mm
Neutral axis to extreme compression fiber, x 353.38 mm
Modulus elasticity of steel, E 200 GPa
Modulus elasticity of concrete, E . 24.87 GPa
Modular ratio, n 8.042
Cracked section moment of inertia of section, Iya 1.1E+11 mm*
Exposure factor, Y 1.00
Exposure condition: Class 1
Tensile stress in steel reinforcement at the service limit, f 204.85 MPa
Bs=1+ d./(0.7 (h —dc)) 1.09
The spacing shall satisfy: s <123000y,,f,f ss—2dc 307.84 mm

Initial spacing: 200 mm SATISFIED!
Using of 36mm # main bars spaced at 200mm O.C. for breast wall is adequate and safe

* DGCS 12.4.3.4

*+DGCS 12.1.1.6

*by quadratic
equation to determine
X:
a= 1000
b =81855.53
c =-1.5E+08

x1= 353.38
X1 = -435.24

7.5.5 Verification of shear resistance

Effective shear depth, d, 1834.63 mm
Taken as the distance measured perpendicular
to the neutral axis, between the resultants of the =0.9*de  1691.1 mm
tensile and compressive forces due to flexure; =0.72*h 1440 mm
it need not to be taken to be less than the
greater of 0.9de or 0.72h

* DGCS 12.5.3.2
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Factor indicating ability of diagonally cracked concrete to transmit tension, ~ 1.30 « General
Solution for B: GENERAL PROCEDURE procedure is
basically
Area of prestressing steel on tension side, A 0 mm gzgilé%ag;ev\tlgu s,
Area of non-prestressing steel, A 5089.38 mm? slab and footings
Maximum aggregate size, a, 20 mm Zvc;ghn:m(:kness g
Modulus of elasticity of prestressing tendons, f 0 MPa
Factored axial force, N, -932726.2 N * DGCS12.5.3.3.2
*Positive for tension; Negative for compression
Factored shear force, V, 765415.9 N
Absolute value of the factored moment, M| 3.2E+09 N-mm
*But not less than |V, - V,| dy
Modulus of elasticity of prestressing steel, E,, 0 GPa
Modulus of elasticity of steel, E 200 GPa
Net longitudinal tensile strain, e 0.001
Crack spacing parameter, S, 1741 mm
Shear resistance from steel, V 0 kN
Effective prestressing force, V, 0 kN
Shear resistance provided by concrete, V. 1048.26 kN
The nominal shear resistance, V, 1048.26 kN
*shall be determined as the lesser of:
V,.=Vc+Vs+Vp 1048.26 kN
V,=0.25fc" b,d,+Vp 12842.40 kN
Resistance factor for normal weight concrete, @ 0.9
Ultimate shear capacity of section, @V, 943.44 kN OK!
cd= 123
Section without shear reinforcement is adequate and safe.
7.5.6 Verification of interface shear resistance
Interface shear transfer shall be considered across a given plane at: *DGCS 12.5.5
a) An existing or potential crack
b) An interface between dessimilar materials
¢) An interface between two concrete cast at different times
d) The interface between different elements of the cross-section
Number of bars provided (for both faces per meter strip), N 10 pes *N= (b/s) x 2sides

Area of shear reinforcement crossing the shear plane, A 10178.8 mm? "DGCS 12.5.5.3

*Minimum area of shear interface shall satisfy:

Ay2(0354,)/f, 1472530 mm®>  SATISFIED!
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Interface length considered to be engaged inshear transfer, L.; 1000 mm
Interface width considered to be engaged inshear transfer, b,; 1746 mm
Area of concrete considered to be engaged in interface shear transfer, A, 1746000 mm?
Permanent net compressive force normal to the shear plan, P 932726 N
Factored interface shear force due to total load, V ;; 765.416 kN
Cohesion and friction factors DGCS 12.5.5.2

*for concrete placed against a clean concrete surface, free of laitance, with surface intentionally
roughened to an amplitude of 6mm:

Cohesion factor, ¢ 1.7 MPa
Friction factor, m 1.00
Fraction of concrete to resist interface shear, K 0.25
Limiting interface shear resistance, K, 103 MPa

The nominal shear resistance of the interface plane shall be taken as:

Vyi=CAgt w(Avff,+Pc) 8125.11 kN

The nominal shear resistance, V p; shall not be greater than the lesser of:

a) Kif™cA, 12222 kN

b) KA., 17983.80 kN
Nominal shear resistance of the interface plane, V ;i 8125.11 kN
Resistance factor for normal weight concrete, f 0.9
Factored interace shear resistance of the section, V i 7312.60 kN OK!

Section is adequate for interface shear transfer.

7.5.7 Verification of shrinkage and temperature reinforcement

Reinforcement for shrinkage and temperature stresses shall be provided near surfaces of concrete exposed to "DGCS 12.7.8

daily temperaturechanges and in structural mass concrete.

Diameter of shrinkage and temperature bar 16 mm
Assumed spacing, S 150 mm
Assumed shrinkage and temperature reinforcement, As 134 mmimm

Shrinkage and temperature reinforcement shall satisfy:

a) As> (0.75 bh)/(2 (b+h)f,) 1.43 143 mm¥mm

b) 0.233 <As<127 12700 mmmm

Spacing shall not exceed:
a) 3.0 times the component thickness, or 450 mm
b) 300 mm for walls and footings greater than 450 mm thick
¢) 300 mm for other components greather than 900 mm thick
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Final shrinkage and temperature reinforcement, A
Final spacing to be used

say:

1270 mm® per meter
158  mm
150 mm

Therefore use 16mm for temperature and shrinkage bar spaced at 150mm O.C. eachface

Commentar

7.5.8 Development of reinforcement

Diameter of main bars, dy, 36 mm
Area of main bars, A, 1017.88 mm?
Basic tension development length, |4, 1596.59 mm
Minimum development length (only for d,, 36 mm and lesser) 896.4 mm
Modification Factor That Decrease
Modification factor 1 0.8
Modification factor 2 0.905
Final development length, I 1155.62 say: 1500 mm

Note: For effective anchorage the rebars should rest on pilecap bottom bars

-DGCS 12.8.2.1

7.5.9 Verification of demand forces for unseating prevention device for backwall.

The ultimate strenght of an unseating prevention device shall not be less than the

design seismic force.

When the unseating prevention device
directly connects the superstructure,
the design seismic force shall be:

HF=PLG
However, Hg shall not exceed 1.5 Rp
P ¢ = The lesser value corresponding to

lateral (hor'l) capacity of the breast
wall calculated from its nominal

flexural resistance, or the nominal
shear resistance of the breast wall.

Distance of unseating prevention device from the base of backwall, d
Nominal flexural resistance of the breast wall, M,

Deadload reaction from superstructure (per meter strip), Rp

a. Lateral capacity of breast wall from its nominal flexural resistance
b. Nominal shear resistance of the breast wall, V ,

¢. 1.5 times the deadload reaction of superstructure

Therefore, the design seismic force of the unseating prevention device
Design moment to be considered in designing the backwall, M 4

06 m

3874.91 kN-m

266.67 kN

516.65 kN = Mo/l
1048.26 kN

400 kN

400 kN =H¢
240  kN-m =Hgxd

*BSDS 7.3
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7.5.10 Breast wall details

®16 @ 300 VERT.

@ 400 HOR.

®16 @ 150

=
I @36 @ 200 EF

2000

1500
2000

*Typical details of
breast wall. Other
miscellaneous details
not shown. In
practice the vertical
reinforcement are
applied to both faces
of breast wall.

7.6 DESIGN OF WING WALLS

Reference: JRA, 2002-Part IV substructure Art. 8.4.4

Design of wing walls

sides to a wall and footing.

live loads and the earth pressure.

(1} The wing walls shall be designed as slabs to receive superimposed loads due to

(2) The slabs in this case shall be cantilevers fixed te a wall or slabs fixed on two

- -

Note:

When 1 or I, are greater than 8m, design the wingwall fixed on 2 sides (vertical wall
and footing).Otherwise design part A, B, and C as cantilever wall fixed on sides a-b,

)] (e)

Shapes of wing walls

b-c, and c-d, respectively. While part D fixed on side e-f.

* The wing wall type
in this exercise is a
vertical wall fixed on
2 sides (breast wall
and footing). The
type shown in (a) is
generally applied for
urban bridges when
bridge sides are
utilized for secondary
roads. It is
recommended to
adopt the JRA
method for the
calculation of loads
and design of wing
walls.
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7.6.1 Diagram of forces acting to wing wall

1

b |
t Commentary

I
I —
| @ * In this exiercise,
g the approach slab is
I @ £ o considered equivalent
[ 3 . c G earth surcharge.
I = -
| 25 k15 33 i
| T e Az \ T + As noted the
I ng 87 Rz \ 3 \ wingwall height is
| % £ e 3 extended to level of
m TS \ % \ top of backwall to
| = \a \ simplify the analysis.
I @
I Psur papch pa Pae
I
1 -
o 1-1

Schematic diagram of lateral forces acting on wing wall.

7.6.2 Determine the applicable loads acting to each part (part A", ""B" and "'C"") as
shown in the shape of wing wall (a).

PART "A"
(length of heel =Lww)
S <
< | | « It is recommended
= L | 5 the the aproach of
5K o 2 2 analysis is part by
2 g £ g part as per shown in
&l €l | e = JRA shape of wing
2 3 2 2 wall..
- S £ g
< < I R E.
a2
<— <«
Psur al
bv = unit length = 1m Papen P
Diagram of lateral forces acting to part "A"
From given parameters and calculated coefficients :
kh = 0.265
ka = 0.308 * The unit weight of
Kag = 0.533 concrete was
S = Yc = 27 kN/m?® increased by 15% to
Ysoir= Y5 = 19 kN/m?® compensate the
H= 10{m Hb = (tan 45°) X Ly = 30 m weights of concrete
wingwall dim. [t,,, = 0.7|m Ha = (H - Hb) - 70 m rallllng apd sidewalk
- to simplify the load
Lyw = 3.00{m culati
Surcharge = hy, = 0.61m calculation.
Approach slab = hype, = 0.4 m
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Commentar

Calculation of horizontal pressure:

Loads pressure at bd' (for Ha) | pressure at b"d" (for Ha -1.0m)
due to lateral pressure kPa kPa
pal = ka*Y*Ha pal=  40.96|pa2 = ka*Ys*(Ha- 1.0m)=  35.11
Pag1 = Kag*Ys*Ha Paet = 70.89|pac2=kAE*Ys*(Ha-1.0m)=  60.76
Peur = Ka * Y*hgy Psur = 357
Papch = ka * Yc*hgpen Ppcn = 3.33
due to Inertial mass, pir
W = K0*(Li e ™Y | KW= 105.18)kN
Calculation of forces per unit length: bv = 1.00m

Loads Force, kN Leverarm, m | Moment,kN*m
Earth pressure (EH) (nal +pa2)/2 *Ly*v = 11411|L,2= 15 17117
Seismic earth pressure (pag) (Pags* Pag2)l2 *Lw*bv = 197.48|Lf2= 15 296.21
Liveload surcharge(LS) Psur *Lun bV = 10.7|Lyf2= 15 16.06
Earth surcharge(ES) Papch *Law*bV = 9.98|Lwf2= 15 14.97
Inertial force mass () KnWi,/Ha = 15.03|L/2= 15 22.54

PART"B" where : Moment = Force x lever arm
(length of heel=Lww) | Psur Papch pal Paet

pa Pac

Diagram of lateral forces of part "B" and "C"

Calculation of horizontal pressure :

Loads pressure at bd' (for Ha) | pressure at b’ O" (for Ha+Hb/2)
due to lateral pressure kPa kPa
pal = ka*Y*Ha pal = see above pa3 =ka*Ys*(HatHb/2) =  49.74
Pact = Kag*Y*Ha Pag1 = see above Pags =KAE*Ys*(Ha +Hb/2)=  86.08
Psur = ka * Yg*hgy, Psur = see above
Papch = ka * Yc*hapen Papeh = see above
due to Inertial mass, pir
KWy, = Kh*(1/2* L *HO* 0 *Yc) | khWy =[  22.54(kN
Note: % Lww is average length between b-b' where : Moment = Force x lever arm
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PART "C" (refer to figure of PART"'

'8

Calculation of horizontal pressure:

Commentar

Loads pressure at cd (for H)
due to lateral pressure kPa
pa=ka*Ys*H pa= 5852
Pae = kae*Ys*H Pae = 101.27
Psur = ka * Y*hg D= Seeabove
Papen = ka * Yc*hgpen Dper=  Seeabove
due to Inertial mass, pir
khWopy = K*(L/2% Ly *HO 0 * Y) khWypy = 22.54(kN
Calculation of forces per unit length: bv = 1.00m
Loads Force, kN Lever Arm, m | Moment,kN*m
Earth pressure(EH) pa*3/4 Ho*bv = 131.67|3/4Hof2:  1.125 148.13
Seismic earth pressure (pac) Pag *3/4Hb*hv = 227.86(3/4Hb/2: 1125 256.34
Liveload surcharge(LS) Psur *3/4 *Ho*bv = 8.03(3/4Hb/2: 1,125 9.04
Earth surcharge(ES) Papch * 3/4 *Ho*bv = 7.48(3/4H0/2: 1,125 8.42
Inertial force mass(pir) khW/Lww = 7.51(3/4H0/2 = 1.125 8.45
Note: 3/4 Hbis average height between ¢'-d where : Moment = Force xleverarm
7.6.3 Design Part A"
Summary of unfactored loads goTn:‘;'i rl10aatlidons and
Loads Force, kN Moment, kN*m i = 1.0 for other bridges reinforced design is
Earth pressure (EH) 114.11 17117 hence modifier for 2;;'5;{31 Sair?ce, breast
Seismic earth pressure (pag) 197.48 296.21 wingwalls is assumed 1.0 \é\gaslilg?]nd backwall
Liveload surcharge(LS) 10711 16.06 '
Earth surcharge(ES) 9.98 1497
Inertial force mass (pig) 15.03 22.54
a. Load Combinations:
STRENGTH - 1
Load factor Factored Loads
Loads Force, kN Moment,KN*m
max min max min max min
1.5 0.9 EH 171.17| 102.70| 256.76| 154.05
1.75 0 LS 18.74 0.00] 28.11 0.00
1.5 0.75 ES 14.97 7.48| 22.45| 11.23
Total| 204.88| 110.19| 307.32| 165.28
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EXTREME EVENT -1 : CASE1 (100% Pag + 50% Pir )
Factored Loads
Load factor Loads Force, kKN Moment,KN*m
max min max min max min
1 0 PaE 197.48 0.00| 296.21 0.00
0.5 0 LS 5.35 0.00 8.03 0.00
1.5 0.75 ES 14.97 7.48| 22.45| 11.23
1 0 50%pir 7.51 0.00{ 11.27 0.00
Total| 225.31 7.48| 337.97| 11.23
EXTREME EVENT - 1 : CASE 2 (50% Pae +100% Pir )
Verification: if 50%P e < Pa, use Pa, else use 50% P g
Force, kN Moment, kN*m
50 P - 98.74 509 P 148.107]| 1 o> 2020 PAE
Pa=EH= 114.11 Pa=EH= 171.17 I(3=EH), therefore use
a.
Factored Loads
Load factor
Loads Force, kN Moment,KN*m
max min max min max min
1.0 0 EH 114.11 0.00| 171.17 0.00
0.5 0 LS 5.35 0.00 8.03 0.00
1.5 0.75 ES 14.97 7.48| 22.45| 11.23
1.0 0 Pir 15.03 0.00| 22.54 0.00
Total| 149.46 7.48| 224.19| 11.23
SERVICE- 1
Factored Loads
Load factor
Loads Force, kN Moment,KN*m
max min max min max min
0 EH 114.11 0.00| 171.17 0.00
0 LS 10.71 0.00| 16.06 0.00
1 0 ES 9.98 0.00{ 14.97 0.00
Total[ 134.80 0.00{ 202.20 0.00
b. Determine the governing design forces:
Load Combination: EXTREME EVENT | (CASE 1) «The load
combinations show
Shear Force = 225.31 kN Euent 1 coase 1) i
Moment = 337.97 kN-m the critical load case.
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c. Verification of flexural resistance

Section is safe in flexure!!!

Moment demand, Md = 337.97 kNm
Main reinf. (inner face/horizontal), dbl Abl= 491 mm? 25 mm
Secondary reinf. (outer face/hor'l and vertical), db2 Ab2= 201 mm? 16 mm
conc. cover, cc 75 mm
concrete compressive strength, f'c 28 MPa
yield strenght of steel, fy 415 MPa
thickness of wall, tww 700 mm
unit width of wall, bv 1000.0 mm
Height of wall, Ha 7000.0 mm
Length of wall, Lww 3000.0 mm
Minimum reinforcement
Mer = Y3 (Y1 f;)S,
where:
fr= 333 MPa (fr=0.63*fc)
Y= 1.6 *for all other concrete
Y= 0.67 *for A615, 414MPa steel
Sc = 1/6(bt"2) Section modulus
S.=  (bv*tww”2)/6
S.=  81,666,666.7 mm®
Mer = Y3 (Y1 f)S, = 291.88 KkN-m
Mu_min 1.33*Md = 449.50 kN-m
Condition: if Md > (min (Mcr, Mu_min), Md, (min (Mcr,Mu_min))
Therefore, Md = 337.97 kN-m
Computation for main reinforcement
effective de = tww-cc-1/2 main reinf de= 613 mm
m1=0.85*f'c/fy= ml 0.057
m2=2/(0.85*f'c)= m2 0.084 mm%IN
Rn= Md/(@ bv*de”2) Rn= 1.001 Mpa
p = ml*(1-sqrt(1-m2*Rn)) = p= 0.002465
As =p * bv *de = As = 1509.785 mm?
S =Ab1*bv/As S= 325 mm
Try :say S_prov = S_prov = 250 mm
As_prov =Ab1*bv/S_prov As_prov 1963 mm?
B= B= 0.85
c=As_prov *fy/0.85*f c*B*bv c= 40.26 mm
a=c*fl = a= 34.22 mm
Mn =(As_prov*fy)(de-a/2) = Mn = 484.9 kKN-m
Check net tensile strain, &t
et =0.003*((de/c)-1) = gt= 0.043 >0.005
Tension Controlled!!!, Reduction factor =0.9
Ultimate moment capacity of section, @M, @Mn = 436.4 kN-m
cld = 1.29

* per Im-width
design

*DGCS 12.4.3.3
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Control of cracking by distribution of reinforcement

Note: This provision applies to all members when tension in the cross section exceeds
the 80% of the modulus rupture @ applicable service limit load combination.

Moment demand at Service 1 Ms= 202.2 kN-m
fr = 0.52%Vf'c fr= 2.75 MPa

80%fr = 2.20 MPa
fss = Ms/Sc fss= 2.48 MPa

Section 12.4.3.4 need to satisfy!!!

Es=  Modulus of elasticity of reinf. Es= 200,000.00 MPa
Ec = Modulus of elasticity of concrete Ec= 27,000.00 MPa
n= modular ratio 7.41

n*As= transformed area of reinforcement n*As= 14,537 mm?
de= effective de de= 613 mm
bv=" unit width bv= 1,000 mm

Determine N.A. Gen. Eq. : 1/2 *bv *x? = nAs*(de-x)
X= 120 mm
j*de=de- (x/3) = 572.6 mm
Actual fg = Mservice 1 /(As j.de) = 179.94 MPa

where
Y, = 1.0 for class 1 exposure Y= 1
d. = conc cover to centroid of main bars de = 87.5 mm
h= thickness of wall, tww
s = tensile stress of reinf at service limit = Mservice 1/Asjd

Bs=1+ d./(0.7 (h—dc)) Bs= 1.204

The spacing shall satisfy: Eq 12.4.3.4-1
S S123000)/9/ﬁsfss_ch S= 392.7 mm

S_prov=" 250.0 mm
Section 12.4.3.4 satisfied!!!

The following shall be satisfied:

Commentar

*DGCS 124.3.4

* DGCS 12.1.1.6

* DGCS 12.1.1.6

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project

(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



7-39

BSDS DESIGN STANDARD GUIDE MANUAL I

Allowable fi = 123000*Ye/(Bs(S_prov + 2*d.)) 240.4 |>Actual s =

Section 12.4.3.4 satisfied!!!

< 0.6fy =

Section 12.4.3.4 satisfied!!!
Therefore using 25mm diam @ 250 is adequate

Check for minimum spacing of reinforcement.

For cast in place concrete, clear distance between paraller bars in a layer shall not be less than:

« 1.5 x nominal diam of bars = 375 mm  satisfied the required min. spacing!!!
« 1.5 maximum size of aggregates = 375 mm  satisfied the required min. spacing!!!
* 38mm = 38 mm satisfied the required min. spacing!!!

Check for maximum spacing of reinforcement (for walls and slabs)

» 5<15xt
+ 450mm

d. Verification of shear resistance
3 procedures of determining shear resistance:
= Simplied procedure for non-prestressed sections
» General procudure <<<< this procedure is applicable for design of wingwall
= Simplied procedure for prestressed and prestressed sections

Shear demand, Vd = 225.31
Nominal shear resistance, Vn= min (Vnl, Vn2)
where :
Vnl=Vc + Vs
Ve = 0.083*B(Vfe)by dv
Vs = [Av¥fy*dv*(cot 0 + cot a)*sina]
s
Vn2 = 0.25*f'c*bv*dv

de= 613 mm
dvl = (de-a/2) 595 mm
dv2= 0.9 x de 551 mm
dv3= 0.72tww 504 mm
dv= 595 mm
Calculate for B:
B = 48 51 DGCS Eq 12.5.3-2
(1+750&) (3945y,) B in english units
where :
My
~ (d—u+0.5Nu+|Vu—Vp|—Ap5fpo)
§ (EsAg+EpAps)

1050 mm  satisfied the required max. spacing!!!
450 mm  satisfied the required max. spacing!!!

179.94

249

kN

Commentar

* DGCS 12.7.3.1

* DGCS 12.7.3.2

*DGCS 12.53.2

* DGCS 12.53.3.2
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Mu=  337.97 kN-m
dv= 0.595 m
Nu = 0.00 kN (note: consider no vertical axial action on wall)
W= 225.31 kN
Es= 200,000,000.00 kN/m"2
As= 0.001963  m"?2
Mu > Vu*dv OK!
EpAps =
Apsfpo=
Vp =
Sxe = Sx *(35/ag + 16)
where :
ag =size of aggregates 20 mm
Sx =dv 595 mm
Sxe = 578.851 mm 300mm<Sxe<2025mm limit to min.: OoK!!!
&= 0.0020 limit to max.: oK!!
p= 1.575
Therefore:
Vo= 0.083*p(Vf'c)by dv = 411.89 kN
Vs= 0.00 kN Assume no transverse reinf.
Vnl=Vc+Vs 411.89 N
Vn2 = 0.25*%f'c*hv*dv = 4,167.7 kN
Vh = min (Vnl, Vn2) = 411.9 kN
Ultimate shear resistance, @Vh = 370.7 kN
Shear demand, Vd = 225.31 kN
cld= 1.65

Section is safe in shear!!!

e. Verification of interface shear resistance
Investigate the interface shear resistance between breast wall and wing wall

\ shear transfer DGCS 12.5.5

Shear demand, Vd = Vui Wui= 22531 kN
Nominal interface shear resistance, ~ Vhi
Factored interface resistance, Vi = @Vhi

Vii > Vui

Commentar

* DGCS 12.5.5
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Commentar

where :
Vhi=c Ay + 1 (Asfy + Pp)
Vni < min (Kif'c Ay, K2 Aw)
A, = areaof concrete cosidered to be engaged in interface 529,500 mm?
shear transfer, mm?
bvi I—vi
byi= interface width considered to be engaged in shear 529.5 mm
transfer, mm
tww - 2x cc-1/2(db1)-1/2(db2)*bv
L= interface length considered to be engaged in shear 1000.0 mm
transfer, = bv, mm
A = area of shear reinf. crossing the shear plane witihin the 2766 mm?
area of Ay, mm?
inner face = A prov = 1963 mm?
outer face = Ab2*bv/S_outerface 803.84 mm?
Note: area of outer face to be confirmed, see Shrinkage
/Temp bars computations.
try S_.outerface = 250 mm DGCS 12.5.5.2
= cohesion factor, MPa 1.7 MPa
M= friciton factor, MPa 1
= yield strength of reinf. not to exceed 60MPa 415 MPa
P.= permanent net compressive normal to the shear plane; if 0.0 kN
force is tensile, P.=0.0kN
fo= compressive strength of the weaker concrete either side 28 MPa
of the interface, MPa
K= fraction of concrete available to resist interface transfer 0.25
shear,
K= limiting interface shear resistance 10.3 MPa
Vni=c Ay + 1L (Axfy + P) 2048 kN
Vnl =K;f'c Ay 3,707 kN
Vn2 = K; A 5,454 kN
Therefore, Vni = 2048 kN
Factored interface resistance, Vri = @Vni= 1843.363 kN
Shear demand, Vd = Vui Vui = 225.31 kN
c/d= 8.18
Section is safe in interface shear!!!
Minimum area of interface shear *DGCS 12.5.5.3
As>  0.35A/fy = 446.57 mm?
satisfied the required min. areal!!
f. Verification of shrinkage and temperature reinforcement *DGCS 12.7.8
Ast = 0.75(bxh)/2(b+h)fy
Limitations: 0.223<Ast<1.27
where:
b = least width of component section, mm 7000.0 mm
h=Ieast thickness of component section, mm 700.0 mm
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Ast= 0.575 mm¥/mm
Limitations: 0.223<Ast<1.27
therefore, Ast= 0.575 mm?/mm each face/each direction
dbl = 16 mm
Abl= 201 mm’
= Abl/ Ast
= 349.479 say Sprov=" 250 mm
checking: Ast= AbLS prov= 0.80384 mm?/mm
Use: 16 mm
where Spacing S is: @  outer face/bothway

+ S should not be greater than 3 X thickness, or 450mm
» Sshould not be greater than 300 for walls and footings > 450mm.  satisfied the required min. spacing!!!
+ S should be 300mm for other components > 900mm thick.

satisfied the required min. spacing!!!

g. Development length of the reinforcement.

Development length of bars under tension.

' Ab lap Modification Modification .
sizes factors(MF) that | factors(MF) that
mm’ mm increase Id decrease |4 mm

36 |1017.36 1596

25 490,625 | 0.02*Ab*fyAfe 770| Note: factors are 616

28 | 615.44 OR 965| not applicable in | see below factors

20 | 314 |.06d,fy-minimum|  498| this exercise

16 | 200.96 398 319
fy= 415 MPa  Note:  (a) Reinforcement being developed in the length under consideration space
fc= 28 MPa laterally not less than 150mm ¢ to ¢ and not less than 75mm clear cover

[d =300mm minimum
MF = As_req'd/As_prov

measured in the direction of the spacing. , MF =0.8

(b) Anchorage or development for the full yield strength of reinf. is not

required or where reinf. in flexural is in excess of that required by analysis.

(c) Reinf. is enclosed within a spiral composed of bars of not less than 6mm

in diam and spaced at not more than a 100 mm pitch. MF = 0.75

Commentar

DGCS 12.8.2.1

7.6.4 Design Part "'B"

Summary of unfactored loads
Loads Force, kN Moment,kN*m
Earth pressure (EH) 102.04 114.80
Seismic earth pressure (pae) 176.59 198.66
Liveload surcharge(LS) 8.03 9.04
Earth surcharge(ES) 7.48 8.42
Inertial force mass (pig) 7.51 8.45

a. Load Combinations:

*The following
sections only
summarize the load
combinations and
governing forces for
Parts "B" and "C" of
the wing wall. The
design analysis is
skipped since the
design approach is
similar to Part "A" . By|
inspection the
governing design
forces of Part "A"is
relatively larger than
design forces for Part

"B"and "C".
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STRENGTH - 1 For detailing
Factored Loads purposes, adopt
Load factor Loads Force KN omen KN the design results
- —— el of Part "A".

max min max min max min

1.5 0.9 |EH 153.07 91.84] 172.20| 103.32
1.75 0 LS 14.06 0.00] 15.81 0.00
1.5 0.75 |ES 11.23 5.61| 12.63 6.31

Total| 178.35| 97.45 200.64( 109.63

EXTREME EVENT -1 : CASE 1 (100% Pag + 50% Pig )

Factored Loads
Load factor
Loads Force, kN Moment,kN*m
max min max min max min
1 0 Pae 176.59 | 0.00 | 198.66 | 0.00
0.5 0 LS 4.02 0.00 4,52 4,52
1.5 0.75 ES 11.23 5.61 12.63 12.63
1 0 50%pr | 3.76 0.00 4.23 4.23
Total| 195.59 5.61( 220.04 21.37

EXTREME EVENT - 1: CASE 2 (50% Pag +100% P\r )
Verification: if 50%P g < Pa, use Pa, else use 50% Pag

Force, kN Moment, KN*m
50% Pag - 88.29 50% Pag-= 99.33
Pa=EH = 102.04 Pa=EH=  114.80
« It shows 50% PAE
Load factor Factored Loads is_ lesser than Pa
Loads Force, kN Moment,KN*m E’_aEH)’ therefore use
max | min max | min | max min '
1.0 0 EH 102.04 0.00| 114.80 0.00
0.5 0 LS 4.02 0.00 4.52 0.00
15 0.75 ES 11.23 5.61f 12.63 6.31
1.0 0 Pir 7.51 0.00 8.45 0.00
Total| 124.80 5.61| 140.40 6.31

SERVICE- 1
Factored Loads
Load factor Loads Force, kN Moment,kKN*m
max min max min max min
0 EH 102.04 0.00( 114.80 0.00
0 LS 8.03 0.00 9.04 0.00
1 0 ES 7.48 0.00 8.42 0.00
Total| 117.56 0.00 132.26 0.00
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7.6.5 Design Part "C"

Summary of unfactored loads
Loads Force, kKN Moment,kN*m
Earth pressure (EH) 131.67 148.13
Seismic earth pressure (pag) 227.86 256.34
Liveload surcharge(LS) 8.03 9.04
Earth surcharge(ES) 7.48 8.42
Inertial force mass (pig) 7.51 8.45

a. Load Combinations:

STRENGTH - 1
Factored Loads
Load factor
Loads Force, kN Moment,KN*m
max min max min max min
1.5 0.9 |EH 197.51| 118.50| 222.19| 133.32
1.75 0 LS 14.06 0.00{ 15.81 0.00
15 0.75 |ES 11.23 5.61| 12.63 6.31
Total| 222.79| 124.12 | 250.64| 139.63

EXTREME EVENT - 1: CASE 1 (100% Pag +50% P\r )

Factored Loads

Load factor
Loads Force, kN Moment,KN*m
max min max min max min
1 0 Pae 227.86 | 0.00 | 256.34 0.00
0.5 0 LS 4.02 0.00 4,52 4,52
15 0.75 ES 11.23 5.61 12.63 12.63
1 0 50%pr | 3.76 0.00 4.23 4,23

Total| 246.86 5.61| 277.71 21.37

EXTREME EVENT - 1: CASE 2 (50% Pag +100% Pir )
Verification: if 50%Pag < Pa, use Pa, else use 50% Pag

Force, kN Moment, kN*m
50% Pag-= 113.93 50% Pae-=  128.17 o It shows 50% PAE
Pa=EH = 131.67 Pa=EH = 148.13 is lesser than Pa
(=EH), therefore use
Factored Loads e
Load factor Loads Force, kN Moment,kN*m
max min max min max min
1.0 0 EH 131.67 0.00{ 148.13 0.00
0.5 0 LS 4.02 0.00 4.52 0.00
1.5 0.75 ES 11.23 5.61| 12.63 6.31
1.0 0 Pir 7.51 0.00 8.45 0.00
Total| 154.43 5.61| 173.73 6.31
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SERVICE- 1
Load factor Factored Loads
Loads Force, kN Moment,KN*m
max min max min max min
1 0 EH 131.67 0.00| 148.13 0.00
1 0 LS 8.03 0.00 9.04 0.00
1 0 ES 7.48 0.00 8.42 0.00
Total| 147.19 0.00| 165.58 0.00

7.6.6 Wing wall details

s
i N-s16 ® 300
! [ S1—e28 @ 300
Pl L L T o928 @ 300
— ‘ L 2000 002300 * Typical details of
#16 @ 300 — i \\__628 © 300 Wlng wall.
‘ y 516 @ 300 — @16 ® 300
_— I [™SN——d—s16 @ 300 216 @ 300 / /"
°16 @ 300 ' /
‘ zani RN IE
| (L
. 3 VoV e
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J\\
> Nh
— L - I J E— l ! J m SECTION ——FOOTING
i i
i i - SCALE 120
L= L= w
/T\\ WINGWALL ELEVATION REINFORCEMENT DETAIL
/| scae 130
Y

7.7 DESIGN OF PILE CAP

7.7.1 Determine the applicable loads calculated from section 7.3 Geometry and Load
Calculations

1. Permanent loads

Dead load rection force of the superstructure, DC 1 2800 kN *Note: Loads
considering full

length of abutment
Dead load from self weight, DC 2

a) Weight of backwall, DC 2.1 328 kN
b) Weight of corbel, DC 2.2 44.10 kN
¢) Weight of breast wall, DC 2.3 3780 kN
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d) Weight of footing, DC 2.4
e) Weight of wingwalls, DC 2.5
f) Weight of approach slab, DC 2.6

Vertical pressure from dead load of earth fill, EV
Deadload of wearing surfaces and utilities, DW
Horizontal earth pressure load, EH (=P »)

Earth surcharge load, ES

2. Braking force, BF

3. Earthquake force, EQ
Seismic active earth force, P ae
Seismic inertial force, P g
a) kh * Backwall
b) kh * Corbel
¢) kh * Breast wall
d) kh * Footing
e) kh *Wing walls
f)kh *Approach slab
g)kh * Soil

4. Vehicular live load
5. Live load surcharge, LS
6. Friction load, FR
a) Strength 1
- at maximum condition
- at minimum condition
b) Extreme event 1
- at maximum condition
- at minimum condition
¢) Service 1
- at maximum condition
- at minimum condition
7. Stream Flow, WA
Water load and stream pressure, WA
a) Water load due to OWL, WA 1
b) Water load due to DFL, WA 2

3528 kN
977.76 kN
403.20 kN

5985.0 kN
150 kN
4430.80 kN
373.12 kN

110 kN

7655.38 kN

86.81 kN
11.69 kN
1001.70 kN
934.92 kN
259.11 kN
106.85 kN
1586.03 kN

750 kN

450.46 kN

755.63 kN

392.63 kN

615 kN
392.63 kN

555 kN

1442.07 kN
3965.69 kN

Commentar

7.7.2 Determine the load combinations with applied load modifiers and load factors.

Load modifier for maximum values, 1;

Load modifier for minimum values, 1
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Load Combination: STRENGTH 1
*Application of
modifiers are similar
Load Factor Unfactored load, kN Lever Factored to backwall.
Load arm Axial force, KN | Shear force, KN | Moment, kN-m . .
max min Type Hor'l Vert'l (m) *Modifier, ni
max min max min max min | 0o 2 1.05
1.25 0.90 DC 1 0.00 |2800.00| 0.80 |3500.00|2520.00] 0.00 0.00 |2800.00(2016.00 Il? i igg
1.25 0.90 | DC21| 0.00 327.60 | -0.28 [ 409.50 | 294.84 0.00 0.00 |-114.66| -82.56 ?ér Hwax. valués
1.25 0.90 | DC2.2| 0.00 44,10 -0.68 55.13 | 39.69 0.00 0.00 -37.49 | -26.99 1)i = 1/(1.05x1.0xL.0)
1.25 090 | DC23| 0.00 |3780.00f 0.50 ([4725.00(3402.00( 0.00 0.00 |2362.50|1701.00 I]i:l.05
1.25 0.90 | DC24| 0.00 |3528.00f 0.00 |4410.00]3175.20| 0.00 0.00 0.00 0.00 for min values
1.25 0.90 | DC25| 0.00 977.76 | -2.00 [1222.20| 879.98 0.00 0.00 | -2444.40 | -1759.97 i 1/(1.05x1.0x1.0)
1.25 090 | DC26| 0.00 403.20 | -0.68 | 504.00 | 362.88 0.00 0.00 |-342.72|-246.76 1=0.95
1.35 1.00 EV 0.00 |5985.00| -2.00 |8079.75]5985.00| 0.00 0.00 |-16159.50(-11970.00
1.50 0.65 DW 0.00 150.00 0.80 225.00 | 97.50 0.00 0.00 180.00 | 78.00
1.50 0.90 EH |4430.80| 0.00 4.00 0.00 0.00 |6646.20|3987.72 | 26584.82 | 15950.89
1.50 0.75 ES 373.12 | 0.00 6.00 0.00 0.00 | 559.68 | 279.84 | 3358.08 | 1679.04 o
FR | 000 [ 000 | 950 | 0.00 | 0.00 | 755.63 | 392.63 |7178.44(3729.94 ;:\éogf;e';gcgjgagferges
1.75 0 LL 0.00 | 750.00 | 0.80 |1312.50| 0.00 0.00 0.00 |1050.00| 0.00 on sectionyGeometry
1.75 0 BR | 110.00 | 0.00 | 12.00 | 0.00 | 0.00 |192.50 | 0.00 |2310.00| 0.00 | and [oad
1.75 0 LS | 45046 | 000 | 6.00 | 0.00 | 000 | 78831 | 0.00 [4729.88| 0.00 | calculation.
1.00 0 WA 2 0.00 |-3965.69| 0.00 |-3965.69| 0.00 0.00 0.00 0.00 0.00
(Strength 1) Design load: | 21501.25 | 15919.24 | 9389.44 | 4427.18 | 33027.70 | 10515.17

Load Combination:
Load Combination:

EXTREME EVENT I
EXTREME EVENT I (CASE 1) (Casel: 100% Pat + 50% Pir)

*Note: Friction forces

are already factored

on section Geometry

and Load

Calculation.

*Modifier, ni

nNi= 1.00

Load Factor Load Unfactored load, kN | Lever Factored
_ Tvoe Hor'l | vert arm Axial force, KN | Shear force, kKN | Moment, kKN-m
max min P (m) max min max min max min
1.25 0.90 | DC1 [ 0.00 [2800.00] 0.80 [3500.00{2520.00] 0.00 0.00 |2800.00{2016.00
1.25 0.90 | DC2.1| 0.00 | 327.60 | -0.24 | 409.50 | 294.84 | 0.00 0.00 | -98.28 | -70.76
1.25 0.90 |DC22| 0.00 | 44.10 | -0.68 | 55.13 | 39.69 | 0.00 0.00 | -37.49 | -26.99
1.25 0.90 | DC2.3| 0.00 [3780.00] 0.50 [4725.00{3402.00| 0.00 0.00 |2362.50{1701.00
1.25 0.90 | DC24| 0.00 [3528.00] 0.00 [4410.00{3175.20] 0.00 0.00 0.00 0.00
1.25 0.90 | DC25| 0.00 |977.76 | -2.00 [1222.20| 879.98 | 0.00 0.00 | -2444.40 | -1759.97
1.25 0.90 | DC2.6| 0.00 |403.20| -0.68 | 504.00 | 362.88 | 0.00 0.00 |-342.72 |-246.76
1.35 1.00 EV 0.00 |5985.00( -2.00 |8079.75]5985.00| 0.00 0.00 |-16159.50(-11970.00
1.50 0.65 DW 0.00 | 150.00 | 0.80 | 225.00 | 97.50 | 0.00 0.00 | 180.00 | 78.00
1.50 0.75 ES | 37312 0.00 6.00 0.00 0.00 | 559.68 | 279.84 |3358.081679.04
0.50 0.0 LL 0.00 | 750.00 | 0.80 | 375.00] 0.00 0.00 0.00 | 300.00 [ 0.00
0.50 0.0 BR | 110.00 [ 0.00 | 12.00 | 0.00 0.00 | 55.00 [ 0.00 | 660.00] 0.00
0.50 0.0 LS |450.46 | 0.00 6.00 0.00 0.00 | 225.23 | 0.00 [1351.39| 0.00
FR 0.00 0.00 9.50 0.00 0.00 | 615.00 | 392.63 |5842.503729.94
1.00 0.0 WA1 | 0.00 |-144207| 0.00 |-1442.07| 0.00 0.00 0.00 0.00 0.00
1.00 0.0 Pae |7655.38]| 0.00 4.00 0.00 0.00 | 7655.38 [ 0.00 |30621.52| 0.00
1.00 0.0 |50%Pj a| 86.81 | 0.00 | 10.75 [ 0.00 0.00 | 43.41 [ 0.00 | 466.63 | 0.00
1.00 0.0 |[50%Pg b| 11.69 | 0.00 | 11.40 [ 0.00 0.00 5.84 0.00 | 66.61 [ 0.00
1.00 0.0 [50%Pir ¢[1001.70| 0.00 5.75 0.00 0.00 | 500.85 | 0.00 [2879.89| 0.00
1.00 0.0 [50%Pi d| 934.92 | 0.00 1.00 0.00 0.00 | 467.46 | 0.00 | 467.46 | 0.00
1.00 0.0 |50%Pir e 259.11 | 0.00 6.85 0.00 0.00 | 12955 [ 0.00 | 887.44] 0.00
1.00 0.0 |50%P f| 106.85| 0.00 | 11.83 [ 0.00 0.00 | 53.42 [ 0.00 |632.00] 0.00
1.00 0.0 |50%Pir g/ 1586.03] 0.00 | 10.00 [ 0.00 0.00 | 793.01[ 0.00 [7930.13] 0.00
(Extreme Event 1-Casel) Design load: | 22063.51 [ 16757.09 | 11103.84 | 672.47 | 41723.77 | -4870.50
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Load Combination; EXTREME EVENT | (CASE2)  (Case2: 50% Pae + 100% Pjg)
However, if 50% Pag < Pa, Use Pa, else use 50%P,e ~ Verification: 50% Py = 3827.69
Po=EH = 4430.80 > 50% Pag therefore use EH
Load Factor | | ggg |Unfactored oad kN | Lever Factored
: Type | Horl | Vertl arm | Axial force, KN | Shear force, KN | Moment, KN-m
max | min M | max | min | max | min | max [ min
125 | 090 | DC1 | 0.00 [2800.00] 0.80 |3500.00(2520.00] 0.00 | 0.00 {2800.00]2016.00
125 | 090 |DC21| 0.00 |327.60| -0.24 | 409.50 | 294.84 | 0.00 | 0.00 | -98.28 | -70.76
125 | 090 |DC22| 0.00 [ 11.69 | -0.68 | 14.61 | 1052 | 0.00 | 0.00 | -9.93 | -7.15
125 | 090 |DC23| 0.00 [3780.00] 0.50 |4725.00(3402.00] 0.00 | 0.00 [2362.50]1701.00
125 | 090 |DC24| 0.00 [3528.00] 0.00 |4410.00(3175.20] 0.00 | 0.00 | 0.00 | 0.00
125 | 090 |DC25| 0.00 |977.76 | -2.00 |1222.20| 879.98 | 0.00 | 0.00 |-2444.40] -1759.97
125 | 090 |DC26| 0.00 |40320| -0.68 | 504.00 | 362.88 | 0.00 | 0.00 |[-342.72|-246.76
135 | 100 EV | 0.00 [5985.00] -2.00 |8079.75(5985.00] 0.00 | 0.00 |-16159.50]-11970.00
150 | 065 | DW | 0.00 |150.00| 0.80 | 225.00| 97.50 | 0.00 | 0.00 | 180.00| 78.00
150 | 0.75 ES |373.12| 0.00 | 6.00 | 0.00 | 0.00 | 559.68 | 279.84 [3358.08|1679.04
050 [ 0.0 LL 0.00 | 750.00| 0.80 |375.00| 0.00 | 0.00 | 0.00 |300.00]| 0.00
050 [ 0.0 BF |110.00| 0.00 | 12.00 | 0.00 | 0.00 | 55.00 | 0.00 | 660.00 | 0.00
050 [ 0.0 LS |45046| 000 | 6.00 | 0.00 | 000 |225.23| 0.00 [1351.39] 0.00 || *Note: Friction forces
FR [ 000 [ 000 [ 950 | 000 | 0.00 [ 615.00] 39263 [5842.50(3729.94] & already factored on
section Geometry and
1.00 | 0.00 | WAL | 0.00 |-1442.07| 0.00 |-144207| 0.00 | 0.00 | 0.00 | 0.00 | 0.00 || Load Calculation.
1.00 | 0.00 EH [4430.80{ 0.00 | 4.00 | 0.00 | 0.00 [4430.80] 0.00 |1772321| 0.00
100 | 000 | Pra | 86.8L | 000 | 10.75 | 0.00 | 0.00 | 86.81 | 0.00 | 93325 | 0.00
100 | 000 | Pgb | 1169 | 0.00 | 1140 | 0.00 | 0.00 | 11.69 | 0.00 | 13323 | 0.00
100 | 0.00 | Prec |1001.70] 0.00 | 575 | 0.00 | 0.00 |100L.70| 0.00 |5759.78 | 0.00
100 | 0.00 | Prd |93492| 000 | 2.00 | 0.00 | 0.00 |93492| 0.00 | 93492 | 0.00
100 | 000 | Pgre | 259.11| 0.00 | 6.85 | 0.00 | 0.00 |259.11| 0.00 |177488| 0.00 || *Modifier, ni
1.00 | 000 | Pgf |10685| 0.00 | 11.83 | 0.00 | 0.00 | 106.85| 0.00 | 126401 | 0.00 | Hi= 1.00
1.00 | 000 | Prg |1586.03] 0.00 | 10.00 | 0.00 | 0.00 |1586.03] 0.00 |15860.25| 0.00
(Extreme Event 1-Case 2) Design load: | 22022.99 | 16727.92| 9872.82 | 672.47 | 42183.17 | -4850.66
Load Combination: SERVICE 1
Load Factor Unfactored load, kN Lover Factored
Load arm | Axial force, KN | Shear force, KN | Moment, KN-m
| Type | Horl | Vertl
max | min (m) - . .
max | mn | max [ min | max | min
1.00 | 0.00 | DC1 | 0.00 (2800.00| 0.80 {2800.00( 0.00 | 0.00 [ 0.00 |2240.00| 0.00
100 | 000 |DC21| 0.00 |327.60| -0.24 | 32760 0.00 | 0.00 [ 0.00 | -78.62| 0.00
1.00 | 000 |DC22| 0.00 | 4410 | -0.68 | 44.10 | 0.00 | 0.00 [ 0.00 | -29.99 | 0.00
100 | 0.00 |DC23| 0.0 [3780.00{ 0.50 (3780.00( 0.00 | 0.00 [ 0.00 |1890.00| 0.00
1.00 | 0.00 |DC24| 0.00 [3528.00/ 0.00 (3528.00( 0.00 | 0.00 [ 0.00 | 0.00 | 0.00
100 | 000 |DC25| 0.00 |977.76| -2.00 | 977.76 | 0.00 | 0.00 [ 0.00 |-195552| 0.00
1.00 | 0.00 |DC26| 0.00 |403.20| -0.68 |403.20| 0.00 | 0.00 [ 0.00 |-274.18| 0.00
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Load Factor » Unfactored load, kN Lover Factored
0d arm | Axial force, kN | Shear force, KN | Moment, kN-m
. Type | Hor'l | Vertl
max | min (m) . , .
maXx min maXx min maXx min
1.00 | 0.00 EV 0.00 [5985.00| -2.00 {5985.00| 0.00 | 0.00 | 0.00 |-11970.00[ 0.00
100 | 0.00 | DW | 0.00 [ 150.00| 0.80 | 150.00 ( 0.00 | 0.00 | 0.00 | 120.00 | 0.00
1.00 | 0.00 EH 4430.80| 0.00 | 4.00 | 0.00 | 000 |4430.80| 0.00 [17723.21( 0.00
1.00 | 0.00 ES |[37312| 0.00 | 6.00 | 000 | 0.00 |373.12| 0.00 |2238.72| 0.00
FR 0.00 | 000 | 950 [ 0.00 | 0.00 |555.00| 0.00 [5272.50| 0.00
1.00 | 0.00 LL 0.00 | 750.00 | 0.80 | 750.00| 0.00 | 0.00 | 0.00 | 600.00| 0.00
1.00 | 0.00 BR | 110.00 ( 0.00 | 12.00 | 0.00 | 0.00 | 110.00| 0.00 |1320.00( 0.00
1.00 | 0.00 LS |[45046( 0.00 | 6.00 | 000 | 0.00 [450.46| 0.00 |2702.79| 0.00
1.00 | 0.00 | WALl | 0.00 |-144207| 0.00 |-144207| 0.00 | 0.00 | 0.00 | 0.00 [ 0.00
(Service 1) Design load:| 1730359 0.00 [5919.39| 0.00 |19798.91| 0.00
Summary of Load Combinations:
STRENGTH | EXTREME EVENT 1 (CASE 1)

Axial force (kN) | Shear Force (kN) [ Moment (kN-m) | Axial force (kN) |Shear Force (kN) | Moment (kN-m)
max min max min max min max min max min max min
21501.25 | 15919.24 | 9389.44 | 4427.18 | 33027.70 | 10515.17 | 22063.51 | 16757.09 | 11103.84 | 672.47 | 41723.77 | -4870.50

EXTREME EVENT 1 (CASE 2) SERVICE 1
Axial force (kN) | Shear Force (KN) [ Moment (kN-m) | Axial force (kN) |Shear Force (kN) | Moment (kN-m)
max min max min max min max min max min max min
22022.99 | 16727.92 | 9872.82 | 672.47 | 42183.17 | -4850.66 | 17303.59 5919.39 19798.91

Commentar

*Note: Friction forces
are already factored on
section Geometry and
Load Calculation.

*Modifier, ni

Ni= 1.00

*The summary of load
combinations show
that the Extreme Event
1 (Case 2) is the
critical load case.

7.7.3 Determine the governing design forces

Load Combination: EXTREME EVENT | (CASE 2)

Axial force(min) = 16727.92 kN
Axial force(max)=22022.99 kN

Shear Force =
Shear Force =
Max. Moment =

9872.82 kN

11103.84 kN €<—— Obtain from Case 1 which is slightly larger
than Case 2.

42183.17 kN-m

*Note: Analysis shall
be evaluated both
Pmax and Pmin. Pmin
can be critical in the
pull-out or tension
action.
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Commentar

No.of [Mom. of Dist. from
Determination of pile reactions pilesfrow | Inertia | N.A.
Row 1| 3 12 2
*Modified stress formula for piles Row2[ 3 12 2
, I=| 24 |m*
F=P/N+(Mc)/I (+) For Compression
(=) For Tension
Design moment, Mu 42183.17 kN-m Row|2 Row |1
Distance of neutral axis to piles, ¢
Forrow 1, C; 2 m a=c= 15m 1
For row 2, C, 2 . m wftg = 7m | |
Moment of Inertia, | 24 L= 105m
Number of piles, N 6
Reaction per pile:
(@Axial min. )for piles at row 1, (F;)  -727.28 kN Governs!!! 3
(@Axial max. Yfor piles at row 1, (F))  155.23 kN ;
(@Axial min.)for piles at row 2, (F,) 6303.25 kN .
(@Axial max.)for piles at row 2, (F,) 7185.76 kN Governsi!! FILECAP PLAY
NOTE: For verification, the reactions from pile group analysis may be compared to
the reactions obtained from section 7.8 Design of Piles analysis and use the
conservative values for design of pile cap.
7.7.4 Verification of flexural resistance
Determine design moment for compression side (to design bottom bars)
Passive soil above footing 10 m (estimated depth)
Weight of soil above toe 399 kN
Weight of toe 1008 kN
Number of piles at row 2 3
Total reaction force from piles in row 2 21557.29 kN (@ compression)
Distance of piles from face of column 05 m
Design moment for hottom bars 9371.64 kN-m

Determine design moment for tension side (to design top bars bars)

Height of soil above heel 0 m
Weight of soil above heel 5985 kN
Weight of heel 1512 kN
Number of piles at row 1 3

Total reaction force from piles in row 1 -2181.83 kN
Distance of piles in row 1 at face of column 15 m
Design moment for top bars -14518 kN-m

(@ tension)
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Design for hottom bars

Demand moment for bottom bars
Concrete cover

Pile embedment

Diameter of reinforcing bar
Diameter of shrinkage bar
Diameter of cross ties

Effective depth of concrete
Length to be considered

Overall thickness of component

Minimum reinforcement

Flexural cracking variability factor, ¥,
Ratio of specified min. to ult. tensile strength of steel, v;
Modulus of rupture, f,
Section modulus, S
Cracking moment, M
‘Mo=y3(yrfr) Sc
Mu_min 1.33*Md =
Design moment for bottom bars

Steel ratio

B, Coefficient Criterion:
the factor B, shall be taken as 0.85 for concrete strengths not
exceeding 28MPa. For concrete strength exceeding 28MPa,
B, shall be reduced at a rate of 0.05 for each 7MPa strength
excess of 28MPa but not less than 0.65

For required steel ratio, p

Computation for main reinforcement

Required steel area

Required spacing

Provided steel for bottom bars, A,
Compression fiber to neutral axis, ¢
Depth of compression block, a

Nominal moment capacity of section, M,

Commentar

9371.64 kN-m
30 mm
100 mm
28 mm
20 mm
16 mm
1840 mm
10500 mm
2000 mm

Ab= 61575

*DGCS 12.4.3.3

1.6 *forall other concrete
0.67 *for A615, 414MPa steel
3.334 mPa
TE+09 mm®

25015.68 kN-m
12464.28 kN-m
12464.28 KN-m

0.85 *DGCS 12.4.2.1

0.0573
m, = 0.084
R.= 0390

p=0.0009

m; =
mmé/N
MPa

18287.6  mm’
35354 say:
4310265  mm?
8421 mm
7158  mm
3227300  kN-m

* Conservative spacing
is assumed to satisfy
other design
requirements.

150 mm
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Resistance factor, @ 0.9 tension is controlled
0.75 < $=0.65+0.15 (d,yyc-1) <09 3.78
Ultimate moment capacity of section, @M , 2904570 kN-m  OK!
cld= 2.33

Control of cracking by distribution of reinforcement

Applies to all reinforcements of concrete that exceeds 80% of the modulus of rupture, except deck slabs.

Ultimate moment from service loads, M 1979891 kN-m
80% of Modulus of rupture, f, 2.201 mPa
Tension in the cross section, fss 2.828  mPa

Tension in the cross-section exceeds 80% of the modulus of rupture, this provision has to be satisfied

Extreme tension fiber to center of flexural reinforcement, d 144 mm
Overall thickness of component, h 2000 mm
Compression fiber to the centroid of extreme tension steel, d. 1856  mm
Neutral axis to extreme compression fiber, x 318.60 mm
Modulus elasticity of steel, E 200 GPa
Modulus elasticity of concrete, E, 2487  GPa
Modular ratio, n 8.042
Cracked section moment of inertia of section, | ya 9.3247E+11 mm*
Exposure factor, Y, 1.00
Exposure condition: Class 1
Tensile stress in steel reinforcement at the service limit, f 249 MPa
Bs=1+ d./(0.7 (h—dc)) "
The spacing shall satisfy: § <1230y B f o —2dc 156.69 mm

Initial spacing: 150 mm SATISFIED!

Using of 28mm @ main bars spaced at 150mm O.C. is adequate and safe

*DGCS 124.34

*by quardratic
equation to determine
X:
a= 10500
b = 693245.568
¢ =-1.287E+09

x1= 318.60
X1 = -384.62

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project

(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 7: SEISMIC DESIGN OF ABUTMENT 7-53

Design for top bars

Demand moment for top bars 1451825  kN-m

Concrete cover B mm

Diameter of reinforcing bar 28 mm Ab= 615.752 _
Diameter of shrinkage bar 200 mm ;fg%cigge(;oxét;zg.
Diameter of cross ties 16 mm

Effective depth of concrete 1895  mm

Length to be considered 10500  mm

Overall thickness of component 2000 mm

Minimum reinforcement

DGCS 12.4.3.3

Flexural cracking variability factor, ¥, 16 *for all other concrete
Ratio of specified min. to ult. tensile strength of steel, 3 0.67  *for A615, 414MPa steel
Modulus of rupture, F, 3334 mPa
Section modulus, S, 7000000000 mm®
Cracking moment, M ;
M,=y; (yl-fr) Sc 25015.68  kN-m
Mu_min 1.33*Md = 1930927 kN-m
Design moment for bottom bars 19309.27  kN-m
Steel ratio
By Coefficient Criterion: 0.85

the factor B, shall be taken as 0.85 for concrete strengths not
exceeding 28MPa. For concrete strength exceeding 28MPa,
By shall be reduced at a rate of 0.05 for each 7MPa strength
excess of 28MPa but not less than 0.65

For required steel ratio, p my = 0.0573
m= 0084 mmiN
R,= 0569 mPa

p= 00014
Computation for main reinforcement
Required steel area 2761551  mm?
Required spacing 234.12 say: 150 mm
Provided steel for breast wall, A 4310265 mm?
Compression fiber to neutral axis, ¢ 8421 mm
Depth of compression block, a 7158 mm
Nominal moment capacity of section, M, 33256.81  kN-m
Resistance factor, @ 0.9 tension is controlled
0.75 < ¢=0.65+0.15 (s c~1) <0.9 3.88
Ultimate moment capacity of section, @M, 2993113 kN-m OK!
cld = 1.55
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Commentary
Control of cracking by distribution of reinforcement *DGCS 12.4.3.4
Applies to all reinforcements of concrete that exceeds 80% of the modulus of rupture, except deck slabs.
Ultimate moment from service loads, M 1979891 kN-m
80% of Modulus of rupture, f, 2201  mPa
Tension in the cross section 2.828 mPa
Tension in the cross-section exceeds 80% of the modulus of rupture, this provision has to be satisfied
*by quardratic
Extreme tension fiber to center of flexural reinforcement, d. 89 mm equation to determine
Overall thickness of component, h 2000 mm * a= 10500
Compression fiber to the centroid of extreme tension steel, d. 1911 mm b= 61935%?5-588
; I c=-1. +
Neutral axis to extreme compression fiber, x 32372 mm
Modulus elasticity of steel, E 200 GPa x1= 323.724154
Modulus elasticity of concrete, E 24.87  GPa Xi= -389.74754
Modular ratio, n 8.042
Cracked section moment of inertia of section, |y, 9.9204E+11 mm*
Exposure factor, Y, 1.00
Exposure condition: Class 1
Tensile stress in steel reinforcement at the service limit, f 249  mPa
= - «for detailing
Bs=1+ d./(0.7 (h—dc)) 1.07 DUposes, it 8
ded to adopt
, _ 5 <123000y,B,fs—2dc tre conservati
The spacing shall satisfy: VerPf s 285.161 mm the conservative
spacings of bars for
top and bottom bars.
Initial spacing: 150 mm  SATISFIED!
Using of 28mm # main bars spaced at 150mm O.C. is adequate and safe
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7.7.5 Verification of shear resistance

a. Nominal resistance for one-way action

F

cutting plane 2

critical for shear
where there is
tensile force
applied

ritical for shear where
here is compressive force
pplied

ﬁ;

g
For section1- 1
Reaction force of single pile in row 1, F4 -727.28 kN
Total force acting on tension side -0678.83 kN
*Tension governs; critical for shear is at face of column
For section 2 - 2
Reaction force of single pile in row 2, F, 7185.76 kN
Total force acting on compression side 20150.29 kN
*Compression governs; Critical for shear is at distance dv
Total force acting on section 2-2 3631.94 kN
*Assuming 1/2 demand shear force is effective
Ultimate shear based on demand, V, 9678.83 kN Governs!!!
Effective shear depth, d, 1804.21 mm

Taken as the distance measured perpendicular
to the neutral axis, between the resultants of the
tensile and compressive forces due to flexure;

it need not to be taken to be less than the
greater of 0.9de or 0.72h

Factor indicating ability of diagonally cracked concrete to transmit tension 2,75
Solution for f: GENERAL PROCEDURE

*DGCS 12.53.2

* by inspection,
compression side is
not critical because
shear action falls
outside the critical
shear.

*DGCS 12.5.3.3.2
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7 - 56

Area of prestressing steel on tension side, A
Area of non-prestressing steel, A
Maximum aggregate size, a
Modulus of elasticity of prestressing tendons, f 5,
Factored axial force, N,
*Positive for tension; Negative for compression
Factored shear force, V,
Absolut value of the factored moment, [M |
*But not less than |V, - V| dy
Modulus of elasticity of prestressing steel, E ,
Modulus of elasticity of steel, E
Net longitudinal tensile strain, e
Crack spacing parameter, S
Angle of inclination of diagonal compressive stresses, ¢
Shear resistance from steel, V
Effective prestressing force, V,,
Shear resistance provided by concrete, V
The nominal shear resistance, V ,
*shall be determined as the lesser of:
V.=Vc+Vs+Vp
V,=0.25fc" b,d,+Vp

Resistance factor for normal weight concrete, @
Ultimate shear capacity of section, @V,

Section without shear reinforcement is adequate and safe

b. Nominal shear resistance for two-way action

0
43102.65
20
0
-22022988

9872815
4.2183E+10

200
0.001
300
32.5
0
0
22905.99
22905.98805

22905.99
132609.4706

09
20615.39
c/d=

mm®

mm’
mm
mPa

N

N
N-mm

GPa
GPa 0.00258

kN
kN

kN

kN

kN OK!
2.13

For two-way action for sections without transverse reinforcement, the nominal shear resistance,

V, of the concrete shall be taken as:

V,=(0.17+033/B,V(fc') bodv <0.33V(fc') bodv

Effective shear depth of footing, d,
Ratio of long to short direction of pile, b,
Perimeter of the critical section, b,
Maximum reaction of single pile, V
Nominal shear capacity of concrete, V,

a) Vn=(0.17+033/B,V(fc') bodv

b) Vn=0.33V(fc') bodv

1804.21 mm

1

9438.01 mm
7185.76 kN
33080.30 kN

50121.67 kN

33080.30 kN

*DGCS 12.10.3.5
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Resistance factor for normal weight concrete, @ 090

Uttimate shear capacity of section, @V, 29711221 kN OK!

Pile cap is adequate for shear due to maximum reaction of pile

7.7.6 Verification of shrinkage and temperature reinforcement

Reinforcement for shrinkage and temperature stresses shall be provided near surfaces of concrete exposed to

daily temperaturechanges and in structural mass concrete.

Diameter of shrinkage and temperature bar 20
Assumed spacing, S 200
Assumed shrinkage and temperature reinforcement, A 1.57
Shrinkage and temperature reinforcement shall satisfy:
) As= (0.75 bh)/(2 (b+N)f,) 157
b) 0.233 <As<1.27 1.27

Spacing shall not exceed:
a) 3.0 times the component thickness, or 450 mm
h) 300 mm for walls and footings greater than 450 mm thick
¢) 300 mm for other components greather than 900 mm thick

Final shrinkage and temperature reinforcement, A 1270
Final spacing to be used 247
say: 200

mm
mm
mm?/mm

mm®/mm
mm?/mm

mm? per meter
mm
mm

Therefore use 20mm g for temperature and shrinkage bar spaced at 200mm O.C.

*DGCS 12.7.8

7.7.7 Pile cap details

®28 @ 150 TOP BARS BW

16 @ 300 J-BARS BW

6 — 920 SIDE BARS EF —
228 @ 150 BOTIOM BARS B8W

2000

PILE CAP DETAILS

SCALE

NTS
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7.8 DESIGN OF PILES

7.8.1 Determine the pile springs and geometric properties

Design forces in Longitudinal

+*The investigation of
stability of piles is

=5 1N | vl < ELEV basically based on
Direction I Sandy| Si JRA method. Refer to
Governing Load Case t ndy (Qlay Silt BSDS sections 4 and
Extreme Event | Limit State -Case2 f corng T+ F 5.
Forces acting at the bottom of pile : 7 \&, aﬁg silt
cap/footing i }% Sily Clay
Vertical | Lateral Moment : % | Acl
Location | Load | Load l% —
i dined San
Vo | F. | M, it
Origin O kN kN kN-m % Y, Tty Clay .
16727.92 | 11103.84 | 42183.17 % *Vo, Ho, Mo = elastic
Pmax = 22022.99 % Ac2 forces for Abutment
Note: Piles shall be evaluated both Pmax and ? design
Pmin. Pmin s critical in the pull out action. % « |
= % I GFw
I T Rock *Borelog of Abut B is
P the basis of subsurface
- data.
Origin O
BH4-ABUTB
7.8.2 Determine the pile springs and geometric properties
*JRA method

a. Horizontal pile spring constant (Ku)
Note: The coefficient of subgrade reaction shall be determined, in principle,
by using the modulus of deformation obtained from a variety of surveys and
tests by considering the influence of loading width of foundations and other
relevant factors:

BSDS Table C.4.4.2-1 Modulus of Deformation E; and a
Modulus of deformation E, to be obtained by means of the following
testing methods

determines the
reaction and soil
spring constant to
model the foundation.

Method Definition Ordinary | Earthquake

A value equal to 0.5 of the modulus of deformation to be
Method Alobtained from a repetitive curve of a plate bearing test 1 2
using a rigid disc of 30cm. in diameter.

Method B{Modulus of deformation to be measured in the bore hole. 4 8

Modulus of deformation to be obtained by means of an

Method C . L. .
unconfined or triaxial compression test of samples.

Modulus of deformation to be estimated from E, = <<<<to be used

2,800*N using the N-value of the standard penetration test.

Method D
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The coefficient of horizontal subgrade reaction should be obtained by using BSDS Equation C.4.4.2-4 :

where :

where :
KHP
AHP

coefficient of horizontal subgrade reaction (kN/m3)
coefficient of horizontal subgrade reaction coresponding to the value obtained by the plate bearing test

using a rigid disc of diameter 0.3m, ko = (3*E5/0.3) (kN/m®).

equivalent loading width of foundation to be obtained from BSDS Table C.4.4.2-2 (m)

modulus of deformation at the design location, measured or estimated hy the procedures in Table C4.4.2-1
loading area of foundation perpendicular to the load direction (mz)

loading width of foundation perpendicular to the load direction (m)

effective loading width of foundation perpendicular to the load direction (m)

effective embedment depth of a foundation (m)

ground depth relating to the horizontal resistance and equal to or less than the effective embedment depth (m
characteristic value of foundation

flexural stiffness of foundation (kN-mZ)

Kip =ku Anp

horizontal spring constant of pile section corresponding to area Aup (kN/m)
effective projected vertical area of the ground corresponding to pile spring Kyp (m2)

When analyzing the ground resistance of a pile foundation as a linear spring, the equivalent loading width By
should take a value of (D/b)"”.

b. Geometric properties of piles

Select Pile Section :
[¥ICircular Section
[JSquare Section
Select Pile Installation Method :
[IDriven Piles (Blow Method)
[IDriven Piles (Vibro-Hammer Method)
[w]Cast-in-place RC Piles
[IBored Piles
[CIPre-Boring Piles
[ISteel Pile Soil Cement Piles

BSDS Eq. C.4.4.2-4

BSDS Eq. C4.4.3-9

*Note: Cast-in-place
RC pile is the
common use in the
Philippines. The bored
piles refers to Japan's
method.
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Input Pile Dimension : Diameter

Input Number of Piles

Input Pile Length :

Calculate Section Properties :
Cross-section Area
Perimeter of Pile :

Pile Moment of Inertia :
Pile Flexural Stiffness :
Concrete Material Properties :

Design Compressive Strength at 28" day

Unit Density for Concrete

Unit weight for Reinforced Concrete

Young's Modulus of Elasticity

Reinforcement Material Properties :
Minimum Yield Strength
Ultimate Tensile Strength

Young's Modulus of Elasticity

Method used to determine Modulus of Deformation :
Specify Limit State used in determining subgrade coeff.

1.20 m

6 piles

16.00 m

1.131 p?

3.770 m

0.102 m*
2.75E+06 KN-m?

28 N/mm?

24 KN/m®
2.70E+07 KN/m?

415 N/mm?

620 N/mm?
2.00E+08 KN/m?

Method D

Ordinary Condition

Coefficient to be used for estimating subgrade raction : 1

Unit weight of water 10 kN/m?®
s | L Unit weight L

0l ayer ayer

Layer [Tickess N-Value Y r aky |(Uby)-di| aE o*t; Depth
Type

m | Average kN/m? m m kN/m m
Clay | 2.00 12 18.0 8.0 33600 | 1.618 | 2.000 | 67200.00 2.00
Sand | 2.40 40 19.0 9.0 | 112000 | -0.782 | 1.618 | 18116145| 4.40
Clay | 6.50 15 19.0 9.0 42000 | -7.282 | 0.000 0.00 10.90
Rock | 4.40 25 20.0 | 10.0 | 70000 | -11.682 | 0.000 0.00 15.30
Rock | 1.00 50 20.0 | 10.0 | 140000 | -12.682 | 0.000 0 16.30

+The initial pile length
is to founded into hard
strata minimum of 1.m
depth.

BSDS Table C4.4.2-1

BSDS Table C4.4.2-1
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Assumption on Effective range of Horizontal Subgrade Reaction, 1/b4 3.618 m™ Try Between *By JRA method the
Note: horizontal springs
. . . L 4D 6D approximately

Typically it is 4 to 6 times as large as pile diameter between 4D to 6D are

m m lumped to simplify
Iterate value of 1/b; until becomes equa lterate 4.8 7.2 the subgrades. Iterate

the value I/b1 until

Initial Equivalent Loading Width, B 2.084 m equal to I/b.

Average value of Modulus of Deformation aE o within effective ran  68655.3 kN/m?

Coefficient of Horizontal Subgrade Reaction, Ky 5349301 kN/m®
53493.01 kN/m=—Coefficient of Horizontal Subgrade Reaction, Ky
(Based from derived Equation)

Calculation of WE Ass: horizontal spring

Characteristic Value of Foundation, b 0.276 m™*
iteration until 1/b1 = 1/b 3.618 M <
Horizontal Pile Spring Constant, k 4 232213.98 kKN/m
pom oo Simplification of foundation element
- Force | | Pilecap F , -~ Force
O) - ! - - ;—O:CE i S
! ’ _I'.l"f ‘k’f’ 1 . i
] ! S |UB :
H i -,-',-',‘-r,t%i Focused on "1/B" range
i ‘il‘l";'h' E

',‘,-..1'. E “Ky~ with average
: value of “Ep” in "Arr: rotational spring
= "1/p" range ) ) )
' i Ay vertical spring (Fixed)
HE i (Combined springs to be considered) |
! E.—\.3r= Ars: spring in combination \\'ithi
2 : Ao, Ar: sping in combination wih

c. Axial pile spring constant (Ky)
The axial spring constant K, of a single pile use for design shall be estimated from the empirical

formula derived from the vertical pile loading test and results of soil test, or from load-settlement
curves from vertical loading test .

K, = a*A,*Ep
L
where:
Ky axial spring constant of pile (kN/m)
a proportional coefficient (BSDS Equation C5.4.3.6-3)
A net cross-sectional area of pile (m?)
E,  Young's modulus of pile (kN/m?)
L pile length (m)
D pile diameter (m)
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Embedment Ratio, L/D
Note:
For Piles L/D<10, L/D=10
Proportional Coefficient, o.= 0.031 (L/D) - 0.15
Axial Spring Constant of Pile, Ky

d. Radial pile spring constant (K1, Ky, K3, Ka)

The radial spring constants K; to K of a pile are:

13.33

0.263

502576.28 KN/m

Ky, K5 radial force and bending moment (kN-m/m) to be applied on a pile head when displacing a
unit displacement in the radial direction while keeping it from rotating (kN/m)

K2, K4 radial force and bending moment (kN-m/rad) to be applied on a pile head when rotating the

head by a unit rotation in the radial direction while keeping it from moving in a radial

direction (kN/rad)

NOTE: If the coefficient of horizontal subgrade reaction is constant irrespective of the depths and if the
embedded depth of a pile is sufficiently long, the constants can be computed from BSDS Table C4.4.3-2.

Specify Limit State used in design : During Earthquake

Coefficient to be used, a : 2

Characteristic value of foundation, b' : 0.329

Pile length above design ground surface, h : Om

b™*L.: 5.26 Piles with semi-infinite length

Select restrictive condition of pile het
VIRigid Frame of Pile Head

[IHinged Frame of Pile Head BSDS Table C4.4.3-2 - Hayashi Chang Theory
Rigid Hinged
Radial Spring Constants of Piles, K : 390535.81 kN/m 117160942 | 39053581 | 195267.90 |195267.90
Radial Spring Constants of Piles, K, : 593995.91 kN-m/m 1781990.78 | 59399591 |  0.00 0.00
Radial Spring Constants of Piles, K; . 593995.91 kN/rad 1781990.78 | 593995.91 |  0.00 0.00
Radial Spring Constants of Piles, K, : 1806908.04 kN-mrad 1806908.04 (180690804 0.0 0.00

7.8.3 Determine the pile displacement and reaction force

Pile reactions and displacements shall be evaluated considering the
properties of the pile structure and the ground. In the displacement method,
the coordinate is formed with the origin set at an arbitrary point O of the
foundation. The origin O may be selected from arbitrary points, but it is
recommended to coincide it with the centroid of the pile group.
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Ax*dx + Ay*dy + Aa*a = Ho
Ayx*dx + Ayy*dy + Aya*a = Vo

Aax*dx + Aay*dy + Aaa*a = Mo

where:

H, lateral loads acting at the bottom of pilidx  lateral displacement from origin O, m

Vo vertical loads acting at the bottom of pdy  vertical displacement form origin O, m

M,  moment (external force) at the origin (a rotational angle of the footing at the origin O, rad

The displacements (dx, dy, and a) below are derived by solving BSDS

go Mot MoA )
Anc*Aaa - Axa*Aax
dy = Vo >~
Ayy
. Ho*Aax + Mo*Asy
AccAaa - Ad*Pax

BSDS C5.4.3.7-2 COEFFICIENTS FOR DISPLACEMENT CALCULATION
Row NPOiiezf Xi Qi Ayy Axx Axa Aax Aaa cos(qi) | sin(q)
1 3 2 1507729] 1171607 |-1781988| -2E+06 | 11451640 1 0
2 3 2 1507729] 1171607 |-1781988| -2E+06 | 11451640 1 0
1 0
1 0
1 0
1 0
1 0
Sum = [3015458| 2343215 |-3563975( -3563975 | 22903279
a. Calculation for Displacement:
Longitudinal Displacement
For GoverningloadCase [ | | + | |
Extreme Event | - case 2
Displacement | | = |laC _————=——% "\
Location | Lateral | Vertical |Rotational Displaced O
dy d a
Origin © m m rad Deformed Shape
0.0099 | 0.0055 | 0.0034
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b. Calculation of Reaction:
By using the displacements at the footing origin O obtained from the results
of the above calculations, the pile axial force, radial force, and moment acting
on each pile head can be obtained using the following equations:

Pni = Kv*dyi'

Pui = K1*dy' - Ko*a L BSDS Eq. C5.4.3.7-4

My = -Ka*dy' + Ka*a

dxi' = dx*cosqi - (dy + axi)*sing;
BSDS Eq. C5.4.3.7-5
dyi' = dy*sing; + (dy + axi)*cosq;

where:
dxi' radial displacement at the i-th pile head, m
dyi' axial displacement at the i-th pile head, m
Xi x-coordinate of the i-th pile head, m
g vertical axis angle from the i-th pile axis for battered pile,
: degree
Pni axial force of the i-th pile, KN
Phi radial force of the i-th pile, kN
Mii moment as external force acting on the i-th pile head, kKN-m
Pile Reaction in Longitudinal Direction
Axial Radial | Moment
Column Number| X; qi
of Piles P i Pui M cos(qi) | sin(ai)
m deg. KN KN KN-m
-608.3258
-2.00 0 -608.33 | 1850.64 | 237.90 1 0 6184.3 'By Comparison of the
3 2.00 0 6184.30| 1850.64 | 237.90 1 0 2787.987 | axial forces to the
1 0 results from pile group
1 0 analysis in the pile cap
design, it appears the
1 0 design of pile cap is
1 0 practically
1 0 conservative, hence no
5 need to redesign of the
pile cap.
Maximum Axial Force for Capacity verification, P i.max 6184.30 kN
Minimum Axial Force for Capacity verification, P yjmin -608.33 kN
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Graphing of Reaction Force and Displacement of each pile

PILE EMBEDDED IN THE GROUND (h = 0)
Rigid Pile Head Connection | Hinged Pile Head Connection

Depth

Deflectiorf Moment| Shear Deflectio] Moment | Shear

m mm | kN-m kN mm KN-m kN

0.00 | 9.88 |[-237.90|-1850.64 | 9.48 0.00 |-1850.64
1.00 | 6.64 |-152565(-794.39| 6.46 | -1308.29 | -830.74
2.00 | 3.92 |-195555|-123.48| 3.89 | -178264 | -173.01
3.00 | 191 |[-187404( 24337 | 195 | -1751.07 | 194.71
4.00 | 057 |[-154023]| 395.59 | 0.64 [ -1462.28 | 354.96
5.00 | -0.22 |-112763] 412,91 | -0.13 | -1085.12 | 382.76
6.00 [ -0.59 |-738.39| 357.65 | -0.52 | -720.87 | 337.62
7.00 | -0.69 |-421.82 273.37 | -0.63 | -419.97 | 261.70
8.00 | -0.63 [-192.16| 187.16 | -0.60 [ -198.71 | 181.64
9.00 [ -0.51 | -43.26 | 113.38 | -0.48 | -53.15 | 111.90
10.00 | -0.36 | 40.63 | 57.50 | -0.35 | 30.54 | 58.35
11.00 | -0.23 | 77.77 | 19.61 | -0.23 | 69.16 21.53
12.00 | -0.13 | 84.92 | -3.08 | -0.13 | 78.41 -0.90
13.00 | -0.05 | 75.41 | -14.36 | -0.06 | 71.00 | -12.39
14.00 | -0.01 | 58.75 | -17.97 | -0.01 | 56.12 | -16.41
15.00 | 0.02 | 40.98 | -17.04 | 0.01 39.67 | -15.94
16.00 | 0.03 | 25.39 | -13.91 | 0.03 2498 | -13.22
17.00 | 0.03 | 13.37 | -10.12 [ 0.03 13.48 -9.75
18.00 | 0.03 5.05 | -6.59 | 0.02 5.42 -6.44
19.00 | 0.02 | -0.04 | -3.73 | 0.02 0.41 -3.72
20.00 | 0.01 | -2.67 | -1.67 | 0.01 -2.26 -1.73
21.00 | 001 | -362 | -0.34 | 0.01 -3.29 -0.43
22.00 | 0.00 | -355 [ 0.40 0.00 -3.31 0.31
23.00 [ 0.00 | -296 | 0.72 0.00 -2.80 0.64
24.00 | 000 | -2.19 [ 0.78 0.00 -2.11 0.72
25.00 | 0.00 | -1.46 | 0.68 0.00 -1.42 0.64
26.00 | 0.00 | -0.85 [ 0.53 0.00 -0.84 0.51
27.00 | 0.00 | -0.40 | 0.37 0.00 -0.41 0.36
28.00 | 000 | -0.11 [ 0.23 0.00 -0.12 0.22
29.00 | 0.00 0.06 | 0.12 0.00 0.04 0.12
30.00 | 0.00 0.14 | 0.04 | 0.00 0.12 0.05
31.00 | 0.00 0.16 | 0.00 0.00 0.15 0.00
32.00 | 0.00 0.14 | -0.03 | 0.00 0.14 -0.02
33.00 | 0.00 0.11 | -0.03 | 0.00 0.11 -0.03
34.00 | 0.00 0.08 | -0.03 [ 0.00 0.08 -0.03
35.00 | 0.00 0.05 | -0.03 [ 0.00 0.05 -0.03
36.00 | 0.00 0.03 | -0.02 | 0.00 0.03 -0.02
37.00 | 0.00 0.01 | -0.01 | 0.00 0.01 -0.01
38.00 | 0.00 0.00 | -0.01 | 0.00 0.00 -0.01
39.00 | 0.00 0.00 | 0.00 0.00 0.00 0.00
40.00 [ 0.00 | -0.01 | 0.00 0.00 -0.01 0.00

Parameters

Mt 237.902 |kN-m
Ph 1850.640 (kN
E 2.700E+07 |kN/m?

| 0.102 |m*
b' 0.329 [m?
ho 0.129 |m
In 2.266 [m
-237.902
-1971.502
£\
4um P
K Rigid or Hinge

Pile Length

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 7: SEISMIC DESIGN OF ABUTMENT

7-66

DISPLACEMENT

Displacement (mm)
20 10 0 10 20
0

MOMENT

Moment (kN-m)
-4000 2000 0 2000 4000
0

SHEAR

Shear (kN)

-40002000 0 20004000
0

10 10 10
&l E E
£ = =
215 215 g 15
a a} a]
2 Q@ 9
a T [
20 20 20
25 25 25
30 30 30
—RIGID ——HINGED —RIGID —— HINGED —RIGID — HINGED
Reaction Force and Displacement of Single Pile
7.8.4 Verification of Pile stability
a. The factored resistance of piles shall be taken as :
RR = Y(¢Rn - WS) + Ws -W
BSDS Eq. 5.4.3.3-1
where:
Rr factored resitance of pile, kN
Rn nominal resistance of pile, kN
Ws effective weight of soil replaced by pile, kN
W effective weight of pile and soil inside pile, kN
@ resistance factor for pile under extreme event limit state

0.65-BSDS Article 5.4.1(5)

1.00-BSDS Table 5.4.3.3-1

modification coefficient depending on nominal bearing resistance

b. The nominal bearing capacity can be obtained from the empirical
bearing capacity estimation formula:

Rn = qoAp + UZLf;

BSDS Eq. C5.4.3.3-1
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where:
Rn nominal bearing capacity of pile, kN
Ap area of pile tip
Qd nominal end bearing resistance intensity per unit area, KN/m?
U perimeter of pile
Li thickness of soil layer considering shaft resistance, m
f maximum shaft resistance of soil layer considering pile shaft resistance,

kN/m?

c. The factored axial pull-out resistance of a single pile shall be
obtained considering soil conditions and construction methods:

Pr=0@P,+W
where:
Pr factored axial pull-out resistance of pile, kN
Pn nominal axial pull-out resistance, kN

W effective weight of pile, kN
g resistance factore for pile under extreme event limit state 0.5
-BSDS Article 5.4.1(5)

d. Estimation of Nominal End Bearing Resistance Intensity (qd)

For Ce_lst-m-place RC Piles : nominal end bearing resistance 5000 KN/m2
intensity

On the basis of the recent results of loading tests on cast-in-place RC piles, the
nominal end bearing resistance intensity may take the value of 5,000 kN/m2, when a
fully hardened sturdy gravelly ground with an N value of 50 or larger and with a
thickness of 5m or greater is selected as supporting layer.

Pyi-min kN
pull-out force

|
fi acting on Pile Skin | UL, ki
Cast-in-place RC Piles :
'

For Sandy Soil: 5N (<200)

ggEI,COhes'Ve ¢ or 10N (< 150)

e. Estimation of Shaft Resistance Intensity
'
}
}
|

BSDS Eq. 5.4.3.4-1
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Layer sl % %
N-th Soil | Thickness | N-Value| ¥ Li*Y™*A, fi UL,
Layer , DE DE

Layer Type Li
m  |Average| kN/m® | kN kN/m? kN/m?
1 Clay | 2.000 12 8.0 18.10 120 1 904.78
2 Sand | 2.400 40 9.0 24.43 200 1 1809.56
3 Clay | 6.500 15 9.0 66.16 150 1 3675.66
4 Rock | 4.400 25 10.0 49.76 150 1 2488.14
5 Rock | 1.000 50 10.0 11.31 150 1 565.49

DE = is the factor for liquefaction. DE = 1 (no reduction of skin fricion. Liquefaction
has been assessed separately. It has been concluded that no liquefaction potential in the

specific site.

Effective weight of soil to be replaced by the pile,Ws
Effective weight of the pile with soil inside, W
Nominal skin friction of pile

Result of Nominal Bearing Capacity of Single Pile, Rn :

Result of Factored Resistance of Single Pile,Rr :

Result of Factored Axial Pull-out Resistance of Single Pile, Pr

Verification for Lateral Displacement

169.76
253.34
9443.63

15098.49
9560.68
-4975.15

kN
kN
kN

kN
kN
kN

Verification for Maximum Axial Resistance

Displacement . Axial Load
\erification o
— C/ID . C/ID |Verification
Demand |Capacity| Demand| Capacity
mm mm kN kN
9.88 12 1.21 OK 6184.30| 9560.68 | 1.55 OK

Capacity =1% x Dpile.

See commentary

Verification for Maximum Axial Pull-out Resistance.

Axial Pull-out
—{ C/D Verificatio
Demand |Capacity|
kN kN
-608.33 |-4975.15| 8.18 OK

By checking Pmax= 22022.99 kN

PNi-max=

PNi-min =

7186.76 kN
727.28 kN

BSDS pp 4-15: "In
JRA, the reference
displacemnt at the
linear range is
recommended to be
one percent(1%) of
the foundation width
(<=50mm), which is
taken as the allowable
displacemen required
from the substructure.
However, under
earthquake loading
this value is taken as a
reference and may not
necessarily be adhered
to and may reach as
much as 5% of the
foundation width."
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7.8.5 Verification of Pile structural resistance

|:)HI

0% M, =0.90*Mn

Maximum design moment

Longitudinal

Rigid

Pile Head

I'm

Mm

Im

Mm

m

kN-m

m

KN-m

2.27

-1971.50

2.39

-1814.95

Note: The connection is rigid. Ignore
values for hinged pile head.

Define Reinforcement of Pile :
Diameter of Longitudinal Bars 28 mm

Diameter of Hoops/spiral

16 mm

Reinforcement concrete cover to spiral/hoops 75 mm

Calculation for Pile Flexural Resistance for Longitudinal Direction

-5000

-10000

P-M Interaction Diagram

|
500

2417.89 -608.33

M (kN-m)

P-M Interaction Diagram of Pile

Maximum axial force that will result for maximum moment on the pile, Py; :  -608.33 kN
Flexural resitance factor, @ :
Ultimate flexural resistance, M, = @M, : 2417.89 kN-m

0.90 factor

*The minimum axial
force is the critical
force.
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Calculation for Pile Shear Resistance for Longitudinal Direction
The nominal shear resistance, Vi, shall be determined by :
Vy=V,+V DGCS Equation 12.5.3.2-1
where :
V= 0.083*p*Sqrt(f' .)*b, *d, DGCS Equation 12.5.3.2-3
Vs = [ A *d, ¥(cotf+ cota)sina ] / s DGCS Equation 12.5.3.2-4
b, effective web width, mm 1200 mm
dy effective shear depth, mm 823.61 mm
$ spacing of transverse reinforcement, mm 80 mm
B factor indicating ability of diagonally cracked concretetotra 2.0 factor
] angle of inclination of diagonal compressive stresses 45.0 deg
a angle of inclination of transverse reinforcement 90.0 deg
A, area of shear reinforcement within a distance "s" 402.12 mm?
D external diameter of the pile, mm 1200 mm
D, diameter of pile passing the centers of the longitudinal reinfo 990 mm
) shear resitance factor for normal weight concrete 0.90 factor
b
— — T
D/2
d
D ) d,
D./~n
»
lllustration of Terms b , d, and d_ for Circular Sections
Shear strength provided by the concrete, V. : 868.14 kN
Shear strength provided by the reinforcements. V : 1718.07 kN
Nominal shear resistance, V, : 2586.22 kN
Ultimate shear resistance, V, = @V. : 2327.60 kN
Verification for Single Pile
Flexural Resistance Shear Resistance
. C/D \|erificatior - C/D |Verification
Demand| Capacity Demand | Capacity
KN-m | kN-m kN kN
1971.50/2417.89| 1.23 OK 1850.64 | 2327.60 | 1.26 OK
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Verification of Minimum Required Longitudinal Reinforcement

The longitudinal reinforcement shall be verified according to the following :
where ;
Aa total area of longitudinal reinforcement, mm?
A cross-sectional area of single longitudinal reinforcement, mm’
Ag  gross area of pile, mm?

A. The longitudinal reinforcement shall not be less than 0.01
ps =A./Ay>001

B. The longitudinal reinforcement shall be more than 0.04 times the gross section area
s =A, 1A, <0.04

Pile Bar | Number S
Diameter | Diameter | of Bars As Aa Ay ps Verification
m m No. m? m? m? ratio A B
ps >0.01]p; <0.04
120 | 0.028 | 24 ]0.00062|0.01478( 1.1310 | 0.013 OK OK

Verification of Minimum Required Transverse Reinforcement
The ratio of spiral reinforcement to total volume of concrete core masured out-to-out of spirals shall be :

A. The greater of :
ps1 = 0.12%(F' o/f ) and  pg =0.455 (Ag/Ac) - 1] *(F'/fy)  (for circular shape only)
where ;
Ag  gross area of pile, mm’
A area of core measured to the outside diameter of the spiral, mm?

B. Checking from provided confinement where As represent spiral leg on one (1) side:
4*A
Di*s

Wwhere :

Ps3 = > greater of py, py

As  area of shear reinforcement, mm’
D, diameter of pile passing the centers of the longitudinal reinforcement, mm

*DGCS 12.7.11

*DGCS 12.7.11.2 for
Zone 3 &4

Pile A A A ps1 =
Diameter 9 ¢ s Ps2 Ps P2 erification
0.12%(F",
m m? m? m? ratio ratio | use max. Verificatio

1.20 1.13 0.87 [0.00020|0.00931| 0.00810 | 0.00931 |0.01015 OK
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Summary of results Number of Piles 6
Length 16m
Diameter 1200mm
Reinforcemnt 24-28diam
Spiral Reinf. 16@80
7.8.6 Pile Details
FOOTING]
\l @ g Typical pile details.
At Miscellaneous details
i g not shown.
i ES‘TII‘:ATED POINT
R IERTET 3 o~ 24—-928
O <D 4 2 =
2 5 = ISIC] 216 @
8 ., bt 80 SPIRAL
ol g
@ E g
3 ks
[=
<
- = e
£ Sl
[(o] STIFFENERS, o
— SPACER SPUCES
NOT SHOWN.
g
— &
(-]

PILE DETAILS
ot -
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CHAPTER 8: UNSEATING
PREVENTION
SYSTEMS

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic
Improvement Project (MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 8: UNSEATING PREVENTION SYSTEMS

Chapter 8

Example Bridge

Unseating Prevention Systems

(1) Bridge Type 2 span continuous steel box girder
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) Figure 8-2 Example Bridge (b)
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Figure 8-3 Example Bridge (c)

Ground Type: Typell
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8.1 Seat Length

Se=uptug = Spm = tTtTTTrmmmmmmmmomesmosmosossooeoooooooooooooo (8.1-1) ¥
Sem=0.70+0.005/ ~ rrrmmmmmmeemeeeoseesseseoossosoooooooooooooos (8.1-2) ¥
[: Effective span length(m) =85.9m
Sem=1.130m

ug = ¢¢ L=0.00375%85.9=0.322m
ur = Maximum relative displacement between the superstructure and top of the abutment. 0.90m
Se=0.900+0.322=1222mm>Sgm=1130m
Seq : 1500mm  (Designed)

=

_5 t Length Seat Length
< SE . Se P SE N
Figure 8.1-1 (a) Girder End Support Figure 8.1-2 (b) Intermediate Joint

(Hinge/Bearing Joint)

8.2 Unseating Prevention Devices (Longitudinal)

Unseating prevention devices are designed based on JRA Vol 5 2012.Adopted device is the connection
method with use of PC cable which is anchored at parapet of abutment and lateral beam which is installed

inside the box of main girder at A1 abutment and P2 pier.

Reaction of dead load kN
RD
Al 5240.0
P2 6960.20

Design example is shown about P2 pier.
1. Design Condition
1) Design Load
Design seismic force applied to PC cable
Hr =Prs(but HF = 1.5Rq) = 10440.3 kN — 10440.3 kN
R4: Reaction of dead load = 6960.2 kN (1.5 x 6960.2 = 10440.3 kN)
Prg: Longitudinal horizontal strength of supporting substructure — kN
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Design seismic force P for 1 PC cable

P= Hr+nx 4 (12 + (tan Ov)? + (tan &h) ?)

= 104403+ 4 x 4 (1 + (tan 0.0)2+ (tan 0.0)2= 2610.1L kN  Where:
n: number of cables 4

0 v: Cable setting angle (vertical) 0°
O h: Cable setting angle (horizontal) 0°
2) Design Gap
Design gap Sp of unseating prevention device shall be assured with the movement amount

corresponding to the allowable strain and shall not exceed the value of seat length multiplied

by design displacement coefficient.

Design minimum gap

SFmin)= Zt x v =228 x 2.5 =570 mm

where:
Total rubber thickness, 2t = 228mm
y: strain factor =250%

Design maximum gap

Skmaxy = CepxSg = 0.75 x 2450

1838 mm

where:

Cr: Design displacement coefficient = 0.75

Sg: Seat length = 2450 mm
Determination of design gap

SEminy = SF = Srmax
570 = Sr = 1838 then SF= 600 mm OK

2. Determine of fabrication length of spring

N=b>b+ ol+ns + 2%xX¢ + 02

N : Fabrication length round up by 50mm unit.

b : Setting amount (mm) (Se/Ns)

ol . Expansion and contraction amount due to temperature change (mm)
¢ . diameter of spring (mm) Ns: number spring

02 : Minimum compression amount is 100 mm during installation

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic
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N=b+ol+ns + 2x¢ + 02
300+60+2+2x13.0+100
456.0 mm — 500 mm

b
ol

¢
02

Ns

300
60.0
13.0
100
2

mm
mm
mm
mm or more

3. Design of PC cable and its buffer

1) PC cable
F360TD is adopted for PC cable yield strength Py = 2962 kN
P=2610 kN <Pa=Py=2962 kN

2) Buffer

OK

Synthesized rubber textile fiber added (hardness 80°£5°) is used for buffer placed at anchor

part of PC cable. Allowable bearing stress of rubber is 24N/mm2 considering increase ratio

of allowable 1.5.

(1) Girder side
Buffer and bearing plate, diameter (D) = 390 mm

Hole diameter (d) = 117 mm Circular shape

Steel beam is adopted for anchoring.

Hole diameter is 135mm

(i) Bearing stress of buffer
Bearing area Ab = (D? — d’?) x 1 + 4 = 105145 mm?
Bearing stress of buffer

ob =P+ Ab=24.8 N/'mm? = ¢ba= 1.5 x 24 = 36 N//mm? OK

4. Calculation of lateral beam (Anchor beam)

(a) Calculation of main part lateral beam

It is designed as the simple beam with supporting span 2.7 m (web plate distance).

Plate thickness is 22mm assuring enough rigidity.

(i) Calculation of sectional force:

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic
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P 2700
P 600 1500 P 600
y P vy P
P=2610.1 kN
Mmax = 2610.1 x 0.600 = 1566.1 kN-m
Smax = 2610. 1 = 2610.1 kN
(ii) Section calculation
650 5
100 2 400 100 Equivalent span length
A2 1 \jL 2700
= 1|
- - — —
2 Al = Db/1=200/2700=0.074 <0.30
éﬂ% = (1.1-2x0.074) x 200 = 190 mm
= 13 A2 = Db/1=100/2700=0.037 <0.05
Lo &
5 = Effective width = 100mm
A3 = Db/1=50/2700=0.019 <0.05
= Effective width = 50mm
Position of maximum force
A (mm2) y (mm) Ay (mm3) Ay 2or1 (mm4)
< SM490Y > 1 - PL 630 x 22 : 13860 286. 0 3963960 1133692560
< SM490Y > 2 - PL 550 x 25 : 27500 — — 693229167
< SM490Y > 2 - PL b0 x 22 % 2200 -214.0 -470800 100751200
A = 43560 3493160 1927672927
—278784000
e = 3493160 / 43560 = 80 mm [ = 1648888927 mm4
yu= 275 + 22 - 80 = 217 mm
ylf = 275 - 50 + 80 = 305 mm
ylw= 275 + 80 = 355 mm

ou = 1566.1 x 1076 / 1648888927 x 217 = 206.1 N/mm2 < oa= 357.0 N/mm2
olf = 1566.1 x 1076 / 1648888927 x 305 = 289.7N/mm2 < oa= 357.0 N/mm2
olw= 1566.1 x 1076 / 1648888927 x 355 = 337.2N/mm2 < oa= 357.0 N/mm2
t = 2610.1 x 10°3 / 27500 = 94.9N/mm2 < ta= 204.0 N/mm2
oca= 1.7 x 210.0= 357.0N/mm2 , za= 1.7 x 120.0 = 204.0 N/mm2
Resultant stress : ( 337.2 / 357.0 ) "2 + ( 94.9 / 204.0 ) "2 = 1.11 < 1.2

(iii) Welding with web plate of main girder
Size of flange: S = K shape groove weld
Web S=2610.1x10"3/4 x 550 x 0.707 x 204.0 = 8.23 mm
S'=J 2t=y (2x25) =7.07 mm
as above 9mm fillet weld

Size of rib: S = K shape groove weld with web of main girder and filet weld with more than 4 2t

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic
Improvement Project (MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



8-9 BSDS DESIGN STANDARD GUIDE MANUAL I

(b) Calculation of reinforcement rib at anchor part of PC cable

Verify stresses assuming simple girder supported by 2 webs of lateral beam.

" FLG
I
ﬂ)rt 5 RIB ¥
v
T E
....... - == [ -4 WY || N -
< (@]
o 8
= T
= I 1h-397" | 35 SIS
I él
Spanlength : L= 400 + 25 = 425 mm 540 Jl22

(i) Calculation of sectional force
M=P-L/4=2610.1x0425/4=277.0kN*m
S=P/2 =2610.1x"% =1305.0 kN

(ii) Stress calculation

Amm2)  y(mm2) Ay(mm3) Ay 2orl (mm4)
< SM490Y >1-PL 972x 22 : 21384 281.0 6008904 1688502024

< SM490Y >2- PL 540x 22 : 23760 — — 577368000
45144 6008904 2265870024
-798552216
e = 6008904 / 45144 = 133 mm I= 1467317808 mm4
yu= 270 + 22 - 133 = 159 mm
yl = 270 + 0 + 133 = 403 mm > yu
o = 277.0 x 1076 / 1467317808 x 403 = 76.1N/mm2 < oa= 357.0 N/mm2

1
]

1305.0 x 1073/ ( 540 - 35) x 22 x2= 58.7N/mm2 < ta= 204.0 N/mm2
ca= 1.7 x 210.0= 357.0N/mm2 , za= 1.7 x 120.0= 204.0 N/mm2

Resultantstress : ( 76.1 / 357.0 ) "2 + ( 58.7 / 204.0 ) "2 =0.13< 1.2
(iii) Weld design with lateral beam
Fillet weld Size of Flange: S = 4 2t or more

Fillet weld Size of Web: S =1305.0 x 10"3 / 4 x (540-35) x 0.707 x 204.0=4.48 mm
=y 2t=y (2x22) =6.63 mm

From above, Fillet weld size is 7 mm
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(c) Verification of Web plate of main girder
Check the plate when design earthquake P acts on failing bridge prevention structure.
2 cases are considered
1st one is broken by tensile force at section A-A

2nd one is broken by shear at section B-B (refer to figure below)

4002 472
Girder end broken line Lateral beam

o Lo

=

‘_P _______ —H —— . —{—.- % E

O

I | ] R

B B A

Web plate of main girder 14 mm < SMA490W >

Verification of tensile stress at A-A section
Design seismic force of unseating prevention device arranged on web plate are assumed to be
distributed uniformly.
o=P/Hwx Wt
=2610.1 x 10"3 /650 x 14 = 286.8 N/mm?2
< oa=1.7x210.0=357.0 N/mm2
where: Hw = width of reinforcement plate (650mm)

Wt = Thickness of web of main girder (t=14mm)

Verification of shear stress on B-B section
1=P/2xWIlx Wt
=2610.1 x 103 /2 x 3978 x 14 = 23.4 N/mm?2
<ta=1.7 x 120.0 = 204.0 N/mm2
where: W1 = Broken length at B-B section (3978mm)
Wt = Thickness of web of main girder (t=14mm)

5. Verification of deflection bracket for unseating prevention device
Increase of allowable stress is 1.7

Acting force generated from cable is as follows

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic
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assume 30°leaning in vertical direction

assume 30°leaning in horizontal direction

deflection bracket
36 250 36

22

1950

w U
oo
; Do
Y (=
haby
N
3150
250

Hyy b= &
o < SMA490W >
Minimum thickness is 22mm
!
||
LA
I
!
15°
P
(a) Applying Force
Cable Force :P =2610.1 from previous calculation
Vertical Force : Hv =2610.1 x sin30° =1305.1 kN
Horizontal Force: Hy =2610.1 x sin15° =675.5 kN

(b) Verification in vertical direction
Verified assuming a column of cross shape composed of web of lateral beam and stiffener

Effective buckling height is all height (H = 3150mm)

IAHE S Force = 1305.1 kN
72N < SMA490W >
H 1™ 2 - Stiff PL: 100x 16 = 3200 mm2 (As)
- 1 - Web PL : 456 x 19 = 8664 mm2 (Aw)
A= 11864 mm2
24t=_ 456 A >  1.7-As= 5440 mm2

Verification of axial compressive stress

oc= 1305.1 x 103 / 5440 = 239.9 N/mm2 < 1.70ca = 270.3 N/mm2

[=219 73 x14 / 12

r=4 ( 12254036 / 11864 ) 32.14

I/r=( 3150 x 1/2) / 32.14 49.0 > 15
o cag=Table 3.2.2 inclose 3.2 inJRA = 159.0 N/mm2
b/t= 100 / 14 = 7.1 < 10.5 ({EL. < 16)

12254036 mm4

Il

ocal = Table423inclose 3.2inJRA = 210.0 N/mm2
o cao = wpper limit of ccag = 210.0 N/mm2
oca= ocag * ocal / ocao = 159.0 N/mm2
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Verification of bearing stress

Effective section of web ! Disadvantageous side of 24t of web thickness or
whole width of attached bracket

Effective section of stiffener : Disadvantageous side of stiffener width or
attached bracket width + 4mm both side

l )\
_icj, 5 < SMA490W >
g\— 2~ Stiff* PL.% 80 x 14 = 2240 mm2 (As)
- ] - Web PL : 322x 19 = 6118 mm2 (Aw)
A= 8358 mm2
322 Scallop of bracket shall be berried
ob= 1305.1 x 103 / 8358 = 156.1 N/mm2 < 1.7o0ba = 535 N/mm2

Verification of weld
Applying force is assumed to be triangular distribution in consideration for safety

Effective weld length does not include deflection bracket and scallop

S=2x1305.1x10"3 /4 x (1000) x 0.707 x 120.0 x 1.7
=452mm<S =y 2t=y 2x19=6.16 mm
As above, size of fillet weld is 7 mm.
(c) Verification in Horizontal direction
Verification for following force along the web plate (hatched part)

Minimum thickness is 22mm

Am . L=_200 36,
g
_j YA S I
> t‘g- > of Hy—a - -
o~ ™
N 1 X
< ;
* Bending moment
Applying force: Hy= 6755 KN
Span length: LB = 250 Mm
Distributed load: g= 2702 N/mm

Mmxa = -qx LB"2/12=14072917 N.mm

»  Shear force

S= Hi= 6755 x 10°3/2=337750N
*  Verification of Stress
Use section: t= 36 mm <SMA490W>
Section: A= 200 x 36 = 7200 mm2

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic
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Section Modulus: Z= 200 x 36"2/6=43200 mm3
Bending Stress: o= 14072917/ 43200 = 325.8 N/mm2 <1.7 ca = 357 N/mm2
Shear Stress: t= 337750/7200 =46.9N/mm2<1.7ta =204.N/mm2

(d) Bearing stress of concrete on the parapet of abutment
Buffer and bearing plate are assumed to be circular, diameter is 390mm and hole diameter is
117mm
Box out pipe is used for anchor part of concrete

Outer diameter of box out (d2”) = 140 mm (VP125)

(i) Bearing stress of buffer
Bearing area Ab’ = (D?- d2°?) x n + 4 = 104065 mm?
Bearing stress of buffer

ob=P+Ab’=25.1 N'mm? £ oba=1.5 x 24 =36 N/mm? OK

(i) Bearing stress of concrete
ob =P+ Ab’=25.1 N/mm?> oba = 18.0 N/mm? Stiffener is necessary
where: oba: allowable bearing stress in case of partial loading
oba=1.5x(025+0.05xAc+Ab)x o
=1.5x(0.25+0.05 x 16.8) x 24
= 18.0 N/mm? (but, oba = 1.5 x 0.50)
Ac: Effective area of concrete in case of partial loading
Ac=(Dc?—d2’?) x ©+4=1751752 mm?
Ac is circle area with diameter of half of distance of 2 cable
Dc = 1500 mm D¢ = 5 x D) in condition
Ab’: Area of concrete face subjected with partial loading
Ab’ = (Dc? — d2°?) x m + 4 = 104065 mm?
therefore: Ac + Ab’=16.8
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1500

D:Diameter of buffer d:Hole diameter of buffer d2’ : Diameter of box out

Ac : Effective area of concrete surface
117 in case of partial loading
d2’| =|[,140.0
D =_390 Ab’ :Area of concrete surface
Dc= 1500 lin case of partial loading

As bearing stress of concrete exceeds the allowable bearing stress, stiffener is installed for the
purpose of distribution.
Effective bearing diameter is 440 x 440 in relation of outer diameter of buffer and thickness of

rib plate.

Reverification of bearing stress of concrete after installation of stiffener
Bearing Area Ab’=D? - d2? x 1 + 4 = 178206 mm?
ob=P/Ab’ =147 N/mm*> = oba= 18.0 N/mm’ OK
oba Allowable bearing stress in case of partial loading
oba=15x(025+0.05xAc+Ab’)x o
=1.5x(0.25+0.05x 12.5)x 24
=18.0 N/mm? (but, cba = 1.5 x 0.50)
Ac: Effective bearing area on concrete face in case of partial loading
Ac=Dc? - (d2°? x © + 4) = 2234606 mm?
Ac is the area of rectangle with distance between center of cable as a side
Dc = 1500 mm (but, Dc = 5x D)
Area of concrete surface subjected by bearing in case of partial loading
Ab’=D?— (d2’* x ©t + 4) = 178206 mm?
Then Ac + Ab=12.5
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1500

d2": diameter of box out

Ac : Area of effective bearing surface
of concrete in case of partial loading

400
440 Ab'": Area of concrete surface subjected by bearing
Dc= 1500 in case of partial loading

6. Design of parapet of abutment
1) Verification of punching shear
Increase factor of allowable is 1.5
Cable number for verification n=2

Distance of cable D¢’ = 1500mm

[l):l side of effective bearing surface of stiffener

S

i N—
i
‘ Shear plane

Effective height 895
h= 1350 1570 D, = 1500
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Shear resistance area

A

(Dx4+hxm+Dcx2)xh
(440 x 4 + 1350 x = + 1500 x 2) x 1350
12151553 mm?

where: h: Effective height = h1-h2 = 1500-150 = 1350 mm
h1: thickness of concrete 1500 mm

h2: Cover of re bar = 150 mm

Punching shear stress

Px2+A=2611000 x 2 + 12151553
0.43 N/mm? = ta=1.5x%0.90 = 1.35 N/mm? OK

T

8.3 Unseating Devices (Transverse)
* Al Abutment
1. Outline
The bridge is curves bridge applicable to provision 16.1(4)1), then transverse displacement

prevention structure shall be installed.
The gap in-between bracket is 100mm in consideration for transverse direction associated with
longitudinal movement during earthquake.

Displacement during earthquake is derived from dynamic analysis.

2. Design force

Hs = 3ekhe<Rd/n For Sl support
=  4087.2 kN
kh =0.26
Rd =5240 kN/pier
n = 1installation number
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S1Support

12440

160
| | 465 8135 500 3000 340

600

slab k L.

o
)
2400

1370

1370 2700 / 4300 2700

Transverse displacement prevention structure

3. Calculation of bracket on upper structure side
(1) Design of buffer rubber
Used rubber is chloroprene rubber (hardness 55+5°)
Necessary sectional area: Areq = 4087.2 x 103/ 12.0 /1.5 = 227067 mm?
Used sectional area: A= 500 x 500 = 250000 mm? > Areq

(2) Design of bracket
*  Mounting part of buffer
Design reaction = 4087.2 kN
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effective width of section is 12t and within buffer rubber size

(SMA490W) A (mm®)
_ 2 - 215 X 22 9460
4 1- 500 X 22 11000
DA= 20460
= 169299915 pm?
! r = 91 mm
, = 1000
215 || 215 I -
22 L/r = 11 < 15
b/t = 9.8 < 10.5
ocag= 210 N/mm®, ocao = 210 N/mm*
ocal = 210 N/mm?
oca= 210 N/mm® X 1.7 = 357 N/mm®
Stress oc =4087.2 X 10° / 20460 = 199.8 < gca= 357 N/mn®
Weld of rib

necessary size
Sreq =2 X 4087.2 x10°/( 4 X 1.732 X 1000 X 204 )= 5.8 mm

6
6) & 60°
(6) [oN 60°
6

from above, weld is as shown right

(3) Bracket
Mounting part to lateral beam calculation

Conversion value to normal time (1/1.7)

Sectional force M=Hs -e= 40872 x0450/17 = 1081.9 kN + m
S=Hs = 4087.2 = 2404.2 KN
500 distance of fixing point = 900 mm

8 L ' (SMA490W) A(om® vy (mm) Ay*+T (mm*)
2 - FLG 500 X 22 22,000 511 5,745,549, 333

- N 1-WEB 1000 X 22 22,000 1,833, 333, 333

S 220 14, 000 7,578, 882, 666

. yu = 522mm  L/b = 6 <30

N = =522mm Aw/Ac = 2.00 = 2

. !
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}SerSS ot = M / [ - yu . 74. 5 N/mm2 < ota= 210.0 N/mm2
occ = M / [ - yl = -74.5 N/mm2 { oca= 198. 5 N/mm2
t = S/ Aw = 109.3 N/m? < ta=  120.0 N/mn?
Resultantstress ( 74.5 / 210.0 )%( 109.3 / 120 )2 = 0.96< 1.2

weld between web and base plate
Necessary fillet weld size

Sreq = 2404.2 x10°/( 2 X 1.732 X 1000 X 120 )= 5.8 mm

As above, weld is as shown right

Weld between flange and base plate is full penetration as shown below

(4) Design of mounting part of bracket
(a) High tension bolt is used for mounting bolt (m22(S10TW, 2 row are arranged on both
sides of neutral axis of bolt group).
Allowable force of bolt is determined by 1.7 times of normal time
Lever reaction force generated by tensile force is considered
Verification for friction connection (Resultant force is considered in case that whole
number of bolts are effective.
Force applying to 1 bolt
p=P+1np=4087200 + 56
=72986 N = pa=1.7x48704=82797 N
p a: Allowable force for 1 friction high tension bolt (1 plane friction strength: inorganic
zinc rich paint is considered

Ny: Bolt number =56 (whole bolt number)

(b) Verification of bolt tension
Verify the tensile force of a bolt by calculating secondary moment of inertia around the
neutral axis of bolt group.
Bending moment

M =P x L=4087200 x 400.0 = 1634880000 N*mm
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Arrangement of bolt

Number | pitch | distance ney ye ne ye?
Row No
n (mm) (mm) [ y(mm) |(no. mm)| (mm) (mm2)
1 row 6 0 0 0 581.0 | 2025366
2 row 6 140 140 840 441.0 | 1166886
3 row 4 98 238 852 343.0 | 470596
4 row 4 98 336 1344 245.0 | 240100
5 row 4 98 434 1736 147.0 86436
6 row 4 98 532 2128 49.0 9604
7 row 4 98 630 2520 -49.0 9604
8 row 4 98 728 2912 -147.0 | 86436
9 row 4 98 826 3304 -245.0 | 240100
10 row 4 98 924 3696 -343.0 | 470596
11 row 6 98 1022 6132 -441.0 | 1166886
12 row 6 140 1162 3972 -581.0 | 2025366
13 row 0 0 0 0 0.0 0
14 row 0 0 0 0 0.0 0
15 row 0 0 0 0 0.0 0
Total 56 1162 32536 7997976

Painted part shows compressive bolts
- compressive)

Neutral axis of bolt group

ye: distance from neutral axis (+tension,

z ny 2 ny: ney Sum
= = 581.0mm
~n 2 n: total number
Bolt tension (lever reaction is ignored)
, M 1634880000 5810 — 118763 N
= —-— X (& = — X 0=
PUT S (eye) Y™ T 7997976
9@98
45140 =882 140 45
2 |
2w
B ] 1| 2
R
) J

Calculation of lever reaction coefficient

In consideration for lever reaction generated by tension force, calculate the lever reaction

coefficient regarding “a” part based on the “Draft of design guideline of tension connection

with use of high-tension bolt”
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nf:  Bolt number resisting load as the tension connection =

n’: Bolt number arranged on the one side of T flange/2 (longitudinal direction)

c: Distance of ete of T web direction = 3.5b =
e: Bolt edge distance in T web direction =
w: Length of T flange (n’-1) ¢ + 2e =
t: Thickness of T flange 1.0d (Base plate thickness =

tw: Thickness of T web (thickness of rib) =
tc: Base plate thickness where T flange is connected = t =

d: Nominal bolt diameter =
d’: Bolt hole diameter d+3 =
Ab:  Axial sectional area (d/2)*n
¢’ : Distance of ete of bolt in T flange direction

b: Distance between bolt center to surface of T web (c’-tw/2)

a: Distance between bolt center to end of T flange

s: Weld size of flange and web (leg length of groove fillet weld)

b’: Distance between bolt center to center of fillet weld of T web/2

¢ = a /b =

[
—
O
w
.O\J
w
Il
e
%
S

24 n° - Ab - b

w o 13 (t + te)

24 X 6 X 380.1 X 56.3
o
:

3

= — - = 18.9
500 28° X (28 + 19 )
Therefore n + ¢° — ¢° — 2¢ — 1 = 0 o
UEXY, ¢ = 049 = ¢ = 0.80
pu = L L >
2 I+ ¢)-1
=L e S = 0.41
2 ( 1+ 049 ) -1
Load applying to 1 bolt in consideration of lever reaction
pt = pt (I+py) = 118763 X (1 + 0.58)
= 187646 N = p,, = L.7 X 160000 = 272000 N

where: p ta: Allowable force per 1 high tension bolt for tension connection

12 mm
6 mm

75 mm
45 mm

500 mm
28 mm

22 mm
19 mm

22 mm

25 mm
380.1 mm?
140 mm
59.0 mm

45 mm
55 mm

56.3 mm

= 0.49
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(c) Verification of base plate thickness

355 N/mm? (SMA490W)
490 N/mm?

273 kN

py: Coefficient of lever reation at yielding of axial force

oy: Yield stress of T flange

ou: Tensile strength of T flange

By: Yielding bolt axial force

_ (11 + Pu) Pu _ ( 11+ 0.41 )X 0.41 _ -
py = > = : = 0.58
10 - (1 + Pu)” ~-{ 1 % 041 Y
k = 05+090u/ocy = 05 + 09 X 490 / 355 = 174
0 = l-n"-d/w =1 - 6 X 25/ 500 = 0.70

Necessary baseplate thickness

6n - - a
0 1p\k oV

6 X 6 X 273 X 1000 X 0.58 X 45 _
0.70 X 500 X(1 + 0.58 )X 1.74 355

= 27.5 mm
X
0 = *By (b’ —a- pv)
r(1+py) k oy
_ 6 X 6 X 273 X 1000 X( 563 - 45 X 058 ) _ o4
500 X(1 + 0.58 )X 1.74 X 355
t= 28 mm 2 tl , t2

(d) Reduction of allowable sear stress of High-Tension Bolt
(1) From Eq. 7.3.10 in provision 7.3.7 JRA

pa = pa2+(n*N-T)/ (n*N) = 48704 N

pa: Allowable shear force per 1 bolt (N)
p a2 : Allowable bolt force of 1 1 bolt as a friction connection (N) 54000 N

n : Total number of bolt at connection part 56
N : Initial induction axial force of bolt (N) 205000 N
T : Tensile force applying to connection part (N) 1125876 N

4. Reinforcement to Lateral Beam
Reinforcement rib is installed for the coupling force due to bending moment caused by
horizontal force.

Where, this reinforcement rib is used to double with vertical stiffener of lateral beam.
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Pv 10 Pv ﬁuj 224%

Acting bending moment and coupling force

M= 16349 kN-m
Pv=1634.9 /1.000=1634.9 kN

Reinforced section  ( SMA400W )
2— 245 X 22 10780 = 231927681 mm*

I
1 - 288 X 12 3456 (24-t) r = 127.6  mm
L

S A= 14236 mn? - 3150  mm
L/r = 24.7 > 18
b/t = 1.1 > 12.8
ocag = 134.5  N/mm® , ocao= 140 N/mm®
ogcal = 185. 5 N/mm2
gca = ocag* ocal, ocao = 178.2 N/mm® x 1.7 = 303 N/mm’

axial compressive stress

oc = 1634.9 x10° / 14236 = 115 N/mm® < oca= 303 N/mm’

Weld between reinforcement rib and web of lateral beam
J2t = (2 X22) = 6.6 mm

Necessary weld length when fillet weld size is 7mm Lreq
Lreq = 2 X 1634.9 x10°/( 4 X 6 xX 0.707 X 80 X 1.7 )
= 1416.9 mm < WH

As above mentioned, required welding length is less than the girder height of lateral beam, it

is extended as the vertical stiffener.

5. Verification of lateral beam
Section calculation is carried out assuming lateral beam are subjected with axial force from

lateral displacement prevention device in addition to dead load.

Md = 4128 kN-m Confer to design of lateral beam
Sd= 189.5 kN
Ne= 4087 KN / 1.7=2404 kN (converted value of normal time)
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Section S1 (3%fweathering steel ia adapted.
Sectional force  Loading case name MY Y/ NX MZ SY MX
( 1)CASE. 1 412. 80 189.49 -2404.00 0.00 0.00 0.00
section ] Tmin Material quality <dimension> {Section shape
1-FLG ~ 300x 10> 9.0(SM490Y ) |[AS= 41688 mm2 {(-==300--->T= 10
1-WEB  2369x 12>11.3(SM490Y ) [JX=0.00000271 m4 | (UF2) | (UF)
1-FLG ~ 540x 19>16.5(SM490Y ) [AW/AS= 0.68>0.4  _____ vuuuvuuvuuu
(iinplane > <jout of plane> W o(uw)
sectional force = 41688 41688 mm2 web height W
0 = 208.3 0.0 mm 2369 RW (CW)
Moment of inertia = 0.03035920 0.00027216 m4 T= 12 W
Buckling length = 4.3000 4.3000 m F W (LW)

Radius of giration of area = 853, 3745 80. 7990 mm LLLLLLLLLLL
slenderness ratio) = 5.0388 53. 2185 | (LF2) | (LF)
Euler's buckling stress = 77745 697 N/mm2 {---540--->T= 19

Effective width coefficient = 1.00000 1.00000
Verification of distance of vertical stiffener (Horizontal stiffeneris 1 tier) 0 = 76.6, = 2.2 qucision 0.11£1..0
( Allowable stress (N/mm2)  loading case name =CASE. 1 upper flange  fweb  Lowe flange
allwable stress in consideration for local buckling related chapter 4.2 JRA Vol S (¢ cal) 110.9 210.0 119.1
Jrallowable stress without consideration for local buckli ng (o cag) 152.7 152.7 152.7
Jupper limit of allowable stress without consideration for local buckling ( ¢ cao) 210.0 210.0 210.0
Allowable axial compressive stress (0 ca=0 cag¥o cal/ o cao) 80.6 152.7  86.6
Allowable bending compressive stress ( 0 bagy)L 4.300 L/B= 14.3<27 8.0<27 134.4 210.0 187.7
(Stress ) (CASE.1) o NX= -57.7< 80.6
factor depending on stress gradient. U-FLG=1. 0000, L-FLG=1.0000)
\ g MY o MZ oNX X0 ocal|] ©SZ SY tMX Xt ral<1.0 <1.2
[UF  -19.1 0.0 -57.7 =-76.8<111] 0.0 0.0 0.0 0.0<120/0.86 0.13
|[UF2 -19.1 0.0 -57.7 -76.8<111] 1.3 0.0 0.0 1.3<120/0.86 0.13
[uW  -18.9 0.0 -57.7 -76.6<210] 2.2 0.0 0.0 2.2<120/0.47 0.13
|CW 0.0 0.0 -57.7 -57.7<210] 8.3 0.0 0.0 8.3<120/0.38 0.08
LW 13.3 0.0 -57.7 -44.4<210] 5.3 0.0 0.0 5:3¢120]0.31 0.05
|LF2 13.5 0.0 -57.7 -44.1<119] 1.7 0.0 0.0 1.7<120/0.60 0.04
|LF 13.:5 0.0 -57.7 -44.1<119] 0.0 0.0 0.0 0.0<120/0.60 0.04

6. Calculation of bracket in substructure side
Substructure side bracket is associated with the longitudinal movement of superstructure. As
movement amount is 600 mm during earthquake, bracket of substructure is arranged with interval of

500 mm to double with superstructure bracket.

100
.
A
g 8]
Superstructure side § — -
\\ 1 -—
E N /] @@ u'gn - ]
Longitudinal direction 28‘%% e '
- L] A — — R N
o ™
2 o X
( 3
T S

1000 1000
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(1) Design of web and rib

Effective section width is least of member size, buffer rubber size, 12t

Design reaction = 4087. 2 kN (SMA490W) A (mm®)
2 - 100 X 99 4400
1 - 500 X 22 11000
100 22 100 A= 15400
R 0 I = 20058588 mm’
;‘ r = 36. 1 mm
S|t / L = 1000 mm
e N*
11
/ L/r =27.7 > 15
v { b/t 1.5 < 10.5
o cag = 191 N/mm®>, ocao = 210 N/mm’
ocal = 210 N/mm°
gca = 191 N/mm®> X 1.7 = 325 N/mm®
Stress oc =4087.2 X 10° / 15400 = 265.4 < oca= 325 N/mm>
Weld of rib
Required size
Sreq =2 X 4087.2 x10°/( 4 X 1.732 X 1000 X 204 )= 5.8 mm

from above

(2) Calculation of anchor bolt

Weld is groove fillet 6mm

Sectional forces for design are the applying force of bending moment and shear force at the

bottom of base plate

» Calculation of sectional force
M=

« Section calculation
Used section ]
Area of embeded part

Section narea of the thread :

Allowable tensile stress
Allowable shear siress .

Allowable bolt force

889.6 kNom , S-=

DAL= 7942 mn’

© ptal= 200.0 X 560.6 =

2404. 2 kN

ﬁj

DB-D 32 ( SD345 : M 30 )

A2 = 5606 mn” Effective diameter
ga = 200.0N/mn’

ra = 115.0 N/m' (g ax3)
112120 N/ Bolt (ca)

pta2= 115.0 X 794.2 = 91333 N/ Bolt(ra)
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Position of Neutral Axis (calculated with origin is 1% row of bolt)

Number per | Distance of | Accumulated | Moment of [ Distance from Moment of
row Row distance Area Neutral Axis Inertia arour_1d
Neutral Axis
n (mm) p (mm) yi (mm) neyi e-yi (mm) ne (e-yi)?
1st Row 8 0.0 0.0 0 592.0 2803712
2nd Row 4 192.0 192.0 768 400.0 640000
3rd Row 4 200.0 392.0 1568 200.0 160000
4th Row 4 200.0 592.0 2368 0.0 0
5th Row 4 200.0 792.0 3168 -200.0 160000
6th Row 4 200.0 992.0 3968 -400.0 640000
7th Row 8 192.0 1184.0 9472 -592.0 2803712
Yn= 36 Xneyi= 21312 1= 7207424

1st row is the farthest tensile bolt row

Eccentricity: e =Zneyi/Zn =592.0 mm (From 1st row to neutral axis)

Verification of maximum bending tensile stress
ptl =889.6 x 10° / 7207424 x 592.0 = 73070 N/bolt
<ptal = 112120 N/bolt

Verification of shear force
p12=2404.2 x 10% / 36 = 16783 N/bolt <pta2 = 91333 N/bolt

Verification of resultant force
k = (73070 / 112120) 2 + (66783 / 9133) 2= 0.96 < 1.2

1740
501220  5x240=1200 220 |50

50192 4x200=800 [192| 50

1640
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(3) Calculation at anchoring part

Tension bolt force 73070 N/bolt

Adopter bolt diameter DB-D 32

Embeded length of bolt =480 mm (15D) = 15D =480 mm
Concrete strength ock =24 N/mm

Allowable bonding stress T a=1.60 N/mm?

Allowable punching shear stress 1 ca = 0.90 N/mm?
e Verification of bond stress between concrete and anchor bolt
p=73070/ (32 x © x 480) = 1.51 N/ mm? <t a = 1.60 N/ mm?

*  Verification of pull out shear stress of concrete

Per 1 bolt
(min) shear resistance area
al = 220 X x X 370 = 255726 mm”
) a2 = 220 /2 X © X J2 X 220 /2= 53759 mm”
. I Ya= 309485 mm"
(1171 -
| | | s 2 Pull out Shear stress
B B = ct= 73070 / 309485 = 0.24 N/mm’
NERR _ < tea= 0.90 N/mm’
MNMAY =
Tensile Bolt Group
Resistance area is 45-degree distributed area from tip of bolt
@) (@ 5
2
| = (=}
< |~ (=]
o g ©
N 2
392. 0 | (Distance between farthest bolt . 480
bottom width
1352

Shear resistance area
a= 1352 x 2600 = 3515200 mm?
Bolt force acting to tension bolt group
Y pt=73070 x 16 =1169120 N

Pull out shear stress

¢ =1169120/3515200 = 0.33 N/mm? < 1 ca = 0.90 N/mm?
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(4) Calculation of Base plate
Base plate thickness is determined by bending moment generated by bolt axial force

supported by tensile flange

Maximum bolt axial force and applying bending moment
Tensile flange

73070 X 8 584560 N

P=ptl + n

=
I

—

o
1]

584560 X 70 40919200  N-mm

\'Base plate
Base plate thickness required
OQ 70 Material quality SMA490W

p treq= J [ 6+M/( a*0a-B) ]
JL 6 X 40919200/ ( 1.0 X 210 X 1740 )]
25.9 mm — 28 mm

B= 1740 mm (-Base plate width

ais arbitrary coefficient

8.4 Settling Prevention Devices
Outline
Load considered is vertical dead load and not horizontal dead load.
Strength limit stress of steel is 1.7 times of allowable stress and capacity of concrete member is
obtained as concrete area multiplied by specified design strength. Minimum thickness of structural
steel plate is 22mm.
(1) End support
Design regarding P2 where lager reaction occurs.
a) Design Force
Rd =6975.5 kN/Pier Use P2 support
n=  4places
P=Rd/n=1743.9 kN

b) Necessary size of buffer rubber
Using material is equivalent to chloroprene rubber (hardness 55)
Necessary area Areq = 1743.9 x 10>/ 1.5/ 12 = 96883 mm?
Used area A =300 x 400 = 120000 > 96883 mm?

c) Design of Bracket

*  Mounting section of buffer
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400

. Design force P = 1743.9 kN

29 [ ]

(SMA490W) Minimum thickness is 22mm

956 : : A (mn®)
2- 400 x 22 17600 center rib is ignored
1- 2566 X 22 5632

22— _J L_ ' SA = 23232 gt
22 o= 1743.9 x10°/ 23232 = 75.1 N/mn
Coa= 1.7 X 205.8 = 350 N/mn
L = 2378 mm
r=4J({d/4 = 126.5 mm
L/r = 18.8 > 15 0 cag= 205.8 N/mm’
b/t = 8.6 0.5 ocal= 210.0 N/mm”
oca = 205.8  N/mm®
*  Section calculation of mounting portion to main girder
Converted value to normal time (1/1.7)
Sectional force M= 348.8kN-m  (1743.9 x 0.340 x 1/1.7)
S= 1025.8 kN
400 Distance between fixed point | = 680 mm
gL ﬁ " 2 9 _l
(SMA490W) Alom®) y (mm) Ay*+1 (mm*)
2 — FLG 400 x 22 17, 600 266 1, 246, 015, 467
= 29 1 - WEB 510 x 22 11,220 243, 193, 500
N —F 28, 820 1, 489, 208, 967
. I yu = 277mm  L/b = 1.7 <30
i vyl = 277 mm Aw/Ac = 1.275 > 2
400
Stress ot = M/ T +yu = 649 Nmm® < ota= 210.0 N/mm’
ge = M / I - yl = -64.9 l\_/mmz { ogca= 210.0 [\'/mm2
T = S / Aw = 91.4 ]\'/mm:‘) { rta= 120. 0 ]\'/mmz

Resultant stress (64.9 /210.0)*> + (91.4/ 120)*> = 0.68 < 1.2

Weld between web and base plate

Necessary size of fillet weld
Sreq = 1025.8 x 103/ (2 x 0.707 x 510 x 120) =11.9 mm
J2t= 6.6mm

From above, size of fillet weld is 12mm.
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d) Design of mounting part of bracket

High tension bolt is used for mounting bolt (M22(S10TW,2 row are arranged on both sides

of neutral axis of bolt group).

Allowable force of bolt is determined by 1.7 times of normal time

Lever reaction force generated by tensile force is considered

(i) Verification for friction connection (Resultant force is considered in case that whole

number of bolts are effective.

Force applying to 1 bolt
p= P+Np=

1743900 + 28

= 62282+N = pa=1.7 x 44443 = 75553 N

pa : Allowable force for 1 friction high tension bolt (1 plane friction strength:

inorganic zincrich is considered 1Ny: bolt number = 28 (all bolt number)

(i) Verification of tensile force of bolt

Verify the tensile force of a bolt by calculating secondary moment of inertia around the

neutral axis of bolt group

Bending moment

M =P x L=1743900 x 340.0 = 592926000 N *mm

Bolt arrangement

Row No | Bolt No pitch | distance neyi ye ne ye?
(mm) [ y(mm) | (no. mm)| (mm) (mm2)
1 row 4 0 0 0 330.0 | 435600
2 row 4 130 130 520 200.0 | 160000
3 row 4 100 230 920 100.0 40000
4 row 4 100 330 1320 0.0 0
5 row 4 100 430 1720 -100.0 | 40000
6 row 4 100 530 2120 -200.0 | 160000
7 row 4 130 660 2640 -330.0 | 435600
8 row 0 0 0 0 0.0 0
9 row 0 0 0 0 0.0 0
10 row 0 0 0 0 0.0 0
11 row 0 0 0 0 0.0 0
12 row 0 0 0 0 0.0 0
13 row 0 0 0 0 0.0 0
14 row 0 0 0 0 0.0 0
15 row 0 0 0 0 0.0 0
Total 28 660 9240 1271200

Painted part shows the compression bolt. Ye: Distance from neutral axis (+ tension side, -

compression side)
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Neutral axis of bolt group

2n e
. z_y — 330,00 mm ¥ ny: ney Total

n 2 ny: No. Total

Bolt tension (lever reaction is ignored)
M 592926000
pi= m X Y€max = m x 330.0=153922 N
(calculation of lever reaction force)
In consideration for lever reaction generated by tension force, calculate the lever reaction coefficient
regarding “a” part based on the “Draft of design guideline of tension connection with use of high-tension

bolt”

nf:  Bolt number resisting load as the tension connection = 8
n’: Bolt number arranged on the one side of T flange/2 (longitudinal direction) = 4
c: Distance of ete of T web direction = 3.5b = 100 mm
e: Bolt edge distance in T web direction = 40 mm
w: Length of T flange (n’-1) ¢ + 2e = 400 mm
t: Thickness of T flange = 1.0d (Base plate thickness = 24 mm
tw: Thickness of T web (Rib thickness) = 22 mm
tc: Base plate thickness where T flange is connected = t = 14 mm
d: Nominal bolt diameter = 22 mm
d’: Bolt hole diameter d+3 = 25 mm
Ab:  Axial sectional area (d/2)*r = 380.1 mm?
¢’ : Distance of ete of bolt in T flange direction = 130 mm
b: Distance between bolt center to surface of T web (c¢’-tw/2) = 54.0 mm
a: Distance between bolt center to end of T flange = 40 mm
s: Weld size of flange and web (leg length of groove fillet weld) = 5.5 mm
b’: Distance between bolt center to center of fillet weld of T web b-s/ = 51.3 mm

¢ =a/b=40/513=0.78

24n's Ab * b
w e t3 (t + tc)
24 x 4 x 380.1 x 51.33

=234
= 400 x 243 x (24 + 14)
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Therefore: m * ¢3- @2 -2¢-1=0 #=0.45

4= 045 = ¢ =0.78

1 1

Py = X
2 1+¢)-1
1 1
= = 45
2 (1+045)2-1

Load applying to 1 bolt in consideration of lever reaction
pt= pt’ (1 +Py)=153922 x (1+0.65)
= 253971 N = pw = 1.7 x 160000 = 272000 N
P Allowable force per 1 high tension bolt for tension connection

(iii) Verification of base plate thickness
oy : Yielding stress of T flange

ou : Tensile strength of T flange =490 N/mm
By Yielding bolt axial force =273 kN
Py : lever reaction coefficient at yielding axial force
(11 + Pu) Pu (11 + 0.45) x 0.45 o
10-(L+Pu)2  10-(1+045?2
k = 05+090u/oy=05+09%x490/355 =174
d = 1-n'+d'/w=1-4 x25/400 =0.75

Necessary base plate thickness

By «+ Py « a

(] = 6n - -
0 ~w(l+tPy)k + oy

4 X 273 X 1000 X 0.65 X 40

_ 6 X ( X 4 _
\/ 0.75 X 400 X( 1 + 0.65 )X 1.74 X 355

-

9 = 6n’ - By (' —a-Py)
w(l+Py) k <oy

:\/ 6 X 4 X 273 X 1000 X( 51.3 - 40 X _0.65 ) _
400 X( 1 + 0.65 )X 1.74 X 355
t= 24 mm = tl , 2

(iv) Reduction of allowable sear stress of High Tension Bolt
From Eq 7.3.10 in provision 7.3.7 JRA
pa= pa2zx(nxN-T)/(nxN)=44443 N

= 355 N/mm (SMA490Wmaterial)

23.7 mm

20.2 mm
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pa . Allowable shear force per 1 bolt (N)

pa2: Allowable bolt force of 1 as a friction connection (N) 54000 N
n: Total number of bolts at connection part 28 No.
N : Initial induction axial force of bolt 205000 N
T: Yensile force applying to connection part (N) 1015884 N

(v) Reinforcement calculation (Calculate at G2 where stiffener distance of main girder is largest inside

the girder
BR=FLG /Main girﬂil: Wt:b
?Reinfbrcement rib: - . Lo D
. ; > P ~ling foree P is the coupling force due to eccentric
~a “bending at in between bracket flange
& i C\M'
2 i W = 592.9 kNem
‘ l v L'= 0.5%2 m
| P = 1114.5 kN
p Design sectional force
D l v M= 411.7 kN'm  (Pra*b/L)
K A S = 588.1 kN (P-b/L , a<b)
a2 700 _L b= 782 L = 1.482 m
3 1482 s
( SM490Y ) A(mm®) v (mm) Ay (om®)  Ay*+1 (mm?)
1 - 150 X 22 3300 161 531300 85672400
1- 300 X 19 5700 - - 42750000
12 1 - 288 X 12 3456 -156 -539136 84146688
—| —
H 12456 7836 212569088
22 300 e = —0. 6 mm -4484
—‘Ir—’ y = 172.6 nm 212564604
f 2| || & ,
2 o = 411.7 x10° / 212564604 x 172.6 = 334.3 N/mm°
! t s CLTX 210 = 357 N/mm?
o
T = 588.1 x10° / 5700 = 103. 2 N/mm®
<CLTX 120 = 204 N/mm°
( 333 / 357 ) + ( 1032 / 204 2

Weld at supporting point at reinforcement rib.

Necessary fillet weld leg length

Sreq =588.1 x 10/ (2 x 0.707 x 300 x 204 )

= 68mm —» 7mm
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Reinforcement calculation at supporting point of reinforcement rib.
As the reinforcement rib is the connection structure between diaphragm of end support and

vertical stiffener reinforcement calculation of vertical stiffener is verified.

ry Y ] —r]
SV=P+a/L=526.4kN
[ ]
= Mumax = 157.4 kN-m
% max = 439.4 kKN
o :::g /
o L _| P
3
v r _q -—_C]
Z z
Reinforced section at stiffener
12 (SM490Y) A (mm?) y(mm) A (mm?) Ay?+ I(mm?
I 1- 100x10 1000 205 205000 42033333
Hllo 400 1-  400x9 3600 - - 48000000
— | % 1- 288x 12 3456 206  -711936 146700288
[a7] i |
S [ : ) 8056 506936 236733621
S 3 e=-62.9 -31872839
y=272.9 204860782

o= 157.4x10° / 204860782x272.9 = 209.7 N/ mm?
<17x210 = 357 N/mm?
= 4394x10° | 3600 = 122.1 N/ mm?
<17x210 = 240 N/mm?

(209.7/357 )2+ (122.1/204)> = 0.7

<1.2

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic
Improvement Project (MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



SIN 05 \ @/

JOIA3d NOILNIATHEd ONILYISNN 40 IF1dAVS | el /

o

BSDS DESIGN STANDARD GUIDE MANUAL I

(OLW) ONIAYYHdS : SEFHIS) ﬂ
/IS 135 124305 NOOVXH (NFAHIIAT0D  (NISTH INTAHLIAT0S) (NTIAHIIAT0S) NOTSNVR /
/ - \ \3d1d 301 TVIHALYN OREA0D 3d1d meﬂ\_ \
F L _ __ Y o i 7
= Y = ]
C \_L U —/ 7
(NIS34 INTTAHIIATOL) - Y2=1) (L ZLPx6L) E (=3 /
TWIYILYN 0343A00 V33 aqn} af13108]014 J4IN 318 0d L—TEEY 0Le
(1719%1) oTg 00T o007 019
WK T3S 2d TEIP 19T oToT
G T GE8d 086(=T HIDNIT TIWHIAC—TILIINNDD
(ONILYTd ONIZ:0G¥S) £:1=T08
1NN M3IA VNOILD3S V-V 9|qe2 3u1308uuo)
(20UBIBUNDJ 1D 3] OUM)
JUBINEaIT AU 1Y |NE) \Lozocm U013oNJ135000 a3y /svig (3N SH)DNTH4S
SNOTHSND 314, // \ JusiBdlojulal wniJedslqd /(010924) 378¥D 9NTLIINNOD
IS NN / /HIVIHE
0| SUBj \
/
/ ]
| | |
_ I o _
/
\_ \
/
~dey |ee1§ a38]4 8p1s 1Jed JoMO| UIEAYS Jeduni] I=ACHH
Bu el Ins
ZIT 76 56 4 00sT 0025 56 O0F 0% (XAl
¥t 00L9 956

036L
8pIS }4ed JomoT

SUIMeJp |1B18p UOI3B||BISU]

8- 35

apIg 3Jed Jeddn

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic

Improvement Project (MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



8- 36

CHAPTER 8: UNSEATING PREVENTION SYSTEMS

SIN

ENLCS \\\\mw;///

d40IAdAd NOILNIATHd ONILVISNN 40 F'1dIAVS @

"BU13SBD 23840U0D 8404aq UlBBYS Byl 185 =

yjeays jadund]
(G20 dh uiesus /N

I~
Jom

oL@

0921

SuImedp |1B18p D3JI-X0g

(1485u1)
(G2 yideq) 9IK-91N,

‘M\\MMM/W‘ &
BN E e
B F e
7 =
| e

8

woi31god 31193

06
8¥C 002
(aus| Ay19A|0d)
selg

‘BU11sB0 8]8J0U0D aJojaq ylesys jaduni} eyl jag =

G Z=3N

\
A
|mwffr

TP

‘4& 052

00T~ 0Fe

. 3
(aua|Ayzak|od)
yiesys 1adund|

(daqgnt 9138yjuks) Fuiyoed sajing
/A (8urje|d aulz (opF §S 03 jua|eainba)

\\ aje|d ainssaad 3u|Jepg
W&Lm : -
|
o
Zu
05 G 06€

(3uryoed Jajjng + aje|d SulJleaq)
SuoIYsno paxl 4

wmﬁwq/
i N\
S @ ¥
I o & = Iy
+H &= == ; ;
| == \
\- = ¢ +
(9=3)
Fu1yord
3 08y 0¢
I 075 .

(8u11e|d ouiz :31onpoJd Jus|eAInba OOpSS)
pJeoq AJeluswe |duoy

/ (48qqna 9138yjuks) Buiyoed iajjng

s

J(Buije|d ou1z :poF SS 01 Jue|BAInba)
\ aje|d aJnssaad Fulieag

7

£l
05 Sy 06€

(3uryoed Jajjng + aje|d Sul.esq)
18}jng

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic

Improvement Project (MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



BSDS DESIGN STANDARD GUIDE MANUAL I

8- 37

SIN

L \@/

3OIA3Ad NOILNIAZHd ONILYISNN 40 FTdINVS _/o_‘\

"}1 Op PUB 8OUBYSIP 8Y} W U0y
UOI3EB[|BISUl JB N0 PajJiied S| Sa|qeo SulI308ULOD JO UDIRONPOI4 |
310N

aje|d SUILR}}IIS

/deoa |a9]g

"U1]SBO 91940U00 840480 }as S| IBQ 84B)

WP
8081INS 10B]U0D Fupiord - 910-8
33240000 By} UD OS|B SUlY|NE) & I % = [ =
a0B}.INs a8pe 8y} JeAod 03 SUlY|NE) ! =
cal
v 14ed Jo s|1e38(Q [ \ s =
aAISBUPE Y} IM UIOP ! i = ~ & [2
: thallhad o S S
Buisoed pul aAn1SaypPE Y11k ulop
83e|d Butusydiis eyl Suryoed pue deo |883§ |
. : —
(80A3 1aggni — " oo =
9=1 m:ﬂm_amu + T = Z -
p— B
e dea 8815 (9=3)
3u|yoe . L . i
Poed 7l OT] G¥l 0ve SFTPI
13dvavd ajoy 3[0g eu3 3joq o3 uryneg  [0F 08% 0¢ ] ) 055
JUNLonyLsAns 80USI8JWN311D 8113Ua 8] 18AC SUINOY (7 0vE [i (6peas)
(3u13e|d ouiz :00F MIS ‘00% SS)
' . UsledJolulal wnideodad
(8pls JuswINge) 84n1onJis uoljuaasa.d deo |891% + Ul . d
93p14q Sul||e) Lo 1uswiea] Looddialep
ele
. M =
] i A fe. ! 7
BEETEDY 5 JAAKATTE T
</ ° VVVL_F _ Y

£l

(Yy38ua 84n3oB jNuey)
88 oo ] 00§ )

(8uile|d oulzZ:00%SS)
a1e|d 91e|pawIalu]

(SM 404) 3ulddg

(JusWleaJl 9jewodys ‘Suije|d oul7 :9-MS)

1

] 08l
(8ui1e|d oui12)
:1onpoad 1us|ealnba OOKSS)

(S 404) e1e|d Jaddolg

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic

Improvement Project (MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 8: UNSEATING PREVENTION SYSTEMS 8- 38

22.985

21.785

Level 22, 985

24.[638
724112

1370
7 24/625 / [
% ;ﬂ /
Leval
. BIAS
Level
G28)
24,608
)
&2R)

1821 N

500
GR

I
—1
&
500

2700
1700
of
g
-

@20
BEAM

E |
2]

724,561
o\
o
B =S|
| —_—
@
2700. 1
12001
24. 640
2 T
NOTE: The Superstructure is steel box girder

500,
L=
|
‘./
A
500
BT+
=
G

500
NTS

500

500
I~

SL02

(62L)
@

12440
4300
4300

7 24. 540
D
JEE‘ 604
E
5
<2
M:E
g

8135

>
gz NS 8 gz ) g =
S = | A e
EBE ; \ | = g 3 1 '@7 S
7 \ 1z Z 15
Bl o | E a0z | ever " _
g E j 3 g° g E
~— ‘I = ~— \ o
| |
=
@ E E]

/
A
\
A\

W

1407.2
—
G

140,18

8]
@

1570
909
hm HE
P
44

909
14072
/
/
[
I
/ /}/g’ /
8
Wz
EY !
/‘l/%k
\
\
\ \
8
dge prevention structur

I}
=
450]22
(o

INSTALLATION OF UNSEATING PREVENTION (LONGITUDUNAL)

1407.8

LE

PG CABLE (F27010-1)
\_ 14114\ 1409

PC CABLE(F270TD-4

Falling

(
|

“ Falling bridge prevention structure

445

1407. 8

6885
3145
5000

4

1500
6885
5000

BIAS

B

lﬁ 63

=
.

1

5D

000

o
7
P
= %
19
Gr
3
00

950\ (1411
4
\ 6 /f SCALE

ama
g
\ R

B T
T
\“‘-.
[
[

550 950

167

76700
f

(a1
0
00
¢
™~
I
|~

CIoEY

8

22,937 (61}
€22.985(62) > Level

081 0oLl 00€S
[l

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic
Improvement Project (MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



BSDS DESIGN STANDARD GUIDE MANUAL I

8- 39

SN

1vas

(ISYINASNVYHL) IOIATA NOILNIATHD ONILVYISNN 40 NOILVYTIVLSNI

15 1051
e 005
[

(M=2) (MLOIS) 22N B1-6E2

#u1] [ 144oRg
Bi|p|om 1314y D51

T 7a6-66%6
B
ozil=awas H — H

L

MLIOLS) ZZN BIL-BE

620 I

2
&=
=

S N T

0001

BLY

g

ol

00
BL¥

1z)|s1z v
"Ih' wlefoke
005

[
| B2t

006 [

[

wil=Emas [ - 1

el

QOB=00T Xk

Buy || pyong

e

\
052

]
T

F Toagna e ruem|

0|

wOZ T

e B3

TBE=BE6X6

Z5EL

T 0001

EX Lo

0z:1=3T05 s | |ejep Juswsedaq e,

36%0EIG WOI30E

21

i ) S
{9 T >

LT =2 LTS

T
La ) a4
K .

2
R . L s A

]

\

10%0EIq WoII08 e
. i
Qs =
E
.
@
=
=
&
;2
b e
Iz s [
lae 0DOL glee
i
J2-0
FECECN N ET )
Y
[ = (@)
G -
- -
i S
[ @32 _
T | =
_ulm i T T oy
= . =
= \_l_l__ S R
i _ g
[
556 22 0001 01
37 0001 22 S0IT
051Z oLE
0OLE ey 00Le
oLz

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic

Improvement Project (MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 8: UNSEATING PREVENTION SYSTEMS 8- 40

[

H2

HI

GPR | 2109 1420.9) 2413 1| 5471 904.0( 8702 24132

NOTE: The Superstructure is steel box girder

I | .o|
W f
-, _l g L
7 A 2
J " L o
g it . Yy =g
- ‘ ofL v g L
maf o S] = o D
2 7 E (5] — - =
| ™ | 4 £
® E
| s z
LLl
0002 [ >
06 0% w
o
< o
3;1 7 g
| «’?Z . i =
L8 =t g <
g ] L
g J g
5
H \‘ L
E | N O
B 5
TEE .
£f <=
o #5
E g | g8 — .
i l© ©]
- gr L %E /
] £ [T I I = \ /
o S S = [
: ! Bl
e
] |
g g
|
il
g )
3] §l — ﬁ :“3 008
g5
l= S @

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic
Improvement Project (MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



BSDS DESIGN STANDARD GUIDE MANUAL I

CHAPTER 9:

DESIGN EXAMPLE
OF SEISMIC
ISOLATED BRIDGE
WITH HIGH
DAMPING
LAMINATED
RUBBER BEARING
(HDR)
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CHAPTER 9: DESIGN EXAMPLE OF SEISMIC ISOLATED BRIDGE WITH HDR-B 9-2

Chapter 9 Design Example of Seismic Isolated Bridge with High
Damping Laminated Rubber Bearing (HDR)

Isolation bearings can be used to design and retrofit bridges to avoid structural damage during the most
severe earthquake. The primary goal in a seismic isolation strategy is to decouple a structure from the
earthquake ground motions. This strategy has been used for various bridge systems where the inertia
effects of the vibrating superstructure are separated from the substructure at the interface between
superstructure and substructure. This reduces the forces transmitted to the substructure columns, piers,
and foundations. The earthquake energy is absorbed by heat in the isolation bearing that provides
protection for the substructure.

This chapter is devoted to the applications of seismic isolation design for bridge structures. Seismic
isolation analysis and design of three span bridge has been presented as an example. The used of current
Bridge Seismic Design Specification (BSDS, 2013) and the Highway Bridge Seismic Isolation Design
Specification (HBSIDS, 2019), the state of the practice and implementation of seismic isolation are
discussed. The basic concepts, modeling and analysis methods, design, and evaluation are then explained.
A design example is given for illustration purposes.

9.1 Procedure

The analysis and design procedure in this example was presented according to the following steps.

Identify Bridge Site Data ‘

| |

Analyze Bridge ]

|

Verify Results and Obtain ‘
Design Values

NOT OK

Verification

Figure 9.1-1 Seismic Isolation Design General Procedure

1. Identification of bridge data includes the following:

e Bridge properties
e Seismic Hazard on site
e Required performance of isolated bridge.

2. In the analysis, following shall be defined comprehensively based on the actual condition and
parameters:

e Bridge complete model

e Selection of isolator type and initially design for static condition to have required
characteristic strength

e Analysis method to be used.

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
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3. After the analysis, verification of the results or response is necessary to obtain the design actions.
Followings are the common structural response or actions need to be check:

e Bearing forces and displacements

e Hysteretic behavior of bearing isolator

e Damping of structure

o Design forces and displacements (for both superstructure and substructures)
e Check if the required performance is satisfied.

4. Finally, after all the bridge target performance has been satisfied, verification of bearing stability
according to its required allowable values (i.e allowable stress, allowable strain, etc..) need to be
satisfied also, otherwise, iteration is necessary until all the requirements has been satisfied.

9.2 Design Condition of Example Bridge and Seismic Hazard

9.2.1 Description

A three-span continuous prestressed concrete girder bridge with a single column pier is shown in Error!
Reference source not found.. This bridge is classified as essential bridge (OC2) and no skewed (regular
bridge). The bridge carries two traffic lanes and superstructure width of 10.5 m. Superstructure is made
of typical type 5 AASHTO girder spaced at 2.5 m. center-to-center. All columns are supported with 8
cast-in-place 1.2 diameter piles. The rectangular high damping laminated rubber bearing (HDR) are
installed between the top of coping and lower end of end-diaphragm.
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gm 1L 30K
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ELEv, —f21 | | ELEw, —idh
Pm3BTIE2 KMSPLE P dane 47 RPLE

Figure 9.2-1 General Elevation of Sample Bridge

9.2.2 Seismic hazard

Seven (7) pairs of spectrally matched site-specific acceleration time history ground motion was
prepared shown in Figure 9.2-2. The site is classified as Type Il (Medium). The provisions for the
generation of earthquake ground motion for dynamic analysis in Section 4.2 of this guideline referred
to BSDS 2013.
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| UL P
el Ll LLLLLL]

Figure 9.2-2 Seven Sets of Site-Specific Acceleration Time History Ground Motions

9.2.3 Required performance of Isolated Bridge

The required seismic performance of bridge as explained in Section 3 of this guidelines. In commentary
RBSIDG mention that “Because, a seismic isolation bearing is a member that can absorb the energy
of Level 2 Earthquake Ground Motion without being damaged, a seismically isolated bridge has a
structural form that is suitable for use as a bridge that needs to be restored quickly after the occurrence
of an earthquake”. Meaning, that after large earthquake bridge remains at its elastic condition (SPL1),
the primary plastic behavior is permissible only at bearing location as shown in Figure 9.2-3.
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) e BN oo~ P =H=s 2
!’ 7 \‘ 7 \‘ 7 \ ’
‘\\ 7\ /‘( ,'l ‘\\ :".\ /r:
“e---t” Primary plastic “y~--4~ “Ne__-t”  Primary plastic
behavior behavior
Secondary plastic Secondary plastic
/behavio\ /behavior\\
\Secondary/ J U J\Secondary/
plastic plastic
behavior behavior

Figure 9.2-3 Permissible Plastic Hinge Location for Seismic Isolated Bridge

9.3 Analysis

Analysis procedure and analytical model was defined in Section 4.3 of this guideline. Two analysis
method were recommended to be used in dynamic analysis of bridge: the response spectrum method and
time history response analysis method.

9.3.1 Global Analysis Model

In modeling of bridge, Midas Civil 2018 software was utilized as a tool in this example. The bridge
was modelled as grillage/3d Finite element model according to its actual geometry and properties as
shown in Figure 9.3-1.

Figure 9.3-1 3D Bridge Mathematical Model

9.3.1.1 Material Properties

The material properties used for an elastic analysis are usually: modulus of elasticity, shear modulus,
Poisson’s ratio, the coefficient of thermal expansion, the mass density and the weight density.
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9.3.1.2 Loadings

In general, there are two types of loads in bridge design: permanent loads and Transient loads. In this
example, permanent load includes: Deadloads including the self-weight of a whole bridge and
superimposed dead loads such as railings, wearing surface, etc. and the transient load such as
earthquake ground motion.

9.3.1.3 Support Conditions

In these examples, the simplified dynamic analysis model “lumped spring model was adopted during
the analysis as explained in Section 4.3.3 in BSDS 2013.

From borehole data at Pier foundation the following average N-value based on soil layer was obtained
and the corresponding soil spring stiffness was calculated according to Figure 9.3-2.

FORPIER 1
Layer | Layer th'i‘cazw eerss N- Vsi | o, | VsD vt Go | .pl| Eo
symbol | type Li (m) value (m/s) (m/s) | (kN/m3) | (kN/m2) (KN/m2)
Ac Clay 12.00 17 257 0.8 | 205 18.0 77188 0.5 | 231564
GFW Clay 1.00 50 292 0.8 | 233 20.0 110793 | 0.5 | 332379
FORPIER 2
Layer | Layer th'i-caﬁ’n N vsi |, | VvsD 1t Go | .| Eo
symbol | type Li (m) value (m/s) (m/s) | (KN/m3) | (kN/m2) (KN/m2)
Ac Clay 11.00 15 247 0.8 | 197 18.0 71281 0.5 | 213843
GFW Clay 1.00 50 292 0.8 | 233 20.0 110793 | 0.5 | 332379
GF Sand 1.00 50 295 08| 235 20.0 112704 | 0.5 | 338112
Pile spring stiffness, P1 Y-axis:
Longitudinal/Transverse Direction |
wa 1 Rciw 2 RCIW 3
Type Stiffness Unit i ) I I ) I
ile spring R
ASS 3,771,748 | (kN/m) stiffness, P2 e I P
Asr,Ars -4,774,365 | (kN/rad) : '
Arr 37,961,700 | (kN*m/rad) xmig L | L N~ ~
Aw 3,236,400 | (kN/m) | |
Longitudinal/Transverse direction i 1
Type Stiffness Unit ¢ ? |
AsS 3,519,762 | (KN/m) - 1 -
Asr,Ars -4,559,278 | (kN/rad) PLiAN
Arr 37,594,500 | (kN*m/rad) :
AvV 3,236,400 | (kN/m) Figure 9.3-2 Piles Foundation

Plan
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The computed spring stiffness in this example both directions are same since the configuration of pile
foundation as well as the number of piles is the same as shown in Figure 9.3-3.

Consideration of off diagonal spring stiffness (Asr, Ars) was also employed in modelling of spring
foundation.

General Spring Type (Coupled & x & Spring) =

Name: |PIER 1 |

Input Method

Stiffness Matrix |:| Mass Matrix |:| Damping Matrix
Stiffness l
SDx SDy SDz SRx SRy SRz
SDx |3.??1?5e+n||| 0 || 0 || 0 || 4.??43?.94{” 0 |
SOy |n || 3.??1?5e+|:u|| 0 || 4.??43?e+0||| 0 || 0 |
5Dz |n || 0 || 3.2364E+EID||| 0 || 0 || 0 |
SRy |n || 4.??43?e+n||| 0 || 3.?951?e+n||| 0 || 0 |
s [7omds o o |memels |
SRz |n ||n ||n ||n ||0 || 18 +007 |
General Spring Type (Coupled &x & Spring) -

MName : |F‘IER 2 |

Input Method

Stiffness Matrix [ Mass Matrix ] bamping Matrix
Stiffness l
SDx SDy 5Dz SRx SRy SRz

SDx | 3.51976e+01| 0 IE IE || 4.55828e+(/| 0 |
5Dy |0 || 3.519?6e+u||||:| || 4.5592:3e+u||| 0 || 0 |
sbz |0 IE | 3.236%+00] | 0 IE |||:| |
SRx |0 || 4.55928e+0|||[] || 3.?5‘345&-1{"” 0 || 0 |
sy | 455928040 |E IE || 375944401 0 |
sRz [0 IE I IE |0 [ 1e+007 |

Figure 9.3-3 Soil Spring Stiffness Input in Midas Civil

9.3.2 Bearings (HDR)

High damping laminated rubber bearing ( Figure 9.3-4) is a seismic isolation bearing using the rubber
material imparting damping property to the rubber itself. Therefore, it functions as the seismic isolation
bearing which combines the horizontal spring characteristics which generates the restoring force by
rubber itself and the history damping performance for energy absorption.
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Internal steel plate
+
Coated rubber Rubber

Figure 9.3-4 High Damping Laminated Rubber Bearing (HDR)

9.3.4 Mechanical Properties of HDR

In this example, G8 type rubber were chosen as given in Table 5.7.1 of this guideline. Breaking
elongation of this type is 550% and Shear elastic modulus of 0.8 MPa. The allowable values to be used
for the design as given in the following table:

Table 9.3-1 Allowable Value of Rubber Material

Type Allowable value
Maximum 6<S:<8 Gmaxa = 8.0 (N/mm?)
Compressive 8<S1<12 | omaxa= S1 (N/mm?)
Compressive |Stress 12<S; Gmaxa = 12.0 (N/mm?)
Stress : 6<S;<8 Aca=5.0 (N/mm?)
ét':;'[s"s'tUde of g<s, | A0s=5.0+0375x (5::8.0) (N/mm?)
= Maximum: 6.5 (N/mm?)
Normal Condition ¥sa= 70(%)
Shear Strain | Wind Condition Ywa = 120(%)
Seismic Condition (Level 2) Yea = 200(%)
I sh Yta= Yu/fa
Local Shear . . « . Breaking elongation shown in
Strain Ultimate Local Shear Strain TError! RefgrencéCJ source not found.
fa: 1.5
Normal Condition o= 0 (N/mm?)
. . . G8 ota= 1.2 (N/mm?
Tensile Wind Condition G10 and above | oy = 1.5 EN/mm%

Stress
G8 o= 1.6 (N/mm?)

G10 and above | 6ta = 2.0 (N/mm?)
Note)  Si: Primary shape factor of laminated rubber bearing calculated by Equation 6.2.5 BSDS

Seismic Condition

9.3.5 Dynamic Characteristics of HDR

The nonlinear historical characteristics of HDR was modeled by the bilinear model as shown in Figure
9.3-6, and the primary stiffness, secondary stiffness and yield load in the bilinear model was calculated
according to Chapter 8.2 of this guideline.

In order to determine the initial characteristics of rubber bearing iterative solutions is required.

1. Determination Initial Characteristics of HDR (First Iteration)
The first step is to choose the type of rubber to be use and compute for the bearing reaction, Rmax
based on service condition. In this example, rectangular shape has been chosen.
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— Calculation of bearing reaction:

For the Abutment bearing:

Rai = 730 kN (Total deadload reaction at single bearing support at the abutment)

Ri =225 kN (Governing max. live load reaction at single bearing support at the abutment)
Rmax = 955 kN (Total reaction at a single bearing support at the abutment)

For the Pier bearing:

Rai = 1460 kN (Total deadload reaction at single bearing support at Pier)

Ri =450 kN  (Governing max. live load reaction at single bearing support at Pier)
Rmax = 1910 kN  (Total reaction at a single bearing support at Pier)

- Determination of Initial dimension

Initially, obtain the reasonable section by setting the allowable compressive strength equal to actual
compressive stress. However, shape factor S; is necessary in able to define omaxain Table 9.3-1 and
S; also can be determine by means of section properties of rubber bearing. So from here,
assumptions may be required and a few iterations may be necessary.

Assume S; >12, SO 6max = 12 N/mm?

Omax = "2 = Onaxa (HBSIDS Eq. 6.3.1)
A, = w = 159,167 mm2 (Effective Compression Area)

Say 400 x 400 mm  (a = 400 mm, b= 400 mm)
- Estimation of rubber layer thickness, Ae

To estimate the rubber thickness estimation of structure displacement may be required. In
AASHTO guidelines for seismic Isolation section 7.1 simplified method has been used to
estimate displacement of rubber bearing.

ST
d:[ gzj[ DL e“] (GSID C7.1)
4r B,

Where:

5, :(ijos
0.05

d is the estimated structure displacement. One way to make this estimate is to assume the
effective isolation period, Teff = 2.0 sec., take the viscous damping ratio to be 5% and calculate
the displacement.

Then;

d =0.25S,, (m)

d =0.25x0.698=0.175m (175 mm)
Setting ys < ¥sq ,» Design shear strain is equal to allowable shear strain in Table 1.2.1.

vsa= 200% (Earthquake Condition)
Vea = 5 (HBSIDS Eq. 6.3.29)
Yte = 1752 — 175 mm (Estimated displacement of rubber bearing)

2

Try 12 mm thickness of rubber layer and 3.2mm thick of steel plate

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 9: DESIGN EXAMPLE OF SEISMIC ISOLATED BRIDGE WITH HDR-B 9-10

Say 12 layers of rubber and 11 layers of steel plate in between rubber layer
Initial thickness of HDR, ) t, = 179.2 mm

The Properties of HDR for first trial:

Type: G8

a =400 mm, b= 400mm

Thickness = 179.2 mm

At Pier Bearing using the same procedure assuming the same thickness as the abutment bearing
obtained:
Try 600 x 600 mm HDR at pier location

- Determination of Characteristics of HDR

Characteristics of HDR including the primary and secondary stiffness in this example are based on
its actual testing, the coefficient used according to Tables given in this guideline.

Calculation of Primary Stiffness for abutment bearings:
The primary stiffness, K1 of HDR was calculated using the equation below

Ky = D) fe (HBSIDS Eq. 8.2.1)
Where:
Gi(Yup)=ao + a1 *Yup + Ay *Vug?+ * * “+a; *Vus' (HBSIDS Eq. 8.2.5)

The coefficient, o; of HDR are given in Table 8.2.1 of this guideline.

For HDR G8 Rubber: oo = 13.606, oz = -14.281, a, = 8.7294, a3 = -2.1797, a4 = 0.20376

175
Yub = 1595 = 0.98

G,(yyp) = 13.606 + (—14.281) .98 + 8.7294 *.982 + (—2.1797) *.98% 4+ 0.20376 *.98* = 6.13
Ae = 160000 mm”"2

Therefore:
N, 160000mm?

Kl - 6 13 >
mm 179.2mm

=5318.5kN/m  Primary stiffness

The primary stiffness, K2 of HDR was calculated using the equation below:

K, = GW;# (HBSIDS Eq. 8.2.2)
Go(Yus)=bo + by *Yug + by *vug®+ * * < +b; *Vus' (HBSIDS Eg. 3.6)

The coefficient, b; of HDR are given in Table 8.2.2 of this guideline.
For HDR G8 Rubber: bo = 1.5104, b; = -1.5854, b, = 0.96921, bz = -0.24207, b, = 0.02264

G,(Yug) = 1.5104 + —1.5854 = .98 + 0.96921 *.98% + —0.24207 *.983 + 0.02264 *.98*
= 0.68N/mm"2
160000

K, = 0.68 * oy = 608 kN/m Secondary Stiffness

Calculation of yield load, Qy of HDR bearing.
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Qy =1y 4 (HBSIDS Eq. 3.3)
Where:
Ta(Vup) : Yield stress intensity of HDR
Tq(Vus) = YuplGe(Yup) — G2 (Yus)] (HBSIDS Eq. 8.2.8)
Go(Yug)=Co+C1 "Yup+C2 “Yug®+ = = “+¢ *Vug' (HBSIDS Eq. 8.2.7)

Coefficient ¢, is according to Table 8.2.3 (HDR is i=4)
For HDR G8 Rubber: co = 2.3686, c1 = -2.7376, c2 = 1.7359, ¢3 = -0.47343, c; = 0.0048822

Go(Yus) = 2.3686 + —2.7376 * .98 + 1.7359 *.98% + —0.47343 =.983 + 0.004882 *.98*

= 0.912N /mm"2
And
Tq(Yup) = .98 * (. 9(12 —) .68) =.227 ........ Shear stress intensity
G.(y .
Ty(YuB) = ub Td(yuB) = m *,227 = .255

Gy (Yup) — G2(Yup)
160000

1000

Qy =1y *A, =.255% = 41.032 kN ..Yielding force

The equivalent stiffness Kz and equivalent damping constant hy of high damping laminated
rubber bearing when modeling by the equivalent linear method shall be calculated by Equation
(C8.2.1) and Equation (C8.2.3) of this guideline, respectively.

Kg = GW;# (HBSIDS Eg. 8.2.1)

Kp = .912 % % =816 kN/m ............... Equivalent Stiffness

hB(]/uB):dO + dl *Yup T dz ‘ )/uBZ + - -+ di ° YuBi (HBSIDS Eq 823)

Coefficient d; is according to Table C8.2.1 (HDR is i=2)
For HDR G8 Rubber: do =0 .21615, d1 = -0.047991, d> = 0.0045171

hg(Yug) = 21615 + —.047991 = .98 +.0045171 =.982 = 0.173......Equivalent Damping Constant

Stiffness ratio, r = K2/K1=0.114

For the bearing at Pier doing the same procedure, obtained the following results:

K1 =11,966.67 KN/m

K2 =1369.3 kKN/m

Stiffness ratio, r = 0.114

Yielding Force, Qy = 92.32 kN
Equivalent Stiffness, Kg = 1836.5 kKN/m
Equivalent damping constant, hb = .1735

Characteristics of Vertical Spring (Compression Spring Constant) of HDR.
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__EA,

K”_Zte

(HBSIDS Eg. 6.2.3)

Where:

E=a-B-S,-G, (HBSIDS Eq. 6.2.3)

E is the Longitudinal modulus of rubber bearing.

a = 45 is the coefficient according to type Table 6.2.1 of this guideline.

B = 1.0 is the coefficient according to planar shape Table 6.2.1 of this guideline.
Then,

E=a-B-S -G, =45%1%833%0.8 =300 N/mm"2

Therefore:
K, = ;i; =300 +~>""2 = 267857 kN/m  For the Abutment Bearing

Kv = 904017 kN/m For Pier Bearing

The summary of initial Characteristics of HDR are shown in Table 9.3-2 below. Those values, will be
used in the analysis as the initial input for the in modeling linear and non-linear characteristics of HDR
bearing.

Table 9.3-2 Characteristics of High Damping Rubber (G8) Bearing (Initial Input Value)

Abutment (LRB-A)
Vertical Longitudinal Transverse
Direction Dz Dx Dy
NonLinear No Yes Yes
Linear Properties
Effective Stiffness,Ke (N/mm) 267857.14 816.2 816.2
Equivalent Damping,hy 0.174 0.174 0.174
Non-Linear Properties
Stiffness, K (N/mm) - 5318.5 5318.5
Yield Force, Qy (N) - 41032 41032
Post Yield Strength ratio - 0.114 0.114
Pier (LRB-P)
Vertical Longitudinal Transverse
Direction Dz Dx Dy
NonLinear No Yes Yes
Linear Properties
Effective Stiffness,Ke (N/mm) 904017.86 1836.5 1836.5
Equivalent Damping,hs 0.174 0.174 0.174
Non-Linear Properties
Stiffness, K (N/mm) - 11966.6 11966.6
Yield Force, Qy (N) - 92322 92322
Post Yield Strength ratio - 0.114 0.114
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9.3.6 Analysis Method

Since most of the isolation systems are non-linear, it might appear at first sight that only non-linear
analysis methods can be used in the design (such as Non-linear time history method). However, if the
non-linear can be linearized, equivalent linear (elastic) methods may be used, in which case many
methods are suitable for isolated bridges. These methods include:

e Uniform load Method

e Single Mode Spectral method
e Multi-mode Spectral method
e Time-History method

The first three method are elastic methods. The time history method may be either elastic or inelastic.
It is required to use for complex structures or where explicit modeling of energy dissipation is required
top better represent isolation systems with high level of hysteretic damping. A variation of simplified
method such as Uniform load method (ULM) is the displacement-based method of analysis which is
particularly useful for performing initial designs and checking the feasibility of isolation for a particular
bridge. It may be used as a starting point in design, followed by more rigorous methods as the design
progresses.

The Multi-Mode Spectral method as the minimum requirements recommended by this guideline for
equivalent linear analysis is the same as specified in the LRFD BSDS (2013) and LRFD Seismic Guide
(2011) using the 5% damping ground motion response spectra with the following modifications:

1. The isolation bearings are represented by their effective stiffness values.

2. The response spectrum is modified to incorporate the effect of higher damping of the isolated
system. This results in a reduction of the response spectra values for the isolated modes. For all
the other modes, the 5% damping response spectra should be used.

3. A typical modified response spectrum is shown in Figure 9.3-5.

Structural modes Isolated modes

with 5% damping with damping equal
to effective damping
of isolated structure

5% damped
spectrum

& % damped
ss spectrum
-
3

0.4

Composite spectrum
for isolated bridge ——|

Seismic response coefficient

Ay
T
‘A

~

Period of

/ nonisolated bridge
L
T

0.5

1
'
Il Il 1
T T T
1.0 1.5 2.%\ 2.5 3.0

l et Period of

isolated
bridge, T

Period shift I

Figure 9.3-5 Modified Design Response Spectrum for Isolated Bridge (Chen Et Al. 2014)
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However, using equivalent linear method, the actual behavior of bearing cannot be defined explicitly
and the comparison from the actual load test maybe rough. In this example, time history analysis by
modal superposition was performed using Midas Civil 2018 as an analysis tool. Sensitivity of the
analysis has been explained including the HDR characteristics and hysteretic model and parameters.

Non-linear analysis has been performed by applying non-linear characteristics of bearing. This analysis
method is called the “Boundary Non-linear time history analysis”. Boundary nonlinear time history
analysis, being one of nonlinear time history analyses, can be applied to a structure, which has limited
nonlinearity. The nonlinearity of the structure is modeled through General Link of Force Type, and the
remainder of the structure is modeled linear elastically. Boundary nonlinear time history analysis is
analyzed by converting the member forces of the nonlinear system into loads acting in the linear system.
Because a linear system is analyzed through modal superposition, this approach has an advantage of
fast analysis speed compared to the method of direct integration, which solves equilibrium equations
for the entire structure at every time step. The equation of motion for a structure, which contains
General Link elements of Force Type, is as follows:

MU(t) +Cu(t) + (K, + K )u(t) = B, p(t) + B, (f_(t) - f (1)) (Equation 1.2.1)

M :Mass Matrix

C : Damping Matrix

K, : Elastic Stiffness without General Link element of Force type

K, : Elastic Stiffness of General Link element of Force type

By, B, : Transformation Matrix

u(t), u(t), U(t) : Nodal displacement, velocity, and acceleration

p(t) : Dynamic load

f (t) : Internal forces due to effective stiffness of non-linear components
contained in general link elements of force type

f\ (t) : True internal forces of non-linear components contained in general link

9.3.6.1 Energy Dissipation

Although the low horizontal stiffness of seismic isolators leads to reduced seismic forces, it may
result in larger superstructure displacements. Wider expansion joints and increased seat lengths
maybe required to accommodate these displacements. As a consequence, most isolation systems
include the energy dissipation mechanism to introduced a significant level of damping into the bridge
to limit these displacements to acceptable levels. These mechanisms are frequently hysteretic in
nature, which means that there is an offset between the loading and the unloading force-displacement
curves under reverse (cyclic) loading. Energy, which is not recovered during unloading, is mainly
dissipated as heat from the system. Following Figure shows a bilinear force-displacement relationship
for a typical seismic isolator that includes an energy dissipater. The hatched under the curve is the
energy dissipated during each cycle of motion of the isolator.
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Figure 9.3-6 Billinear Hysteresis Loop (Aashto 1999)

Oy = Characteristic strength

F, = Yield force

Frae = Maximum force

K, = Post-clastic stiffness

K, = Elastic (unloading) stiffness
Kz = Effective stiffness

Amazx = Maximum bearing displacement

EDC = Energy dissipated per cycle = Area of hysteresis loop (shaded)

Analytical tools for these non-linear systems are available using inelastic time history structural
analysis software packages. But these tools can be unwieldly use and not always suitable for routine
design office use. Simplified methods such as equivalent linear analysis has therefore been developed
which use effective elastic properties and an equivalent viscous dashpot to represent the energy
dissipation. The effective stiffness, K. and effective damping constant, h, in Error! Reference source
not found. has been used.

9.3.6.2 Hysteretic System

There are several hysteresis models in modeling the dynamic behavior of high damp rubber that was
developed in past years e.g Bouc-Wen model (Wen, 1976) that was developed by Tsai Model (Tsai
et al, 2003), Huang Model (Huang et al, 2002) and many more, until now many researchers are still
developing and modifying the model of characteristics of high damp rubber bearing. Tsai et al.
recently proposed a force -displacement model for HDR bearings based on the Bouc-Wen hysteretic
model. The tangent stiffness in the bilinear curve, D (Tsai et al. 2003) may be expressed as:

D=yK+(1-y)K [A—(asgn (Uz)+ ﬁ)zﬂ (Equation 1.2.2)
Where A, o, B, are material constants; recommended values are 1.0, 0.1, 0.9, respectively according
to Tsopelas et al., 1994 for modeling HDR. The terms K and Y are the initial stiffness and plastic
stiffness ratio, respectively. To verify the tools capability of performing such hysteresis model, in
Midas technical manual, and accordingly, the following Equation 1.2.3 were verified.

Hysteretic system based on Wen model consists of 6 independent components having the properties
of Uniaxial Plasticity. The system is used to model Energy Dissipation Device through hysteretic
behavior. The force-deformation relationship of Hysteretic System by components is as follows:

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 9: DESIGN EXAMPLE OF SEISMIC ISOLATED BRIDGE WITH HDR-B 9-16

f=rk-d+(1-r)-F,-z (Equation 1.2.3)

Where:

k :Initial Stiffness

F,  :Yield Strength

r :Post-yield stiffness reduction

d : Deformation between two nodes

z : Internal variable for hysteretic behavior

z is an internal hysteretic variable, whose absolute value ranges from 0 to 1. The dynamic behavior
of the variable z was proposed by Wen (1976) and defined by the following differential equation:

2= %[1_|Z|s {asgn (dz)+ﬂ}}d (Equation 1.2.4)

Where:

a,f : Parameters determining the shape of hysteretic curve
s :Parameters determining the magnitude of the yield strength transition region

d :Rate of change in deformation between two nodes

a and P are the parameters determining the post-yield behavior. o+B>0 signifies Softening System,
and o+p<0 signifies Hardening System. The energy dissipation due to hysteretic behavior increases
with the increase in the closed area confined by the hysteretic curve. In the case of Softening System,
it increases with the decrease in the value of (B-a). The change of hysteretic behavior due to the
variation of o and B is illustrated in Figure 9.3-7. s is an exponent determining the sharpness of the
hysteretic curve in the transition region between elastic deformation and plastic deformation, i.e. in
the region of yield strength. The larger the value, the more distinct the point of yield strength becomes
and the closer it is to the ideal Bi-linear Elasto-plastic System. The change of the transition region
due to s is illustrated in Figure 9.3-8.
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Figure 9.3-7 Force-Deformation Relationship Due to Hysteretic Behavior (R=0, K=Fy=S=1.0)
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Figure 9.3-8 Transition Region Between Elastic and Plastic Deformations (Yield Region)

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 9: DESIGN EXAMPLE OF SEISMIC ISOLATED BRIDGE WITH HDR-B 9-18

9.3.7 Practical Modeling and Analysis

Example bridge mathematical model considering the non-linear boundary element as shown in Figure
9.3-9.

e kY
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i

Linear Element

Figure 9.3-9 Example Bridge Mathematical Model

9.3.7.1 Time History Analysis Application

The bridge was modeled according to its actual condition and configuration, considering the target
performance according to Chapter 9.1.3 of this guideline. In this example the bridge is classified as
Essential bridge or OC2 in which the minimum performance level requirements is SPL2 or Limited
damage for function recovery, however since the isolation has been applied, we expect much higher
performance and the target performance of this bridge is now SPL 1 or Damage prevention. Meaning,
No structural damage during level 2 earthquake, the behavior of pier still at elastic range. In short,
the bridges are expected to perform its normal function or be open to all traffic under level 2
earthquake.

Considering the performance requirements, in these examples, all elements of the bridge was modeled
as linear/elastic except that for bearing which is non-linear boundary elements. The bearing support
was modeled as a non-linear hysteretic system as explained in Chapter 9.2.3.2 of this guideline.
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Hysteretic System Type Nonlinear Spring X
o . | HDRP Monlinear Properties
Desaipon  : | HIGHDAMP RUBBER BEARING Stiffness () - Kiyfm
Application Type ‘field Strength (Fy) : kM
() Element Type 1 (®) Force Type : Boundary Nonlinear Analysis Post Yield Stiffness Ratio {r) | 0,114
Property Type : Hysteretic System ~ Inelastic Hinge Yielding Exponent (s) :
(O Element Type 2 : Seismic Control Devices Hysteretic Loop Parameter (a) :
Seismic Control Devices Type : Viscous Damper [ Oil Damper '} Hysteretic Loop Parameter (b) :
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Self Weight [ use Mass
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Figure 9.3-10 Sample Bearing Input Parameters for Hysteretic System

9.4 Design Seismic Forces for Verification of Bearing Support

9.4.1 Design Seismic force for verification of bearing support

The design seismic force for verification of bearing was explained in Section 5.4 of this guideline. The
downward and upward design vertical seismic forces of the bearing supports shall be calculated from
HBSIDS Equation 5.4.1 and 5.4.2, respectively.

2 2

R =Rp +4Rugq” + Rieq (HBSIDS Eq. 5.4.1)
2 2

Ry =Rp —yRugg” + Rigg (HBSIDS Eq. 5.4.2)

Downward seismic force used for seismic design of bearing support (kN)

U . Upward seismic force used for seismic design of bearing support (kN)

D . Reaction force generated at the bearing supports by the dead load of the superstructure
(kN).

HEQ Horizontal reaction force (kN) generated at the bearing supports.

VEQ Vertical seismic force (kN) generated by the design vertical seismic coefficient kv

which is obtained from the following Equation.

==k, R
Rieq =k Ry (HBSIDS Eq. 5.4.3)
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ky . Design vertical seismic coefficient; it is obtained by multiplying the design horizontal

seismic coefficient on the ground surface by a factor specified in RBSIDG 5.4.1 the
design horizontal seismic coefficient for Level 1 Earthquake Ground Motion is specified
in Clause 3.6 and Appendix 3A in BSDS, and the design horizontal seismic coefficient
for Level 2 Earthquake Ground Motion is specified in Clause 3.6 and Appendix 3B in
BSDS.

From RBSIDG Table 5.4.1 Multiplying coefficient for the design horizontal coefficient
for Level 2 EQ Type 2 ground is 0.67.

Then, kv = yFpga = 0.67*0.883 = 0.5916

Where: Fpga = 0.881 (Calculated from given hazard Map)

The vertical and horizontal seismic forces for the verification of bearing explained in
RBSIDG C5.4 as shown in Figure 9.4-1.

<—®Centef of Gravity

P < -

== =D == LN

R e * Ry Ry R gy B s R g R 101 S
(+} (+} (=3 =)

Figure 9.4-1 Vertical Reaction Force Rneq Generated in Bearing Support Due to Horizontal Seismic
Force & Vertical Reaction Force Ry Generated in Bearing Support Due to Vertical Seismic Force

+
I a

Hh,
RHEQi = ﬁ Xi
Where:

H Bhs = Z(RHEQiXi)
Z RHEQi =0

(HBSIDS Eq. 5.4.2)

R, = K(x —

wear = KO = %) (HBSIDS Eq. 5.4.1)
Where,

Ruea . Reaction force generated in the i-th bearing supports when the design horizontal

seismic force acts in the transverse direction to bridge axis (kN)

Hg Design horizontal seismic force of bearing support specified in (1) and (2) RBSIDG
C5.4
h, : Veltical distance from the bearing seat surface to the gravity center of the

superstructure (m). The maximum value of h on the bearing support line shall be
used, when there is a level difference in the seat surfaces on one bearing support line.
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Xi : Horizontal distance from the gravity center of the superstructure to the i-th bearing
support. Both positive and negative values shall be considered.

K A coefficient representing a proportional relationship. It can be obtained from
RBSIDG Equation (C5.4.1).

Xo Distance from the balancing point of RHEQito the center of gravity (m). However, it

becomes 0 when the center of gravity is in the center of the symmetrical section in the
transverse direction to bridge axis.

Thus, for the example bridge given the dimension, using Equation 5.4.2 Ryeq was computed as shown
in table below

No. xi(m) X2 | Xo Rueai(kN) No. | xi(m) Xi* | Xo | Rueqi(kN)
1 5 25 | 0 |110.9110629 | |1 5 25 | 0 | 110.14704
2 25 6.25| 0 |59.95553143 | |2 2.5 625| 0 | 5507352
3 25 |625| 0 |59.95553143 | |3 25 |625]| 0 | -5507352
4 -5 25 | 0 |119.9110629 | [ 4 -5 25 | 0 | -110.14704

Computed the bearing reaction due to total superstructure weight, Rp = 1461.75 kN

Then the vertical seismic force, Rveq = 0.5916*1461.75 = 864.77 kN

From Equation 5.4.1 and 5.4.2 the Design downward and upward bearing forces for verification of
bearing was obtained:

PIER BEARING FORCE ABUTMENT BEARING FORCE
Ri(kN) Ru(kN) Ru(kN) Ru(kN)
2335 133126 588.3668742 1177.234973 284.5150267
2328.937458 594.5625421 1166.923103 294.8268972
2328.937458 594.5625421 1166.923103 294.8268972
2335.133126 588.3668742 1177.234973 284.5150267

9.4.2 Verification of Analysis Output

Based on the results of the analysis from the initial bearing model (First iteration), the results would be
as follows:

(1) Fundamental modes of the bridge
1%t Mode (Longitudinal Direction)
Period, Tn (secs) = 2.128 secs.
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m |

2" Mode (Transverse Direction)
Period, Tn = 1.0 sec.

5|

Figure 9.4-2 Fundamental Modes of Bridge
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(2) Verification of Bearing Displacement
At Pier Bearing, the mean response of each bearing due to seven (7) input ground motion.

For example, at Bearing 1 at Pier:

EQ1X(max) | 0.161837 | 0.065103 6.2E-05 1.8E-05 -0.004323 0.00133

EQ2X(max) | 0.132388 | 0.061618 0.000103 | 2.9E-05 -0.004526 0.001499
EQ3X(max) | 0.147581 | 0.080256 7.4E-05 2.1E-05 -0.004708 0.001512
EQ4X(max) | 0.134333 | 0.07727 0.00011 2.9E-05 -0.003345 0.001151
EQ5X(max) | 0.15311 0.084072 0.000109 | 2.9E-05 -0.004973 0.001607
EQ6X(max) | 0.126706 | 0.071961 0.000259 | 7.1E-05 -0.00307 0.001403
EQ7X(max) | 0.162262 | 0.078688 0.000446 | 0.000115 | -0.004998 0.001546

Mean 0.16205 0.0718955 | 0.000254 | 6.65E-05 | -0.004661 0.001438
Then the design isolation displacement = 162 mm

Same for the abutment bearings:

EQ1(max) | 0.204518 | 0.000068 | 0.002986 | 0.000787 | 0.000153 | 0.002633
EQ2(max) | 0.189208 | 0.000066 | 0.003451 | 0.000909 | 0.000115 | 0.002482
EQ3(max) | 0.180622 | 0.000087 | 0.003654 | 0.000972 | 0.000156 | 0.003148
EQ4(max) | 0.163937 | 0.000082 | 0.002622 | 0.000703 | 0.000132 | 0.003222
EQ5(max) | 0.188674 | 0.000094 | 0.003599 | 0.000957 | 0.000191 | 0.003142
EQ6(max) | 0.156008 | 0.000076 | 0.003012 | 0.000796 | 0.000094 | 0.002942
EQ7(max) | 0.213772 | 0.000081 | 0.003698 | 0.000981 | 0.000115 | 0.003066

Mean 0.185248 | 7.914E-05 | 0.003289 | 0.000872 | 0.0001366 | 0.002948
And for the abutment bearing, the design displacement is 185 mm

(3) Verification of Superstructure Displacement

Load DX (m) DY (m) DZ(m) | RX(rad) | RY(rad) | RZ(rad)
EQ1(max) | 0.20563 | 0.001402 | 0.00102 | 0.00786 | 0.00149 0.002623
EQ2(max) | 0.184656 | 0.001291 | 0.001179 | 0.00909 | 0.00121 0.002473
EQ3(max) | 0.188201 | 0.001585 | 0.001228 | 0.00971 | 0.00152 0.003136
EQ4(max) | 0.166516 | 0.001718 | 0.000864 | 0.00703 | 0.00127 0.00321
EQ5(max) | 0.196613 | 0.001793 | 0.00121 | 0.00957 | 0.00185 0.003129
EQ6(max) | 0.157288 | 0.001437 | 0.001025 | 0.00796 | 0.00096 0.002932
EQ7(max) | 0.214142 | 0.001602 | 0.001247 | 0.00981 | 0.00113 0.003056
0.187578 | 0.0015469 | 0.00111 | 0.00872 | 0.001347 | 0.002937

Say 188 mm (Displacement of Superstructure)

(4) Design Bearing Horizontal Seismic Force
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For Pier Bearing:

Axial Shear-y Shear-z
(KN) (KN) (KN)
903.1914 | 832.715714 | 286.2757143

For Abutment Bearing

Axial Shear-y Shear-z
(KN) (KN) (kN)
840.6214 764.91 | 243.022857

9.5 Design of High-Damping Rubber Bearing

In the design of HDR, two performances need to be verified 1. At Normal Condition and 2. During

Earthquake.
Initial Bearing Size = 600 x 600 x 179.2 mm (Ae = 360,000)............... For Pier
Initial Bearing Size = 400 x 400 x 179.2 mm (Ae = 160,000)............... For Abutment

Rubber type: G8, Ge = 0.8 Mpa
Thickness of rubber layer = 12 mm
Thickness of steel plate = 3.2 mm

9.5.1 Design of Pier Bearing

(1) At Normal Condition
Maximum Compressive stress

_ Rimax

Umax S O-max a

cn

Sh tor, 51 = —00000 05512
ape factor, S1 = 5 600y 12~ +2

Therefore: 0,45 = 12 Mpa (Table 5.7.2)

 Rmax _ RU+RAl (146175 + 450.88)kN * 1000N

Tmax = 4T = 7360000 360000
= Umaxa(OKAY)

= 5.31 Mpa

a. Buckling Stability

<

O_max Gcra

Where:

Ocra = Ge}ffz = 28125330 — 13.36 Mpa > Oay = 531 (OKAY)

Jer . Coefficient considering the frequency of load occurring in laminated rubber bearing
which shall be set to 2.5.

_ shorter lengthof aorb 600
2= Y t, T 179.2

= 3.34
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b. Tensile Stress of Internal plate

oy < 05, Where: g, = 140 Mpa for §5400,t < 40mm

Og = fo " Omax * == 2257 = 389 Mpa < 140 Mpa (OKAY)

- Verification of Deformation Performance
c. Shear Strain

Shear strain caused by horizontal displacement by temperature change at normal
condition, creeping of concrete and dry shrinkage were verified.

Vs = ¥sa

Ysa = 70% at Normal Condition (Table 5.7.2)

AL, 7
¥e = o =597 4% < 70% (OKAY)
e :
AL, = 7mm

Design deformation of laminated rubber bearing occurring at normal condition.
d. Rotational Displacement
The rotational displacement caused by the girder deflection by live load were verified.

u. 7.5

Uy S <=2 =577 > 2.83 (OKAY)

a - sinf+b - cosf

. - Y a, For Rectangular Section

U, =
Y a, =0.00872 rad. (See Deformation results)

6 = 0.0872 rad. (5 Degrees Bevel)

a- sin@-;—b rcosf | Z a, = [600 sin(.0872)-|2-600 cos(.0872)] + 00872 = 2.83mm

U, =

e. Fatigue Durability

The total of localized shear strain caused by maximum vertical reaction, horizontal
traveling amount and rotation were verified.

Yt = Vta

Ye=7Ye+7Vs+7r = .68+ 091 +.039 = 163% < 433% (OKAY)

R 1000
Ye =85 8 + —% =8.5%12.5%1912.63 *

—_=0.68
EA,, 824 = 360000

Ys=7/179.2 =.039
vy =2(1+a/b)? *S? ra, =2+ (1+1)?%12.52%.00872/12 = 0.91

a, Rotational angle per rubber layer
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2
E=B+2/3 -n? -S3)G, = (3 +§*n2 * 12.52) 0.8 = 824 Mpa

Yy 650
=—=———=433.339
fa 15 %

Yta
Where:
fo  Safety coefficient of localized shear strain at normal condition, set to which shall be 1.5.
(2) At the Condition of Earthquake
1. Verification of the Vertical Force Support Function

a. Buckling Stability

Buckling stability against downward force during earthquake were verified by Equation

below.
oo = :;; < 0.4 RL=Downward Seismic force
Where:

_GetSitS;_08+125+334
Tera = B 1.5 oo pa
R,

=—=2335 = 6.49 Mpa < 22.27 M OKAY

Tee =7 * 360000 pa pa (OKAY)

for: Coefficient considering the frequency of the load occurring in laminated rubber bearing,
which shall be set to 1.5.

b. Tensile Stress Intensity

Tensile stress intensity caused by the upward force at the condition of earthquake were
verified by Equation below.

Ote = j—l =594 * % = 1.65 MPa > o;, = 1.6Mpa Say almost Okay, but section not

fully adequate. There are two ways to add the capacity 1. By changing rubber type to G10,
the allowable now become 2.0 Mpa and 2. By adding dimension, e.q instead of 600 x 600
mm, say 650 x 650 mm considering 12.5 mm Cover, the effective dimension becomes 625 x
625 mm. The Effective Area, Ae now becomes 390,625 mm?.

In this example, the increase of section has been chosen, and since the dimension was change,
Re-analysis is required by changing the input bearing parameters to the new one. This is the
second iteration, using the same procedure in the previous analysis and design.

Otqa = 1.6Mpa (Table 5.7.2)

- Verification of Deformation Performance in Horizontal Direction
For the horizontal displacement at the condition of earthquake, the shear strain was
verified.
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Yse < Yea = 200%

up 162
e .
yea Z te

ug = 162 mun Design displacement of HDR at time of Earthquake

u, = 358.5 Allowable displacement of HDR at time of EQ.

9.5.2 Design of Abutment Bearing

(1) At Normal Condition

a. Maximum Compressive stress

R
Omax = % < Omaxa
cn
160,000
Shape factor,S1 = =8.33<12

2(400 + 400) * 12

Therefore: 0,,50¢ = 8.33 Mpa (Table 5.7.2)

_ Rpax _ RU+RAL_ (730.875 + 225.44)kN * 1000N

Tmax =T = 160000 160000
< Omaxa (OKAY)

= 5.97 Mpa

b. Buckling Stability

O-max S Gcra

where:

Ocrqg = Ge;;rSz _ 0.8*8.23;*2.23 — 594 Mpa > gy = 531 (OKAY)

Jer = Coefficient considering the frequency of load occurring in laminated rubber bearing
which shall be set to 2.5.

_ shorter lengthof aorb 400

= = =223
2 Yt, 179.2

c. Tensile Stress of Internal plate

os < ggq, Where: a;, = 140 Mpa for S5400,t < 40mm

Oe = fo " Oy - Z_ =2 x 5'937;12 = 44.77 Mpa < 140 Mpa (OKAY)
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- Verification of Deformation Performance
a. Shear Strain

Shear strain caused by horizontal displacement by temperature change at normal
condition, creeping of concrete and dry shrinkage were verified.

Ys < Vsa
¥sa = 70% at Normal Condition (RBSIDG 5.7.2)

AL, 75
Vs =St = 1793 = 4% < 70% (OKAY)
. .

ALy = 7mm Design deformation of laminated rubber bearing occurring at normal condition.

b. Rotational Displacement

The rotational displacement caused by the girder deflection by living load were

verified.
<uc—7'5—577>283 OKAY
r=F =137 83 (0KAY)

a - sinf+b - cosf

> - Y a, For Rectangular Section

U, =
> a, =0.00872 rad. (See Deformation results)

0 = 0.0872 rad. (5 Degrees Bevel)

a - sin 642-1; -cosf | Y a, = [600 sin(.0872)-|2-600coS(-0872)] + 00872 = 2.83mm

U, =
c. Fatigue Durability

The total of localized shear strain caused by maximum vertical reaction, horizontal
traveling amount and rotation were verified.

Yt = Vta
Ve=Ve Vet =4+ 115 +.039 = 159% < 433% (OKAY)

85 -S Rinax 8.5 * 8.33 * 956 1000 1.15
= . L4 - = O k0. * * = .
Ye 1 EA4,, 367 * 160000

Ys=7/179.2 =.039
¥r=2(1+a/b)? -S? ~a, =2*(1+1)?%8.33%%.00872/12 = 0.40

a, Rotational angle per rubber layer

2
E=3+2/3 -n? -S?)G, = (3 +§*T[2 *8.332>0.8 =367 Mpa

650
=T 227 433339

Yta - fa - 15
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Where:
fa Safety coefficient of localized shear strain at normal condition, set to which shall be 1.5.
(2) At the Condition of Earthquake
1. Verification of the Vertical Force Support Function
a. Buckling Stability

Buckling stability against downward force during earthquake were verified using Equation
below.

< 0. RL=Downward Seismic force

_ Ge '51 '52 _ 0.8%8.33%2.23
Ocra = f'cr - 15

= 9.91 Mpa

R,
T = = 1177 * 125000
ce

= 7.35 Mpa < 9.91 Mpa (OKAY)

fer: Coefficient considering the frequency of the load occurring in laminated rubber bearing,
which shall be set to 1.5.

b. Tensile Stress Intensity

Tensile stress intensity caused by the upward force at the condition of earthquake were
verified by Equation below.

R 1000
Ore = — = 295 *

- Age 160000 = 1.84 MPa > Otq = 1.6Mpa NOT Okay,

Bearing Section not adequate. There are two ways to add the capacity 1. By changing rubber
type to G10, to be the allowable become 2.0 Mpa and 2. By adding dimension, e.q instead
of 400 x 400 mm, Say 450 x 450 mm considering 12.5 mm Cover, the effective dimension
becomes 425 x 425 mm. The Effective Area, Ae now becomes 180,625 mm?.

In this example, the increased of dimension was choose. Since the dimension was change,
Re-analysis is required by changing the input bearing parameters to the new one. This is the
second iteration, using the same procedure in the previous analysis and design.

Otq = 1.6Mpa (Table 5.7.2)

- Verification of Deformation Performance in Horizontal Direction
For the horizontal displacement at the condition of earthquake, the shear strain were verified.

Yse < Yea = 200%

ug 1875
Voo = X =T793 = 1.05.07r 105% < 200% (OKAY)
e .
ua
‘]/ =
“ =Tt
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ug = 162 mm Design displacement of HDR at time of Earthquake

u, = 358.5 Allowable displacement of HDR at time of EQ.
9.6 Verification of Bridge Response and Hysteresis of HDR Bearing

9.6.1 Hysteresis Curve of HDR

Following Figure 9.6-1 shows one of the hysteresis curve of high damp rubber bearing at Abutment
in the longitudinal direction due to input earthquake EQX.

HYSTERESIS OF HDR BEARING (B9_EQX)

0.8
0.6
0.4

0.2

-0.2

-0.4

Shear Stress Intensity, N/mm2
o

-0.6

-0.8

-150 -100 -50 0 50 100 150
Shear Strain, %

Figure 9.6-1 Hysteresis Curve of HDR Bearing (B9)

In Section 8.1 C8.1 of this guideline also shows the shear stress-shear strain hysteresis of HDR
bearing obtained from the actual laboratory testing as shown in Figure C8.1.2. In this section also
explained that for HDR bearing, the shear stress intensity increases due to hardening effect when the
shear strain exceeds 200%. So, it can be observed that since the shear strain in the example above did
not exceed 200%, there is no increase in shear stress due to hardening effect.

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



9-31 BSDS DESIGN STANDARD GUIDE MANUAL I

[r—p— c B W . B ]

Shear stress

intensity (N/mm-)

Shear strain (%)

Figure C8.1.2 Hysteresis Curve of High Damping Rubber (HDR-S) Bearing Based on Actual
Load Test

9.6.2 Displacement History of superstructure and Pier

Time history response of displacement of both superstructure and pier were also verified as shown in
the following Figures.

TIME HISTORY OF
DISPLACEMENT(SUPERSTRUCTURE_EQ1X)

0.25
0.2
0.15
0.1
0.05

-0.05
-0.1

-0.15 U
-0.2

-0.25

Displacement, m

0 10 20 30 40 50 60
time, secs.

e Superstructure

Figure 9.6-2 Time History for Superstructure Displacement

Notice the sudden increase of displacement and also the effect of damping. It is also recommended
to provide sufficient gap between the edge of the superstructure and the edge of backwall to allow the
movement of isolation during large earthquake. The difference between the Earthquake resisting
system and Isolated bridge was discussed in Chapter 10 of this manual.
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TIME HISTORY OF DISPLACEMENT(PIER TOP_EQ1X)

0.08
0.06
0.04

0.02

-0.02

Displacement, m
o
]
¢
R

-0.04

-0.06

-0.08
0 10 20 30 40 50 60

time, secs.

= \WITH HDR isolator

Figure 9.6-3 Sample History of Pier-Top Displacement Due to Eqlx

9.6.3 Verification of Pier Response

The design response of pier was taken as the mean response due to seven (7) set of input ground
motions as shown in Table below.

Linear behavior of column during and after earthquake was expected for this isolated bridge example.
Secondary plastic behavior which is permitted by this manual at the bottom of the piers is not
anticipated in this example. Therefore, moment reduction factor, R set to 1.0 were applied for the
elastic response of column. In this case the elastic force due to earthquake were used as a design force
as explained in Chapter 9.1.3 of this guideline.

9.6.4 Column Requirements

For the example bridge, following are the requirements for the Pier/ Column. The interaction diagram
according the column requirements as shown in Figure 9.6-5.

- Required performance Criteria SPL1 (Column is fully elastic)
- Single Round Column

- 2 m (Diameter)

- 76-32 mm @ Vertical Reinforcement

- 20mm @ min. pitch Transverse Reinforcement

- Steel Ratio is 2%
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Table 9.6-1 Pier Displacement Response

EQX
PIER NO.: 1 DISPLACEMENT

Node Load DX (m) DY (m) DZ (m) RX (rad) RY (rad) RZ (rad)

1522 | EQ1X(max) | 0.062723 | 0.049509 | 0.000063 | 0.00514 | 0.006364 | 0.000214
1522 | EQ2X(max) | 0.063659 | 0.047876 | 0.000044 | 0.005797 | 0.006431 | 0.000114
1522 | EQ3X(max) | 0.061709 | 0.04961 | 0.000045 | 0.005844 | 0.006242 | 0.000228
1522 | EQ4X(max) | 0.044695 | 0.060541 | 0.000034 | 0.004811 | 0.004539 | 0.000148
1522 | EQ5X(max) | 0.065121 | 0.041848 | 0.000058 | 0.006364 | 0.006576 | 0.000162
1522 | EQ6X(max) | 0.040037 | 0.056396 | 0.000037 | 0.005385 | 0.004044 | 0.00016

1522 | EQ7X(max) | 0.07023 | 0.05153 | 0.000061 | 0.005675 | 0.007126 | 0.000248

MEAN: 0.05831057 | 0.05104429 | 4.8857E-05 | 0.00557371 | 0.00590314 | 0.000182
EQX
PIER NO.: 2 DISPLACEMENT
Node Load DX (m) DY (m) Dz (m) | RX(rad) | RY (rad) | RZ (rad)

1546 | EQ1X(max) | 0.062724 | 0.049514 | 0.000058 | 0.00514 | 0.006364 | 0.00022
1546 | EQ2X(max) | 0.063665 | 0.047882 | 0.000037 | 0.005797 | 0.006432 | 0.000284
1546 | EQ3X(max) | 0.061734 | 0.049618 | 0.000053 | 0.005845 | 0.006245 | 0.000188
1546 | EQ4X(max) | 0.044718 | 0.060545 | 0.000051 | 0.004811 | 0.004541 | 0.000194
1546 | EQ5X(max) | 0.065132 | 0.041853 | 0.00006 | 0.006364 | 0.006577 | 0.000208
1546 | EQ6X(max) | 0.040046 | 0.0564 | 0.000033 | 0.005385 | 0.004045 | 0.000236
1546 | EQ7X(max) | 0.070231 | 0.051534 | 0.00007 | 0.005675 | 0.007126 | 0.000175

MEAN: 0.05832143 | 0.05104943 | 5.1714E-05 | 0.00557386 | 0.00590429 | 0.000215

MAX. 0.05832143 | 0.05104943 | 5.1714E-05 | 0.00557386 | 0.00590429 | 0.000215

The effect of P-Delta to the column is not critical due to small displacement.

- Verification of "P-.4 requirement™

$*2%Pp= 16278 < 23412 |(=3*Mn) (DK)
in which: P-DELTA REQ). SATISFIED
4= 12*Rd*ae 4: Displacement of the peint of contraflexure in the column or pier
= 070 (m) relative to the point of fxity for the foundation
Rd=(1-1R)*1 25*¥TsT+1/R (if T<1.25*Ts)
= 1.00
Rd= 1.0 (if T=1.25%Ts)
dz= 0058 |(m) e Dizplacement caleulated from elastic seismic analysis
T= 110 > 0,790  |(=1.25%T=) T: Period of fundamental mode of vibration (zec.)
Ts= 0.632 Ts: Corner period specified in BSDS Article 3.6.2 (=5,,,/8,,<) (sec.)
R= 1.0 R: B-factor
Pu= 3847 (kM) Pu: Axial load on column or pier (dead load from the superstroctors)
= 0.9 @: Flexural resistance facter for column

Mn= 26014 (KN®*m) Min: Mominal flexural strength of column
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Table 9.6-2 Pier Design Forces

EQX
PIER NO.: 1
Elem | Load Part Shear-y Shear-z Torsion Moment-y Moment-z
(KN) (kKN) (kN-m) (kN-m) (kKN-m)
3336 EQI1X(max) J[1558] 458.63 641.86 280.01 22410.31 17902.17
3336 | EQ2X(max) | J[1558] | 619.22 284.73 150.79 22762.04 17332.95
3336 | EQ3X(max) | J[1558] | 627.35 603.04 298.28 22256.66 17150.27
3336 | EQ4X(max) | J[1558] | 226 400.32 195.15 17286.44 20915.49
3336 | EQ5X(max) | J[1558] | 749.11 685.9 212.64 23209.03 15581.21
3336 | EQ6X(max) | J[1558] | 312.66 445.16 210.55 16072.82 19041.83
3336 | EQ7X(max) | J[1558] | 658.23 352.23 324.98 24512.79 18434.06
MEAN: 521.6 487.605714 | 238.914286 | 21215.72714 | 18051.14
EQX
PIER NO.: 2
Elem | Load Part Shear-y Shear-z Torsion Moment-y Moment-z
(kN) (kKN) (kN-m) (kN-m) (KN-m)
3348 EQ1X(max) J[1559] 455.99 657.06 283.72 22210.52 17904.9
3348 | EQ2X(max) | J[1559] | 619.52 300.13 366.66 22563.75 17336.08
3348 | EQ3X(max) | J[1559] | 627.66 617.28 242.63 22061.14 17154.56
3348 | EQ4X(max) | J[1559] | 226.49 414.94 250.12 17092.46 20917.7
3348 | EQ5X(max) | J[1559] | 748.32 701.5 267.81 23010.42 15581.56
3348 | EQ6X(max) | J[1559] | 312.67 460.82 305.2 15875.92 19046.18
3348 | EQ7X(max) | J[1559] | 657.14 368.45 225.26 24312.2 18431.96
MEAN: 521.112857 | 502.882857 | 277.342857 | 21018.05857 | 18053.27714
MAX FORCES: 521.6 502.882857 | 277.342857 | 21215.72714 | 18053.27714

9.6.5 Verification of the bearing reaction force to the abutment

In common practice, the abutment is not design to carry the effect seismic lateral force coming from
the bridge specially for continuous bridge like in this example. But since the bearing shear force will
be transmitted to the abutment during event, the capacity of the abutment to resist such additional
lateral force may be checked.

- Max. Bearing Shear forces at the abutment

Rx =162 kN (each bearing)

Total bearing reaction, Rxi = 162*4=648 kN < 7075 kN

Abutment height = 7.5 m

Moment Produced at the bottom, Mt = 648*7.5 = 4860 kN-m < 31,386 kN-m
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- From Error! Reference source not found. showing that the capacity of the abutment is
big enough to carry those additional loads.

- Abutment still adequate.

| —
©
2
Nominal flexural resistance of the breastwall, sl Total abutment width Capacity
Deadload reaction from superstructure (per meter strip) 266.67 kM
MNominal shear resistance of the breast wall from nominal flexural resistance 4184 90 kM
MNominal shear resistance of the breast wall Total width capacity
1.5 times the deadload reaction of superstructure 4000 kM
Figure 9.6-4 Abutment Design
REQUIRED COLUMN INTERACTION DIAGRAM
80,000
60,000 \\
40,000 \,
P (kN)
20,000 )
Demand, 21,216, 8,53®% Ultimate Capacity,Phi*Mn, 23,412,
/ 8,537
0
5,000 10,000 15,000 0,000 25,000 30,000
/ ¢*Mn (kN*m)
_—
-20,000 ——

_—

-40,000

Figure 9.6-5 Interaction Curve of Required Column
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9.7 Conclusion

The final design requirements of High Damping Rubber Bearing are summarized below. Checking of
all design requirements with the manufacturer is necessary.

Table 9.6-3 Bearing Design Summary
HIGH DAMPING RUBBER BEARING (HDR)
Bearing Location Abutment
Shape of HDR bearing Rectangle
Effective Dimension of HDR (a, b) 425 x 425 mm
Overall Dimension (I, w) inc. cover 450 x 450 mm
No. of Rubber Layers 12 pcs.
Thickness of Rubber layers, te 12 mm
Total Rubber Thickness, Xte 179.2
Thickness of internal steel Plate, ts 3.2 mm (SS490)
Shear Modulus of rubber, G 1.2 Mpa
Elongation at Break 550%
Bearing Location Pier
Shape of HDR bearing Rectangle
Effective Dimension of HDR (a, b) 625 X 625 mm
Overall Dimension (I, w) incl. cover 650 x 650 mm
No. of Rubber Layers 12 pcs.
Thickness of Rubber layers, te 12 mm
Total Rubber Thickness, Xte 179.2
Thickness of internal steel Plate, ts 3.2 mm (55490)
Shear Modulus of rubber, G 1.2 Mpa
Elongation at Break 550%

Remarks:

The main benefits of Seismic Isolation for bridges, either new or existing are:

1.

2.

The addition of flexibility to the system increases the fundamental period, which, for short
period structures, will decrease the design forces. However, for long period structures, or
ground motions with unusual frequency content, this effect may be negligible, and in extreme
cases, design forces may even be higher.

Although increase in flexibility can lead to larger displacements, inelastic deformation are
confined to the bearing, allowing elastic design of the remaining member of the structure.
Bearings are relatively easy to maintain, and if necessary, replace, compared to structural
elements.

Significant seismic energy may be dissipated in the isolators, by hysteretic damping in its
components. This has the effect of further decreasing the shear forces and limiting the
maximum displacement demand on the bearing.

The shear forces transmitted to the piers are limited by the amount of force that can be
transmitted across the bearing, which allows the isolation device to act as a fuse for the
structure.
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Limitation:

With respect to the 3 benefits of isolation, HDR bearings provide an efficient source of energy
dissipation and at moderate displacement levels (like in the example that was presented), satisfy the
benefit 1, 2 and 3. However, because the maximum (ultimate) shear force is not well defined (as
explained in Clause 8.5 of RBSIDG) the device does not provide an effective fuse across the
isolated interface, violating benefit 4. Because of this, at high (ultimate) strain it may not be possible
to confine inelastic deformation to the isolator, and piers may experience inelastic demand. The
consideration of the interaction between bearing deformation and inelastic pier may be necessary.
The more explicit modeling of Pier and more sophisticated analysis may be required in such cases.
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Chapter 10 Comparison between Seismic Resistance Design and Seismic
Isolation Design

10.1 Seismic Resistant Design and Seismic Isolated Design

Over the past few decades, earthquake resistant design of bridge has been largely based on a ductility
design concept worldwide. Looking at AASHTO and BSDS specifically, the design philosophy evolved
around the intensity of the earthquake: moderate earthquake (Level 1) or Large-scale major earthquake
level 2). Seismic performance of bridge according to the design level of earthquake are based on its
operational classification.

The acceptable performance of bridges for the traditional force-based seismic design approach is to
absorb and dissipate energy by the formulation of plastic hinges in a stable manner to prevent collapse
during an earthquake. Specially detailed plastic hinge regions of the supporting ductile columns are
capable of absorbing energy through many cycles of the dynamic response of the earthquake. Plastic
hinge regions of concentrated damage have been repaired or replaced after earthquakes. The rationale
of allowing damage as long as “life safety” is preserved is for economic considerations. The
conventional seismic resistant design of structures has been performed under the concept that the
structures are designed so that the resistance is greater than the assumed seismic force.

On the other hand, the seismic isolation design is based on the concept of isolating or escaping from
seismic force rather than "resisting.” Seismic Isolation can be used to avoid having damage to bridge
structures and may be achieved at lower initial construction cost. The design of Seismic isolated bridged
was explained explicitly in Chapter 9.

10.2 Comparison of a Conventional and Seismically Isolated Bridge

The primary objective of applying seismic isolation is to reduce the force that is being generated in the
bridge pier and other members by increasing the natural period of the structure and the absorbing energy
by means of high damping. In this section, the comparison between the two design techniques was
explained.

10.2.1 Bridge Analysis Model

Same configuration of site, also the same analytical and loading model were used in this study.
However, the boundary condition for bearings are different. Boundary conditions for the bearing of
seismic resistant bridge model are based on the conventional bearing model (free at the abutment and
fixed at Pier) as shown in Figure 10.2-1

[Global | [Movable |

z (Transverse

y
Z»x (Longitudinal dir.

Figure 10.2-1 Degrees of Freedom of Bearing

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



10-3 BSDS DESIGN STANDARD GUIDE MANUAL I

Detailed modeling procedure for conventional bridge was explained in Chapter 5.0 of the New BSDS
Design Guide Manual 1% Edition. Another consideration in the analysis model of earthquake
resistance bridge is the consideration of non-linear effects which decrease stiffness. BSDS
recommend the use of cracked section for the member which plastic hinging is anticipated equal to
one half of the gross moment of inertia.

The dynamic spring for pile foundation are also the same for two modeling. The used of simplified
or lumped spring pile foundation model was adopted. Loadings for both static and dynamic are also
the same.

10.2.2 Analysis

Dynamic analysis using Elastic Time history by modal analysis was performed in the analysis of
seismic resistant bridge model as explained also in Chapter 5 of BSDS Design Guide Manual as well
as for the analysis of Isolated bridge model in Chapter 9 of this Guideline.

10.3 Comparison of Results

10.3.1 Comparison of Fundamental Periods of Bridge
- Conventional Bridge

15t Mode
Natural Period, Tn = 1.15 secs.

2" Mode
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Natural Period, Tn = 0.80 sec.

8 |

Figure 10.3-1 Fundamental Period of Conventional Model Bridge

The fundamental period of isolated bridge was shown in Chapter 9. Summary of fundamental periods
of two different bridge model also shown in Table 10.3-1.

Table 10.3-1 Fundamental Period of Bridges Model

Bridge Model Period, Tn (sec) Period, Tn (sec)
1st Mode 2nd Mode
Conventional Bridge 1.15 0.8
Isolated Bridge 2.13 1

Comparing the fundamental period of structure, noticed that the dominant period of isolated bridge
was almost double compare to the others. This is due to bearing isolator is flexible enough so that the
cycle of bridge excitation was lengthen, that is why the applicability of isolator also limited to stiff
structures and for the bridge that was located where the soil is hard enough as explained in BSDS
Section 8.1.
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10.3.2 Comparison of Superstructure Displacement

TIME HISTORY OF
DISPLACEMENT(SUPERSTRUCTURE_EQ1X)
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Figure 10.3-2 Displacement History of Superstructure of Two Different Model

The difference of maximum displacement response of superstructure taken as the mean of the
maximum response due to seven (7) pairs of input spectrally matched ground motion as shown in
Figure 9.2-2 is small at this case, however, the damping effect due to damping properties of rubber
was obvious in black line. Also, the increase in period due to isolator was definitely obvious. The
design displacement for superstructure of both models as shown in Table 10.3-2.

Table 10.3-2 Design Displacement of Superstructure

Superstructure
. Displ ,D Displ , D
Bridge Model isplacement, Dx isplacement, Dx
(mm) (mm)
Conventional Bridge 176 176
Isolated Bridge 188 188

10.3.3 Comparison of Top of Pier Displacement

Unlike the conventional design bridge that the bearing is fixed, the displacement of the top of pier is
equal to the displacement of superstructure due to fixity of bearing, in the case of isolated bridge is
different as shown in Error! Reference source not found.. The displacement of pier top is small in
case of isolated bridge, this is due to the effect of HDR isolator. The isolation physically uncoupled
a bridge superstructure from the horizontal components of earthquake ground motion, leading to a
substantial reduction in the forces generated by an earthquake. Also, the energy produced by an
earthquake was dissipated by the hysteretic property of high damping rubber bearing.
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Figure 10.3-3 Displacement History of Pier Top of Two Different Model

The comparison of the design displacement at the top of pier as shown in Table 10.3-3. Those value
were taken from the mean of maximum response due to seven input ground motion.

Table 10.3-3 Design Displacement at Top of Pier

Top of Pier 1 Pier 2
Bridge Model Displacement, Dx Displacement, Dx
(mm) (mm)
Conventional
Bridge 162 162
Isolated Bridge 58 58

10.3.4 Comparison of Forces at Pier

The response of the pier for isolated bridge particularly the forces extracted by the pier at the bottom
was illustrated in Chapter 9 of this guideline. Comparison of the difference in the design forces
between these two different models that were used for the design of section of column are shown in
Table 10.3-4.

Notice the difference of the design forces, this is mainly because of isolation as explained in Chapter
9. However, for the design of conventional bridge, ductility factor which may reduce the design elastic
force at the base of column where plastic hinging was anticipated was required. The elastic force in
Table 10.3-4 for conventional bridge was reduced by response modification factor or a certain
ductility factor according to BSDS Section 3.8 Table 3.8.1-1, and for essential bridge (OC2) the
ductility factor to be used is 2.0. Therefore, for the design of column of conventional bridges the
forces to be used in this example was divided by this factor and the final results as shown in Table
10.3-5.
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Table 10.3-4 Comparison of Design Forces at Column Base
PIER NO.: 1 Mean of max. Response due to 7 Pairs of EQ
Bridge Model Shear-y | Shear-z | Torsion | Moment- | Moment-
(KN) (KN) (KN-m) | y (KN-m) | z (KN-m)
Conventional 5051.97 | 6988.17 | 3932.19 | 93490.43 | 62638.72
Seismic Isolated 521.6 487.6 238.91 21215.72 | 18051.14
PIER NO.: 2 Mean of max. Response due to 7 Pairs of EQ
Bridge Model Shear-y | Shear-z | Torsion | Moment- | Moment-
(KN) (KN) (KN-m) | y (KN-m) | z (KN-m)
Conventional 5101.06 | 6952.14 | 4268.75 | 92994.51 | 63186.79
Seismic Isolated 521.11 502.88 277.34 | 21018.06 | 18053.28

Table 10.3-5 Modified Design Forces at Column Base

Mean of max. Response due to 7 Pairs of EQ

Bridge Model Shear-y | Shear-z | Torsion | Moment- | Moment-
(kN) (kN) | (kN-m) | y (kN-m) | z (kN-m)

Conventional Pier 1 2525.99 3494.09 1966.09 46745.22 | 31319.36
Conventional Pier 2 2550.53 3476.07 2134.38 46497.25 | 31593.39

This modification factor or ductility factor is not necessary for isolated bridge, unless the ductility at
pier was considered in the design as explained in Chapter 9 of this guideline.

Using the above design forces for conventional bridge, the required section capacity was illustrated in
Figure 10.3-4. Followed the column design procedure, then, the required Design for the column section
for conventional bridge should be as follows:

- Required Diameter of Column, D = 2700 mm

- Required No. of Vertical Rebars, N = 120 pcs.

- Required Steel ratio, p=1.7%

- Diameter of ties, dt = 20 mm@ (Bundled in two)
- Minimum Pitch, s = 120 mm

- Verification of "P-4 requirement"

4*A*Pu = 45,466 <

51,727 (=¢*Mn) (OK)

in which: P-DELTA REQ. SATISFIED

4 = 12*Rd*4e 4: Displacement of the point of contra-flexure in the column or pier.
= 1.94(m) relative to the point of fixity for the foundation
Rd = (1-1/R) *1.25*Ts/T+1/R (if T<1.25*Ts)

1.00

Consulting Services for the Detailed Design and Tender Assistance of the Metro Manila Priority Bridges Seismic Improvement Project
(MMPBSIP) JICA Loan No. PH-P260 (Rebidding)



CHAPTER 10: COMPARISON BETWEEN SEISMIC RESISTANCE DESIGN AND SEISMIC 10-8
ISOLATION DESIGN

Rd = 1.0 (if T21.25*Ts)

4e = 0162 (m) 4e: Displacement calculated from elastic seismic analysis
T = 115>0.790 (=1.25*Ts)  T: Period of fundamental mode of vibration (sec.)

Ts = 0.632 Ts: Corner period specified in BSDS Avrticle 3.6.2 (=SD1/SDS) (sec.)
R = 20 R: R-factor

Pd = 5847 (kN) PD: Axial load on column or pier (dead load from the superstructure)
® = 09 ¢: Flexural resistance factor for column

Mn = 57,475 (kN*m) Mn: Nominal flexural strength of column

By checking the P-Delta effect it is clear that the design section has satisfied.
The design of section for isolated bridge was already explained in Chapter 9.

REQUIRED COLUMN INTERACTION DIAGRAM
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Figure 10.3-4 Interaction Diagram of Required Column Section for Conventional Bridge

10.4 Conclusion

Summary of the results comparing the two bridges model was illustrated in Table 10.4-1.

Table 10.4-1 Comparison Table of Conventional and Seismic Isolated Bridge

PIER BEARING TYPE
HIGH DAMP
CONVENTIONAL RUBBER
Shape of Bearing N/A RECTANGLE
Dimension of Bearing for Abutment (mm) N/A 450 X 450
Dimension of Bearing for Piers (mm) N/A 650 X 650
Thickness of Bearing (mm) N/A 179.2
Max. Displacement of Superstructure (mm) 176 204
Max. Displacement of Pier top (m) 162 o8
Natural Period of Structure, Tn (secs) 1.15 2.13
Moment at Pier Bottom (KN-m) 93,490.00 21,215.00
Shear Force at Pier Bottom (kN) 3495 502
Size of Bridge Pier Required (m) 2.7 2.0
Percentage of Rebar Required (%) 1.7 2
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In this table, the difference in response between these two different bridges model was obvious.
Another difference was not illustrated but already explained in Chapter 9.

With the same earthquake loading the performance level of these two models are also different. For
conventional design bridge, the ductility of bridge pier is expected at a certain location meaning the
plastic hinging is anticipated and repairable damages (no collapse) are allowed during earthquake.

In contrary, for the Seismic Isolated Design bridge, because a seismic isolation bearing can absorb
the energy, this reduces the forces transmitted to the substructure columns, piers, and foundations.
Also, the earthquake energy is absorbed by heat in the isolation bearing that provides protection for
the substructure, therefore, by protecting the structure it also assures the elastic response.

The effectivity of seismic isolation for bridges is not only for improving the structural performance
but of course another factor is the cost effectivity. By reducing the amount of forces attracted to Pier,
the section also reduced including the foundation and the cost also reduced. Another factor is the
performance of bridge during and after earthquake. The isolated bridge requires only minimal or no
damage after earthquake due to its seismic performance level, however, the conventional bridge
allowed structural damage but no collapsed. The higher cost of repair must be expected on that
performance level. Cost implication is another consideration of choosing or specifying the
performance level of bridge.
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Chapter 11 Gap Bearing Adjacent Girders and Substructure

11.1 Gap between adjacent girder and Substructures

Sg= — ustLa (between a superstructure and an abutment , or a superstructure and a truncated section
of a pier head)

cg ustLa (between two adjacent girder)

La: marginal value. 15mm in General.

— U, Maximum relative displacement due to Level 1 or Level 2 Earthquake.

Cg: Modification factor depending on the difference of natural periods of adjacent
superstructure as shown in Table 11.1-1

Table 11.1-1 Joint Gap Width Modification Factor for Natural Period
Difference between Adjacent Girders cg

Ratio of Natural period Difference of
adjacent girders AT/7; CB

0=AT/T1<0.1 1
0.1 S AT/ T1 <0.8 V2
08=AT/T/=1.0 1

Notes: AT = T;— T and 7; and 7> represent the natural periods of two adjacent girders, respectively.
However, T; is assumed equal to or greater than 7.

The amount of gap between adjacent girder and substructure is classified into two cases.
(1) Ordinary Bridge

This amount is determined as that collision will not occur for level 1 Earthquake Ground Motion,
if verification confirms that the collision will not affect the seismic performance of the bridge when
subjected to Level 2 Earthquake Ground Motion.

(2) Seismically —Isolated Bridge

The amount of gap is determined to ensure the expected behavior of seismic isolation.
As for this case, calculation example is shown in this Design Guideline 8.2.
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Chapter 12 Examination of Liquefaction

12.1 Liquefaction

12.1.1 Assessment of seismically unstable soil layer

Assessment of seismically unstable soil layer is defined as Table 12.1-1.

Table 12.1-1 Assessment of soil layer

Extremely Soft layer For a clayey or silt soil within 3 m from ground surface, Geotechnical parameters
having a compressive strength of shall be zero.
20kPa(kN/m2)(0.02N/mm2) or less obtained by Acts as overburden.
unconfined compression test or an in-situ test.

Liquefiable Layer For the alluvial sandy layer having all of the following  Reduce geotechnical

Liguefaction Assessment three conditions, liquefaction assessment shall be parameter for seismic
conducted. design
1) Saturated soil layer with depth less than 20m If Reduction factor D, =0

below the ground surface and having ground and geotechnical
water level higher than 10m below the ground parameter is zero, it acts as
surface. overburden.

2) Soil layer containing a fine content(FC) of 35% or
less, or soil layer having plasticity index, |PL less
than 15,even if FC is larger than 35%.

3) Soil layer having a mean particle size(D)of less
than 10mm and a particle size at 10% passing
(Dyo)on the grading curve is less than 1mm.

12.1.2 Assessment of Liquefaction

In BSDS, following provisions are described.

For the soil layer requiring liquefaction assessment according to the provisions specified in Item (1)
above, the liquefaction resistance factor £7, shall be calculated by Equation 6.2.3-1. When the result

turns out to be less than 1.0, the layer shall be regarded as a soil layer having liquefaction potential.

FL=R/L (6.2.3-1)
R=CwRE s (6.2.3-2)
L=Takngl 00/ 07y e (6.2.3-3)
Fa= 1.0 = 0.015X o (6.2.3-4)
kgl = Fpga PGA e (6.2.3-5)
Ov= Vil T V(X F) ooiiiiii (6.2.3-6)
O = Vithw Tt V00T ) e (6.2.3-7)
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1.0 (RL.<0.1)
3.3R.+0.67 (0.1<RLZ04) i (6.2.3-8)
2.0 (0.4 <Ry)
where:
Fr Liquefaction resistance factor.
R Dynamic shear strength ratio.
Seismic shear stress ratio.
Cw Modification factor on earthquake ground motion.
R Cyclic triaxial shear stress ratio to be obtained from Equation 6.2.3-9 in Item
(3) below.
rd Reduction factor of seismic shear stress ratio, in terms of depth.
kgL Design horizontal seismic coefficient at the ground surface for Level 2 EGM.
Flpga Site coefficient for peak ground acceleration specified in Article 3.5.3.
PGA Peak ground acceleration coefficient on rock, as given in Article 3.6.
0y Total overburden pressure, (kN/m?).
a’y Effective overburden pressure, (kN/m?).
x Depth from the ground surface, (m).
Vi1 Unit weight of soil above the ground water level, (kN/m?).
147 Unit weight of soil below the ground water level, (kN/m?).
Y2 Effective unit weight of soil below the ground water level, (kN/m?).
h,, Depth of the ground water level, (m).

Cyclic triaxial shear stress ratio

Cyclic triaxial shear stress ratio R; shall be calculated by Equation 6.2.3-9.

0.0882,/N, /1.7
00882 Na /17 +16X10—6 . (Na _14)4.5 (M < 14) ........................ (623'9)
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where:
(For Sandy Soil)
N = CI NI 0 e e ee e a .. —————————. (623—10)
Ni=T1TON/ (175 F70) ettt eas (6.2.3-11)
1.0 (0% < FC <10%)
cr= (FC+40)/50 (10% S FC < 60%) ceveeeeeeeeeeeeeeeeeeeeenes (6.2.3-12)
FC/20-1 (60% < FC)
0 (0% < FC < 10%)
2= (FC-10)/18 (10% < FC) e (6.2.3-13)
(For Gravelly Soil)
Na={1-0.3610810(D50/2)} Ni oottt (6.2.3-14)
R . Cyclic triaxial shear stress ratio.
N . N-value obtained from the standard penetration test.
Ni : Equivalent N value corresponding to effective overburden pressure of 100
KN/m?,
N, : Modified N value taking into account the effects of grain size.
cl, C2 Modification factors of N value on fine content.
FC Fine content, (%) (percentage by mass of fine soil passing through the 75 'm
mesh).
Dso Mean grain diameter, (mm).

12.1.3 Calculation Example

(1) Examination of liquefaction potential

Next Tables are examples of Lambingan Bridge case.
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Table 12.1-2 Assessment of Liquefaction Potential
BH-4 FOR ABUTMENT Al
Summary Assessment of Liquefaction Potential
Soil Ground
GL N-Value | Water FC PI D50 D10 | Assessment
Layers
Level
m - by SPT m % - mm mm -
-1.4 Sandy 10 1.03 0 0 0 0.00 0
2.4 Sandy 13 1.03 0 0 0 0.00 0
-3.4 Sandy 20 1.03 10 0 0.55 0.08 0
-4.9 Sandy 4 1.03 0 0 0 0.00 0
-6.4 Sandy 17 1.03 0 0.52 0.13 0
-7.9 Sandy 2 1.03 52 0 0.055 0.00 0
9.4 Clayey 4 1.03 90 44 0.1 0.00
-10.9 | Clayey 5 1.03 62 41 0.1 0.00
-12.4 | Clayey 3 1.03 86 45 0.1 0.00
-13.9 | Clayey 3 1.03 85 39 0.1 0.00
-15.4 | Clayey 5 1.03 88 47 0.1 0.00
-16.9 | Clayey 13 1.03 77 74 0.1 0.00
-18.4 Sandy 25 1.03 16 0 1 0.10 0
-19.9 Sandy 50 1.03 100 50 100 10.00
-21.4 Sandy 50 1.03 100 50 100 10.00
-22.9 Sandy 50 1.03 100 50 100 10.00
-24.4 Sandy 50 1.03 100 50 100 10.00
-25.9 Sandy 50 1.03 100 50 100 10.00
-27.4 Sandy 50 1.03 100 50 100 10.00
BH -1 FOR ABUTMENT A2
Summary Assessment of Liquefaction Potential
Soil Ground
GL N-Value | Water FC PI D50 D10 | Assessment
Layers
Level
m - by SPT m % - mm mm -
1.41 Sandy 2 1.03 25 0 0.52 0.00 0
1.03 Sandy 2 1.03 25 0 0.52 0.00 0
0.41 Sandy 2 1.03 0 0 0 0.00 0
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-0.59 | Clayey 2 1.03 62 10 0.1 0.00 0
-3.59 | Clayey 5 1.03 12 0 0.8 0.05 0
-5.09 | Clayey 13 1.03 52 0 0.05 0.00 0
-6.59 | Clayey 24 1.03 75 0 0.1 0.00 0
-8.09 | Clayey 3 1.03 70 20 0.1 0.00
-11.09 | Clayey 4 1.03 83 29 0.1 0.00
-12.59 | Clayey 3 1.03 78 39 0.1 0.00
-15.59 | Sandy 50 1.03 16 0 0.8 0.04 0
-15.74 | Sandy 50 1.03 100 50 100 10.00
-17.09 | Sandy 50 1.03 100 50 100 10.00
-18.59 | Sandy 50 1.03 100 50 100 10.00
-20.09 | Sandy 50 1.03 100 50 100 10.00
-21.59 | Sandy 50 1.03 100 50 100 10.00

Painted layers have a potential of liquefaction.

(2) Calculation of Liquefaction Resistance Factor F.

Table 12.1-3 Calculation of FL

Calculation for FL (A1) Reduction Factor DE
R FL
Depth | NI cl c2 Na R L FL DE
Ave. | Ave.

1.00 |22.911| 1.000 | 0.000 [22.911| 0.650 | 1.740 | 0.374
2.00 [28.189| 1.000 | 0.000 {28.189| 1.207 | 1.714 | 0.704 | 3.934 | 2.324 1.00
3.00 |41.162| 1.000 | 0.000 [41.162| 9.946 | 1.687 | 5.895

4.50 | 7.281 | 1.000 | 0.000 | 7.281 | 0.232 | 1.426 | 0.163
6.00 |27.735| 1.000 | 0.000 |27.735| 1.135 | 1.312 | 0.865 | 0.537 | 0.408 0.67
7.50 | 2.957 | 1.840 | 2.333 | 7.773 | 0.244 | 1.239 | 0.197

9.00 | 5.613 | 3.500 | 4.444 {24.090

10.50 | 6.677 | 2.100 | 2.889 [16.911

12.00 | 3.822 | 3.300 | 4.222 [16.834

13.50 | 3.653 | 3.250 | 4.167 {16.040

15.00 | 5.832 | 3.400 | 4.333 |24.162

16.50 {14.549| 2.850 | 3.722 |45.187

18.00 {25.883| 1.120 | 0.333 |29.322| 1.423 | 1.111 | 1.280 | 1.423 | 1.280 1.00

19.50 [48.159| 4.000 | 5.000 |18.703
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21.00 {44.808| 4.000 | 5.000 |17.402

22.50 (41.893| 4.000 | 5.000 [16.270

24.00 (39.334| 4.000 | 5.000 [15.276

25.50 {37.069 | 4.000 | 5.000 |14.397

27.00 {35.052| 4.000 | 5.000 |13.613

Calculation for FL(A2) Reduction Factor DE
R FL
Depth| N1 cl c2 Na R L FL DE
Ave. | Ave.

1.00 | 4.048 {1.300{0.833| 6.095 | 0.204 |0.522| 0.391

1.38 | 3.807 [1.300|0.833| 5.782 | 0.196 |0.519| 0.378 |0.181/0.329| 0.00

2.00 | 3.701 [1.000|0.000| 3.701 | 0.143 |0.657| 0.218

3.00 | 3.543 |2.100(2.889(10.329| 0.302 [0.816| 0.370 [(.3020.370| 0.67

6.00 | 7.851 |1.040(0.111| 8.276 | 0.255 |[1.053] 0.243 |().255|0.243| 0.00

7.50 119.316|1.840(2.333|37.875| 5.913 |1.106| 5.348

683.310/601.818] 1.00
9.00 |33.842|2.750(3.611|96.675|1360.708|1.136 | 1198.287

10.50 | 4.025 |2.5003.333|13.396

13.50 | 4.892 |3.150|4.056 |19.464

15.00 | 3.513 {2.9003.778 |13.966

18.00 {50.971/1.120]0.333|58.273| 82.836 |1.038| 79.791 [41.418|79.791| 1.00

18.15]50.625|4.000 |5.000{19.661

19.50 {47.709(4.000 | 5.000 | 18.529

21.00 {44.840(4.000 5.000|17.415

22.50142.29714.000 |5.000 [16.427

24.00 |40.026(4.000|5.000 | 15.545

(3) Reduction of Geotechnical Parameters

Reduction factor is determined by shear strength ratio R, Resistance Factor Fi and depth x.
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Table 12.1-4 Reduction Factor Dg for Soil Parameters

Depth from Ground Dynamic shear strength ratio R
Range of F.
Surface x (m) R=03 0.3<R
0=x=10 0 1/6
FL=1/3

10 <x=20 1/3 1/3

0=x=10 1/3 2/3
13 < FL=2/3

10<x=20 2/3 2/3

0=x=10 2/3 1
23 < F =1

10<x=20 1 1

Dk is applied for all Geo Technical constants.

12.2 Lateral spreading

Example bridge and target pier are shown in Error! Reference source not found.

1,200 28, 800 28, 800 1,2
———————————— ‘
I
T

] |
®f @ l T @@ ~—Targetpier @ @
0,55 —%— _ o -o.ds r_j N

1

1

! -2.15
l AN
i

1

Steel pll-e 51,000
IL=35.0m n=16%
1

_____________

(a) profile

Figure 12.2-1 Example Bridge
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Borehole Log
44,35 8 12 i

e - N

f- 1st layer 2 >

— i oy A

E‘ 2nd layer slz g ::_

3 3rd layer . é%‘ |

liquefiable layer = -

; 4_111 layer o § %

E Sth layer

g

= 6th layer g=

7th layer )
=) 8th layer
@l 9t layer
Figure 12.2-2 Borehole Log
Table 12.2-1 Geological Constants
Soil layer Thickness N value vt Cohesion Internal Modulus of
number (m) (KN/m3) c (KN/m? friction deformation
angle( ¢ ° ) (KN/m?)

1%t layer 3.90 7 16.2 0.0 25 19600
2nd layer 3.10 5 16.2 0.0 25 14000
3 layer 8.00 4 17.2 0.0 20 12000
4 Jayer 11.90 1 16.7 49 0 20000
5%t layer 3.50 4 18.6 6.0 0 40000
6™ layer 2.70 40 17.2 0.0 40 112000
7% layer 3.80 10 19.1 98 0 28000
8t layer 2.00 40 19.1 0.0 40 112000
9t layer 2.60 50 19.6 0.0 40 140000
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¥
[']
Not liquefiable . ﬁle% o

Liquefiabler  Ht @
HY o
Not liquefiable
L )
W
] WA )
4

Figure 12.2-3 Analysis Model

(1) Calculation of Lateral Spreading Force
Lateral Spreading Force is calculated with 8.3.2 JRA Vol 5, 2012.

qve =  CsCniKpynox (0= X = Hyyp)
. = CsCo(yniHnw +viL(x—Hyo)) (Hyp =x = Hyp +Hy)
gve =  GsCniKpyarx
= 1.0x1.0x2.0x16.2x7.0
= 226.8kN/m?
a1 = CsCu(yniHnw +vL(x—Hno))
= 1.0 0.3 x16.2x7.0 = 34.0kN/m? (x=HnL)
qz = CsCu(yniHnw +vL(x—Hno)) (x=Hyy + Hy)
= 1.0x03x [16.2x+17.2+17.2x(15.0—7.0)
= 753 kN/m?
Loading width

Pier 14.0m
Footing 14.5m
Pile foundation 13.5m
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Table 12.2-2 Calculation of Lateral Spreading Force Applying to Pier

Layer Thickness Unit Resultant | Structure Load Lateral
name (m) load(KN/m2) | force(KN/m) name width | spreading
force(KN)
1.5 0.00 37 Column 14.0 518
1st layer 49.5
2.5 49.5 227 Footing 14.5 3292
132.0
2nd Jayer 3.1 132.0 564 Pile 13.5 7614
232.1
3rd layer 8.0 35.0 448 6048
77.0
Total 17472(KN)
Resultant force lunit load l
o LT KRN A S F
227 kN— |) Ist layer
564 kN 2nd layer
448 kN 3rd layer
Liquefiable Layer

Figure 12.2-4 Lateral Spreading Force applying to Pier
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Intentionally Blank
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APPENDIX: STRUCTURAL
DETAILS
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APPENDIX: Structural Details
Al. Plastic Hinge Part
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Note: The following are the JRA (Japan Road Associations) recommended structural details:
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A2. Anchorage of Hoops
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A3. Standard Reinforcement at the Joint of Column and Beam
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(a.) Example of column reinforcement in  (b.) Example of beam reinforcement in
the region requiring censideration the region requiring consideration
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(c.) Example of column reinforcement (d.) Exarmple of beam reinforcement
the at the joint the at the joint
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