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Preface

The Tenth Structural Engineering Convention 2016 (SEC-2016) was organized by
CSIR-Structural Engineering Research Centre jointly with IIT Madras and Anna
University, Chennai, during 21-23 December 2016 at CSIR-SERC, Chennai, India.
SEC-2016 provided a common platform for professional structural engineers,
academicians and researchers in the broad fields of engineering mechanics and
structural engineering to exchange ideas for enriching the research and development
activities in the area of structural engineering.

The papers contributed in this convention are a reflection of the diverse research
activities in this area and represent the recent developments and futuristic trends in
the fundamental understanding of behaviour of materials and structures, compu-
tational structural mechanics, structural health monitoring, mitigation strategies
against natural hazards, performance- and durability-based design methodologies,
repair and retrofit methods, and technologies for sustainable development. More
than four hundred delegates from research organizations, academia and industry
participated and presented their papers, making this conference a real great success.
All the papers presented are double-blind peer-reviewed.

This lecture series in Civil Engineering with the theme of Recent Advances in
Structural Engineering is brought out in two volumes and contains the select papers
presented in SEC-2016. This volume (Volume 1) contains 92 contributions in the
following parts:

Part I  Analysis and Design of Concrete Structures

Part I  Analysis and Design of Steel Structures

Part III Computational Structural Mechanics

Part IV New Building Materials for Sustainable Construction
Part V  Mitigation of Structures against Natural Hazards
Part VI Structural Health Monitoring

We believe that the collection of papers included in this volume will contribute
to scientific developments in the field of structural engineering in a global sense and
will be a useful reference work for the academicians, researchers and also most



vi Preface

importantly the student community pursuing research in the area of structural
engineering.

The success of the conference, SEC-2016, was due to the collective efforts of a
large number of individuals, members of the various organizing committees and
sponsors. We should take this opportunity to thank all of them for making
SEC-2016 a great success. We would like to especially thank all the reviewers, the
majority of them from CSIR-SERC who have spent their quality time for reviewing
more than five hundred papers received.

Chennai, India A. Rama Mohan Rao
K. Ramanjaneyulu
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Analysis and Design of Tabletop M)

Check for

Foundation for Turbine Generators

Siddhartha Bhattacharya

Abstract The paper illustrates through a practical example the step-by-step pro-
cedure adopted in designing a tabletop foundation supported on piles for a steam
turbine generator with operating speed of 60 Hz. Finite element model of the
tabletop foundation is generated in ANSYS. Analysis results are used to perform
the static design checks. Dynamic analysis is performed to check for resonance and
allowable amplitude limits of the foundation as specified by machine vendor.

Keywords Steam turbine generator foundation - Finite element
Static analysis - Dynamic analysis

1 General Introduction

Steam turbine generators (STG) and combustion turbine generator (CTG) are used
in almost all modern petrochemical, LNG plants, and power plant facilities.
Reinforced concrete tabletop foundations are required to support these high-speed
rotating heavy machineries and are one of the most critical and challenging
structures on any industrial project. Because of the complexity in the analysis and
design of this type of a machine foundation, several modern analysis techniques are
adopted to predict its exact behavior under sustained vibrating loads and to extract
the results to perform the reinforced concrete design. Static and dynamic analysis is
carried on with two different stiffness values for piles and material elasticity for
concrete. The basic intent is to ensure that resonance does not take place under any
circumstances and the amplitudes of vibration remain within allowable limits as
specified by the vendor. The paper explains in detail, through a practical example
problem, the step-by-step methods involved in the analysis and design of a tabletop
foundation for a steam turbine generator operating at a speed of 60 Hz.

S. Bhattacharya (D<)
Bechtel India Pvt. Ltd, 244-245 Udyog Vihar, Phase IV, Gurgaon, Haryana, India
e-mail: sbhattac @bechtel.com
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4 S. Bhattacharya

2 Foundation Geometry

The STG pedestal supports a steam turbine machine which consists of one
low-pressure turbine, one HP/LP (HP—high pressure; LP—Ilow pressure) turbine,
and one generator. All of the equipment are located at the operating deck. The
layout of the operating deck is determined by the footprint of the machines. The
condenser located beneath the low-pressure turbine is supported directly on the
condenser piers that are sitting on the pedestal base mat.

The STG pedestal foundation is a massive concrete frame structure consisting of
a230.5 m x 12.0 min plan and 2.4 m thick operating deck (also known as tabletop)
supported by eight columns, all of which are supported by a 32.4 m x 14.4 m in
plan and 2.3 m thick base mat on piles. The top elevation of the tabletop is 11.85 m
above the top of the base mat. Columns are located at 150 mm within the edges of
the tabletop to facilitate rebar placement. There are three openings in the tabletop
for the connections of various pipes and equipment to the underside of the steam
turbine generator. A general view of the STG foundation is shown in Fig. 1. Pile
arrangement is shown in Fig. 2. The number of piles is calculated based on a
manual estimate of the number of piles required to resist the vertical and lateral
loads under operating and seismic conditions. Labels are used to identify the
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Fig. 1 Geometric details of STG foundation
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Fig. 2 Pile layout plan
Table 1 Geometric properties of the foundation
Member H (m) B (m)
Columns C1-C5 2.10 2.10
C2-C6 2.10 2.10
C3-C7 2.75 2.10
C4-C8 2.75 2.10
Girders/beams G1-G2 2.45 2.45
G3-G4 2.45 3.00
G5-G6 2.60 4.00
B1 2.45 2.06
B2 2.45 1.65
B3 2.45 1.85
B4 2.60 2.75

different structural elements. The elements in the longitudinal direction are referred
to as girders and the transverse elements are identified as beams. In the same way,
vertical elements are referred to as columns. Table 1 shows the dimension details of
the structural components.

3 Finite Element Model

Based on the initial sizing, as specified above, a 3-D solid finite element model is
created to assess the behavior of the STG foundation. 10-noded tetrahedral element
(SOLID92) is created in ANSYS for generating the mesh for the entire model.
SOLID92 element has a quadratic displacement behavior and is well suited to
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Fig. 3 ANSYS model of the i AN
tabletop foundation AT O

Fig. 4 Meshed model of the pap—
tabletop foundation o

model irregular meshes. The foundation piles are modeled as springs at each pile
locations with two horizontal and one vertical stiffness using spring—damper ele-
ments (COMBIN14). The solid model is presented in Fig. 3, and meshed model is
presented in Fig. 4. For dynamic analysis, machine mass is modeled at each sole
plate location by adjusting the mass density of the embed volumes at each sole plate
location using the formula

Wmi
Vi

Pi :pc+ (1)

where p; is the density assigned to the contact volume, p,. is the density of rein-
forced concrete, and W,,; is the machine mass acting on the contact volume V. This
approach is used for purposes of both dynamic and static analyses. Other machine
loads are applied by dividing the loads by total number of nodes within the
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Fig. 5 Meshed model —— AN
showing bearings B

Fig. 6 Meshed model — AN
showing bearings and rigid Lo ] " a0
links

corresponding designated volume. The six bearing locations are modeled as nodes
at the shaft level of the machine and are connected to the center of sole plates with
very stiff axial beam elements. The sole plates are modeled in a way that the center
of the plate is a master node and all other nodes on the plate are slaves. This is done
to simulate the rigid behavior of the plates (Fig. 6).

4 Loads and Load Combinations

Loads and load combinations are adopted as per the specifications from vendor,
standard industry practice, and relevant ASCE and ACI codal provisions. In gen-
eral, the following loads are adopted in analyzing and designing the STG
foundation:

(a) Dead load (DL)

(b) Live load (LL)

(¢) Thermal load (TL)

(d) Vacuum load (VL)

(e) Normal torque load (TN)

(f) Emergency torque load (TE)
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Fig. 7 Volumes for load points and sole plate ID

(g) Jacking post load (JP)

(h) Bowed rotor accidental load (BR)
(i) Loss of bucket load (LB)

() Unbalanced load (UNL)

(k) Condenser flooding load (CF)

(I) Wind load (WL)

(m) Seismic load (EL)

(n) Non-sliding load (NSL)

These loads are applied as uniformly distributed nodal loads in the loading
volumes at sole plate locations. Such loading volumes are shown in Fig. 7.

The load combinations adopted for checking the capacity of pile foundations are
as follows:

(a) DL + LL

(b) DL + LL + 0.7EL

(¢) 0.6DL + 0.7LL

(d) DL + LL + TN + UNL

(e) DL + LL + TN + 0.7EL + UNL
(f) DL £ NSL + TN

(g) DL + TL

(h) DL + TN + BR

(i) DL + JP

() DL + CF

The load combinations adopted for static check and reinforced concrete design
of the foundation are as follows:
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Fig. 8 Unbalanced loads at
bearing locations

Unbakinted Farces Out ol Phase

(a) 1.4DL

(b) 1.2DL + 1.6LL

(¢) 1.2DL + LL + EL

(d) 0.9DL + EL

() 1.4DL + 1.4VL

(f) 1.2DL + 1.6LL + 1.2VL + 1.6TL + 1.6TN + 1.6UNL
(¢) 1.2DL + LL + 1.2VL + TN + EL + UNL
(h) DL + VL & NSL + TN

(i) DL + VL + TN

() DL + VL + TN £ BR

(k) DL + VL + TN £ LB

() DL + JP
(m) DL + CF

The most important thing to note in these combinations is that the unbalanced
load and bowed rotor accidental loads need to be considered in both vertical and
horizontal directions one at a time. For seismic load, both horizontal, vertical and
orthogonal loading directions need to be considered simultaneously with full
contribution from one direction along with 30% contribution from orthogonal
directions (Fig. 8).
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5 Static Serviceability Check

Misalignment tolerance matrix (MTM) deflection criteria check is the most
importance static acceptance criteria for an STG foundation. This check is per-
formed to ensure that the turbine generator foundation is rigid enough to assure
correct bearing alignment during its operating condition. The checks are performed
as per vendor provided guidelines in order to ensure that the foundation meets the
criteria for the proper functioning of the machine. The MTM defines the percentage
of available misalignment that is consumed at a given bearing due to a displacement
at another bearing. It can be described as an “Influence Coefficient Approach”. The
deflections that may result from various loadings on the foundation after initial
alignment are calculated. These deflections are then multiplied by the influence
coefficient as provided by the vendor to calculate the response at a particular
bearing location due to deflection at other bearing locations. In Fig. 5, if R5' is the
initial response at bearing location 2 and yy, y», ¥3, Y4, Vs, and yg be the deflections
at bearing locations with influence coefficient Cy, C,, C3, C4, Cs, and Cg, then the
resultant response (R3) at bearing location 2 will be

R; = R, + C1y1 + Cays + C3y3 + Cays + Csys (2)

Apart from this, other serviceability checks performed on the STG foundation
are as follows:

(a) Relative radial displacement between adjacent bearings.
(b) Differential settlement at the foundation base mat.

(c) Top surface rotation of specific piers.

(d) Differential displacement of any three adjacent piers.
(e) Crack width of the deck elements.

(f) Precise location of all embeds on the deck.

6 Dynamic Analysis

Dynamic analysis of the turbine generator foundations is performed in two steps:

(a) Modal analysis—It is performed to determine the governing modes of the
foundation where more than 95% of the mass participation takes place. Also, it
is used to determine whether any resonance is taking place during operating
condition of the machine, i.e., whether the fundamental frequencies of vibration
of the foundation in X, Y, and Z directions are coinciding with the operating
frequency of the machine. Also, it gives a clear picture of the mass participation
in other modes through which machine passes during startup and shutdown
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phase. As an industry practice, the fundamental frequency of the machine
foundation is kept outside the range of +20% of the operating frequency of the
machine.

The modal analysis results in Fig. 9 shows that the fundamental frequencies of
the foundation are outside £20% of the operating frequency of the machine
hence the frequency analysis shows that there is no probability of occurrence of
resonance under operating condition. In case the natural frequency of the
foundation would have fallen within this 20% range, then, in that case, there
would have been two options that could be adopted to resolve the resonance
issue. The first option is mass tuning of the foundation wherein the foundation
can be either over tuned or under tuned to avoid resonance. In case mass tuning
of foundation is not possible then the other option is to go for harmonic analysis
in which the amplitudes are determined in the frequency range of +20% of the
operating frequency of the machine and compared with allowable amplitudes as
specified by the vendor and those stipulated in the industry standards for human
comfort level. Modified Reiher-Meister figure (barely perceptible, noticeable,
and troublesome) is generally used to establish the limits with respect to per-
sonnel sensitivity (Figs. 10 and 11).

Harmonic analysis—This is a forced vibration analysis in which the amplitudes
and peak velocity of vibration of the machine are calculated at different sole
plate locations and determined over a definite frequency range to assess the
severity of vibration of the machine foundation. Vendor specified limits are
adopted for checking the severity. For this foundation, the limiting peak
velocity is adopted as 1.55 mm/sec and limiting peak amplitude is adopted as
0.004 mm.

Foundation is analyzed for unbalanced loads of the machine at the bearing

locations. These loads either act in-phase or out-of-phase with each other, and
effects are estimated for each of the conditions. The displacement amplitudes at the
sole plate locations, as obtained from the analysis, are plotted with reference to the
vendor supplied allowable limits in Figs. 12, 13, 14 and 15.

The graphs basically represent the results of sweeping frequency analysis for

in-phase and out-of-phase loadings. The displacement amplitude at each of the sole
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Fig. 10 Reiher-Meister chart

plate locations is found to be much below the allowable displacement amplitude
limits, and hence, the foundation is considered to be safe in terms of strength and
serviceability.

7 Reinforced Concrete Design

Reinforced concrete design of the components of the tabletop foundation is carried
on as per the stipulated guidelines of ACI codes and ASCE task committee report
on design of turbine generator foundations. Element stresses of the entire cross
section of the members are taken at the support and span locations. These stresses
are integrated over the cross section to calculate the axial loads, bending moments,
shear forces, and torsion. All the structural components are designed as column
members subjected to all the four types of design forces. In most of the cases, the
sectional sizes as provided are much more than that required from design; however,
these sections need to be provided to satisfy the mass criteria for the dynamic
behavior of the foundation. A minimum steel of 0.5% of the cross-sectional area is
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Fig. 13 Vibrations in
X-direction (out-of-phase)

Fig. 14 Vibrations in
Z-direction (in-phase)

Fig. 15 Vibrations in
Z-direction (out-of-phase)
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provided as per the codal provisions. The maximum rebar spacing along any edge
of concrete is limited to 250 mm. The sections are designed in two stages. In the
first stage, it is checked for axial load and biaxial moment using load—moment
strength interaction diagrams given in ACI SP-17 corresponding to grade of steel
and concrete with reinforcement being equally distributed on all sides. A typical
load—moment chart being used for the present design is shown in Fig. 16.
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045

If the axial load on the members is more than 10% of the compression capacity
of unreinforced concrete member of equivalent section, i.e., if P, > 0.1f.A,, then
Bresler reciprocal load method is used to determine the section capacity using

Eq. (3).

where

P, <

1

B S S
Pox +Poy

P, Design axial load on the member.
P, Axial capacity of the member corresponding to moment about x-axis, M.
P,y Axial capacity of the member corresponding to moment about y-axis, M.
P, Axial capacity of the member with zero moment.

)=

(3)

If P, < 0.1f.A,, then PCA load contour method needs to be used as per Eq. (4).

log

<Mnx> (%)
_|_
MOX

Moy

log(0.5)

(1) <1

4)
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where

M., M,, Design axial load on the member about x- and y-axis.

My Moment capacity of the member about x-axis corresponding to load P,
M,y Moment capacity of the member about y-axis corresponding to load P,
p Value ranges from 0.55 to 0.7.

The second stage of design involves the checking of the section for shear and
torsional capacities. Generally, such huge sections are not critical in terms of tor-
sion. In some cases, the design of torsional reinforcement to resist local accident
loads like short circuit and lost bucket can be challenging. Another important check
that is performed on this structure is the ductility check where it is assured that the
moment capacity of the reinforced concrete section is not less than 20% more than
the cracking moment of the section. Reinforcement detailing is done as per the
relevant provisions of ACI 318.

8 Conclusion

Analysis and design of the tabletop foundation is carried out to satisfy the strength
and serviceability checks, and is found to be satisfactory. This analysis and design
procedure is adopted to do an in-depth simulation and checking of the exact
behavior of the foundation under the operating condition of the machine. This paper
is mainly limited to the conventional analysis and design procedures under oper-
ating machine loads. Seismic design and detailing of these tabletop foundations is
also an interesting area to deal with. IS 13920 specifies that ductile detailing needs
to be done for all the reinforced concrete structures, which calls in for ductile design
and detailing for these massive structures but an important thing to note here is that
these structures are mostly designed as uncracked, and as such, ductile detailing
need not be considered as this will unnecessarily increase the project cost. An
important opportunity area that needs to be explored in the design of this kind of
foundation is the simulation of the condition when seismic base excitation is
applied under the operating condition of the machine. An important area which
needs substantial research for these kinds of foundations is the implementation of
precast technology with special emphasis on the connection design between various
elements which can sustain long-term fatigue loading. This will be of tremendous
impact in terms of total installation cost (TIC) of a project as cast in place foun-
dations for these massive structures are time-consuming and labor-intensive. Also,
the application of precast will help to ensure a better quality control in terms of
construction for such an important structure. Since these foundations are subjected
to continuous dynamic loads, posttensioning may be a good option that can be
adopted in case of precast tabletop foundations.
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Effect of Infill Wall Stiffness on Seismic m)
Analysis of High-Rise Building Resting e
on Sloping Ground

Kolasani Rajasekhar and Maganti Janardhana

Abstract Buildings constructed on hill slopes are highly unsymmetrical in nature.
The buildings situated on hill slopes are generally irregular, torsionally coupled,
and hence susceptible to severe damage when affected by earthquake ground
motion. In this paper, a 21-storeyed RC framed building resting on sloping ground
is studied. Seismic response of the high-rise building is carried out using linear
static analysis and linear dynamic analysis (response spectrum analysis). This paper
also compared the behavior of RC framed building resting on plain ground and
resting on sloping ground including the effect of infill wall stiffness.

Keywords RC building - Sloping ground - Infill stiffness

1 Introduction

The Indian subcontinent has a history of earthquakes. North and northeastern parts
of India have large scales of hilly region, which are categorized under seismic zones
III, IV, and V. In this region, the construction of multistoried RC framed buildings
on hill slopes is inevitable. Dynamic characteristics of buildings on sloping ground
are significantly different from the buildings resting on flat terrain, as these are
irregular and unsymmetrical in vertical directions.
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2 Description of Building

A commercial cum residential building of G + 21 RC building having the base
dimension of plan 23.62 m x 25.15 m with constant floor height of 4.0 m
including the of a stilt floor is considered for the analysis.

The building has 21 storeys symmetrical in plan with five bays in X-direction
(along the slope) and eight bays in Y-directions, and elevation as shown in Figs. 1
and 2, respectively. The superstructure is modeled using the commercially available
software SAP2000 (v14.0.0) [3] as a space frame.

2.1 Input Data

The parameters and loads considered for the analysis are as per IS 1893 (Partl) [1]
and are mentioned below.

2.1.1 Seismic Parameters

Seismic zone I
Type of soil Medium
Importance factor 1
Response reduction factor 3
Damping ratio 5%
Type of structure OMRF
¥ } - ¥ - -
I ] - - ] -
' - - T 7 T
25,1460 _ - 1l 4 i -+
I 1 = Sl 1 T
y
[} - ] - 1 -
T_>' X - - - -

Fig. 1 Typical floor plan
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Fig. 2 Elevation

2.1.2 Seismic Parameters

Unit weight of concrete 25.0 kN/m*
Live load (residential) 2.0 kN/m?

Live load (cellar) 5.0 kN/m?
Live load (roof) 1.5 kN/m?
Staircase load—Iive 7.734 kKN

Staircase load—dead 30.937 kN

Wall load (230 mm thick) 16.0 kN/m
Wall load (115 mm thick) 8.0 kN/m
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Plinth beam size 400 x 500 mm

Roof beam size 400 x 650 mm
400 x 750 mm

Column size 450 x 1500 mm

1500 x 450 mm
500 x 1500 mm
1500 x 500 mm
Slab thickness 100 and 150 mm
Thickness of wall 230 and 115 mm

2.1.3 Material Properties

Grade of concrete M35
Grade of steel Fe500

2.1.4 Infill Walls

The infill walls are modeled as equivalent struts and shown in Fig. 3, and the strut
parameters are calculated using Eq. (1) and shown in Tables 1 and 2.
The equivalent width (w) of the infill wall proposed by a scientist Hendry [2] is given

by
1 2 2
W=35V% +op (1)
where
ol Elh 174
S s ul 2
) [ZEmtsinZQ} @)

ol ELL 1Y%
o == |==4———5
L= 5 12E,tsin20

0 = Tan™" (%) (4)
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Fig. 3 Equivalent diagonal strut in X-direction

0  Slope of infill wall diagonal to the horizontal,

E,, Elastic modulus of masonry wall = 2720.0 N/mmz,
E; Elastic modulus of masonry of frame material,

t Thickness of the infill wall,

h  Height of the infill wall,

L  Length of the infill wall,

1.  Moment of inertia of the column of the frame,

I, Moment of inertia of the beam of the frame, and
w  Width of the equivalent strut.
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Table 1 Equivalent strut parameters in X-direction

K. Rajasekhar and M. Janardhana

Strut Wall thickness (m) Equivalent width (m)
1 0.115 2.1
2 0.115 2.5
3 0.23 2.0
4 0.23 2.1
5 0.23 2.3
6 0.23 2.3

Table 2 Equivalent strut parameters in Y-direction

Strut Wall thickness (m) Equivalent width (m)
1 0.115 2.0
2 0.115 24
3 0.23 1.7
4 0.23 2.0

Storey Shear Distribution in X-Directions

Storey Heaght (m)

] 1000 2000 3000

Fig. 4 Storey shear distribution for seismic load in the X-direction with storey height for building

on plain and sloping ground

Storey Shear (kN)

Building on plam ground
Building on sloped ground
Building on sloped ground with ifill wall stiffness m X & Y-direction
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3 Results and Discussion

During vibration, reinforced concrete (RC) frame buildings having columns of
different heights within one storey, the shorter columns have suffered relatively
higher damage when compared to taller columns. A short column is relatively stiffer
when compared with that of a tall column. Hence, it attracts relatively higher
earthquake force. Structures may be irregular due to nonuniform distribution of
mass, stiffness, and strength or due to their structural form. Buildings resting on
sloping ground are also irregular.

A building on plain and sloping ground by considering infill wall stiffness in
both X- and Y-directions was analyzed for linear static and dynamic behavior using
SAP [3] (v14.0.0).

Storey Shear Distribution in Y-Directions

Storey Height (m)
5 2
4

&
=

20

o 1000 2000 3000 4000 5000
Storey Shear (kKN)

Building on plain ground
Building on sloped ground

Building on sloped ground with infill wall stiffness in X-direction
— - =Building on sloped ground with infill wall stiffness in Y-direction

Fig. 5 Storey shear distribution for seismic load in the Y-direction with storey height for building
on plain and sloping ground
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Inter Storey Dirift in X-Direction

Storey Height (m)
5
-~

Inter Storey Drift (mm)

----- Building on plamn ground
------ Building on sloped ground

Building on sloped ground with infill wall stiffness in X-direction
— . - Building on sloped ground with infill wall stiffness in Y-direction

Fig. 6 Inter storey drift for seismic load in the X-direction with storey height for building on plain
and sloping ground

Inter Storey Dnift in Y-Direction

Storey Height (m)
8
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Inter Storey Drift (mm)
Building on plain ground
------ Building on sloped ground
Building on sloped ground with infill wall stiffness in X-direction
— - -Building on sloped ground with mfill wall stiffness in Y-direction

Fig. 7 Inter storey drift for load in the Y-direction for building on plain and sloping ground
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Storey Twisting Moments due to Earth Quake Force in X-Direction
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Fig. 8 Storey twisting moment in X-direction for building on plain and sloping ground

Storey Twisting Moments due to Earth Quake Force in ¥-Direction
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Fig. 9 Storey twisting moment in Y-direction with storey height for building on plain and sloping

ground
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Modal Time Period

)
P
B 35
1

1 2 3 4 5 & 7 8 ) 10

1 12

=
in

Mode Number

m Building on plain ground

® Building on sloped ground

= Building on sloped ground with infill wall stiffness in X-direction
®m Building on sloped ground with infill wall stiffness in Y-direction

Fig. 10 Modal time period for building on plain and sloping ground

3.1 Results of Linear Static Analysis

It is observed from Figs. 4 and 5 that the base shear is relatively higher for a
building if the infill wall stiffness is considered.

Inter storey drift is observed to be relatively less if the infill wall stiffness is
considered as shown in Figs. 6 and 7.

‘When the stiffness of infill walls in the X-direction is considered, it is observed
that there is a higher magnitude of twisting in the Y-direction as shown in Fig. 8.
Similar behavior is observed when the infill stiffness in the Y-direction is considered
as shown in Fig. 9.
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Storey Shears Distribution for Force in the X-Directions
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Fig. 11 Storey shear distribution for seismic load in the X-direction with storey height for
building on plain and sloping ground

3.2 Response Spectrum Analysis Results

It is observed from Fig. 10 that there is a decrease in the time period with the
increase in mode number.

There is an increase in the storey shears in the Y-direction when the seismic load
was considered in the X-direction when the effect of infill wall stiffness in the
X-direction is considered as shown in Fig. 11. Similar behavior is observed in the
X-direction when the seismic load was considered in the Y-direction when the effect
of infill wall stiffness in the Y-direction is considered as shown in Fig. 12.
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Storey Shears Distribution for Force in the Y-Directions
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Fig. 12 Storey shear distribution for seismic load in the Y-direction with storey height for
building on plain and sloping ground

Inter Storey Drift for Load in the X-Direction
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Fig. 13 Inter storey drift for seismic load in the X-direction for building on plain and sloping
ground



Effect of Infill Wall Stiffness on Seismic Analysis ... 31

Inter Storey Drift for Load in the Y-Direction
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Fig. 14 Inter storey drift for seismic load in the Y-direction for building on plain and sloping
ground

Inter storey drift is observed to be relatively less if the infill wall stiffness is
considered as shown in Figs. 13 and 14 as is observed for linear static analysis case
(vide: Figs. 6 and 7).

When the stiffness of infill walls in the X-direction is considered, it is observed
that there is a higher magnitude of twisting in the Y-direction as shown in Fig. 15.
Similar behavior is observed when the infill stiffness in the Y-direction is considered
as shown in Fig. 16. This behavior is observed for linear static analysis (vide:
Figs. 8 and 9) also.
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Storey Twisting Moments due to Response Spetrum Force in
X-Direction
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Fig. 15 Storey twisting moment in X-direction with storey height for building on plain and
sloping ground
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4

Conclusions

Based on the seismic analysis of G + 21 storey building resting on sloping ground,
the following conclusions are drawn:

(a)

(b)

(©)

(d

©)]

®

The development of torsional moments in building resting on sloping ground is
higher than that in the building resting on plain ground. Hence, buildings
resting plain ground are the parameters and loads considered to seismic ground
motion than the building resting on sloping ground.

In the building resting on a sloping ground, it is observed that extreme left
columns at ground level, which are short, are the worst affected. Hence, special
attention should be paid to these columns in design and detailing.

From the observation of the results, it is observed that with the decrease in the
time period, there will be an increase in the base shear of the building along the
sloping ground.

It can be concluded that drift of a storey is a not only a function of storey height
but also depends on the weight of that storey. It can also be concluded that
introduction of infill wall stiffness can reduce the storey drifts.

Storey shear, storey drift, and storey displacements of the building are relatively
lesser if response spectrum method is adopted for seismic analysis instead of
equivalent static method.

Time period is getting reduced with the increase in the number of modes. The
time period of building with mass irregularity is comparatively lesser than that
of regular building as the stiffness of the building considered is higher than that
of a regular building.
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Effect of Pile Layout and Pile Cap M)
Thickness on Load Distribution in Piles ki

Meenu Sharma

Abstract The paper illustrates, through practical examples, the effect of pile layout
and pile cap thickness on the load distribution among different piles in a pile
group. Study has been done considering square and rectangular pile cap configu-
rations with different pile cap thickness being considered for each pile arrangement
pattern. Each of these models is analyzed under axial load and biaxial moments to
find out the variation in pile reactions. The baseline for comparison is considered to
be the behavior of a rigid pile cap. The paper also demonstrates the effect of a pile,
being directly placed under a load point, on the distribution of loads among the
other piles of the group.

Keywords Pile - Pile cap - Finite element - Static analysis

1 General Introduction

Pile foundations are most preferred foundation systems adopted in major projects
where loads are very high and soil condition is poor. Conventional manual methods
of finding out the pile reactions are illustrated in many textbooks and literatures.
However, it is important to know the limitations of these manual methods and also
the effect of the pile layout and pile cap thickness on load distribution in different
piles. The paper demonstrates the variation in pile reactions from the conventional
rigid mat analysis results through example case studies. Often in many cases, it is
observed that the practicing engineers tend to provide a pile just below a column
even in a foundation system comprising more than one pile. The paper demon-
strates the effects of load distribution in pile group due to the presence of a pile
directly below the load bearing column. The effect of pile cap thickness and the
ratio of pile spacing to cap thickness on load distribution of loads in piles are also
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studied in this paper. This study is done for square as well as rectangular geometry
of the pile cap subjected to the following load conditions:

(a) Axial load
(b) Biaxial moment
(c) Axial load and biaxial moment.

2 Geometry and FEM Model

Two types of pile and pile cap configurations are adopted for conducting the study.
The square pile cap is of size 19 m x 19 m and the size of the rectangular pile cap
is 13 m x 19 m. Mat is modeled using plate elements, and the piles are modeled as
translational springs with stiffness in three orthogonal directions X, Y, and Z. The
intermediate distance between adjacent piles is kept as six times the pile diameter in
order to avoid the group efficiency effects. In all models, the load is applied at the
center of the pile cap in order to assess the behavior of the pile cap and estimate the
variation in pile reactions with variation in pile cap thickness. Figures 1 and 2 show
the basic geometry of the pile and pile cap arrangements adopted for this study.
Piles are considered to be H-shaped steel piles and spaced at 3.0 m center to
center. Study is conducted on the pile cap thickness of magnitudes 0.3, 0.5, 1.0, 1.5,
2.0, 2.5, 3.0 and 3.5 m. Piles stiffness in horizontal directions are K, = 3503 kN/m
and K, = 5954 kN/m and in vertical direction is K;, = 105100 kN/m. For simplicity

Fig. 1 Geometric details of
square pile and pile cap
arrangement with central pile

Fig. 2 Geometric details of
rectangular pile and pile cap
arrangement with central pile
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in analysis and design in most of the cases, the rotational stiffness is avoided. From
practical engineering judgement, this is fine as while estimating the lateral stiffness
geotechnical group already considers the rotational factor.

3 Loads and Load Combinations

Vertical load of 10,000 kN and biaxial moment of 5000 kNm is considered for this
study and is applied at the center of the mat for all the configurations of the pile and
pile cap. Load combinations consider three conditions, i.e., vertical load, biaxial
moment, and combinations of vertical load and biaxial moments.

4 Analysis Considering Rigid Pile Cap

With the above loading conditions, initially, a conventional analysis is done
manually to assess the load distribution among piles in each of the configurations
using the formula

_ Po + Mx.rxi + Mz.rzi
T TNV, 2 NV 2
n Zi i Zi "z

F;

(1)

where

F; Reaction in the ith pile.

P, Total vertical load on pile group.

n  Total number of piles in the group.
M, Moment about x-axis.

M, Moment about z-axis.

ry; Distance of ith pile from x-axis.

r,; Distance of ith pile from z-axis.

The basic assumption for using this formula is that the pile cap is rigid in nature,
i.e., the deflected shape of the pile cap under loaded condition is always a straight
line. Figure 3 shows the nodes and node numbers corresponding to piles for each of
the configurations.

Tables 1, 2, 3 and 4 illustrate the reactions at each pile location for rigid square
and rectangular pile configurations, respectively. This data is used later for com-
paring the variations in pile reactions with variation in stiffness (thickness) of the
pile cap under different loading conditions.

Considering these data to be the baseline values for the classical analysis of pile
and pile cap arrangements, the subsequent sections will illustrate the variation in
behavior of the pile and pile cap arrangements based on the adopted mathematical
models.
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Fig. 3 Nodes and node

numbers in different pile cap

configurations
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») Sqmare configursiion with contral pils

) Sqmare configuration without central pile

S Analysis of Pile and Pile Cap Models

5.1 Square Pile Cap with Central Pile

ion witheut central pil

Behavior of the pile and square pile cap arrangement is studied with respect to the
distribution of loads in different piles for each of the pile cap thickness conditions
when a central pile is present right below the point of application of the load.
The results of the study are plotted in graphs in Figs. 4, 5 and 6. Graphs are plotted
for each of the three loading conditions for piles next to central row.

Table 1 Reactions on piles for rigid square pile cap with central pile

Pile F; (kN) (vertical F; (kN) (biaxial F; (kN) (vertical load + biaxial
No. load) moment) moment)
1 204 0.00 204.1

2 204 —8.50 195.6

3 204 —17.01 187.1

4 204 —25.51 178.6

5 204 —34.01 170.1

6 204 —42.52 161.6

7 204 =51.02 153.1

8 204 8.50 212.6

9 204 0.00 204.1

10 204 -8.50 195.6

11 204 —17.01 187.1

(continued)
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Table 1 (continued)
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Pile F; (kN) (vertical F; (kN) (biaxial F; (kN) (vertical load + biaxial
No. load) moment) moment)
12 204 —25.51 178.6
13 204 —34.01 170.1
14 204 —42.52 161.6
15 204 17. 01 221.1
16 204 8.50 212.6
17 204 0.00 204.1
18 204 —8.50 195.6
19 204 -17.01 187.1
20 204 —25.51 178.6
21 204 —34.01 170.1
22 204 25.51 229.6
23 204 17.01 221.1
24 204 8.50 212.6
25 204 0.00 204.1
26 204 —8.50 195.6
27 204 -17.01 187.1
28 204 —25.51 178.6
29 204 34.01 238.1
30 204 25.51 229.6
31 204 17.01 221.1
32 204 8.50 212.6
33 204 0.00 204.1
34 204 —8.50 195.6
35 204 -17.01 187.1
36 204 42.52 246.6
37 204 34.01 238.1
38 204 25.51 229.6
39 204 17.01 221.1
40 204 8.50 212.6
41 204 0.00 204.1
42 204 —8.50 195.6
43 204 51.02 255.1
44 204 42.52 246.6
45 204 34.01 238.1
46 204 25.51 229.6
47 204 17.01 221.1
48 204 8.50 212.6
49 204 0.00 204.1




40 M. Sharma

5.2 Square Pile Cap Without Central Pile

Pile and square pile cap arrangement is studied with respect to the distribution of
loads in different piles for each of the pile cap thickness conditions when a central
pile is absent below the point of application of the load. The results of the study are
plotted in graphs in Figs. 7, 8 and 9. Graphs are plotted for each of the three loading
conditions.

Table 2 Reactions on piles for rigid square pile cap without central pile

Pile F; (kN) (vertical F; (kN) (biaxial F; (kN) (vertical load + biaxial
No. load) moment) moment)
1 208 0.00 208.3
2 208 —8.50 199.8
3 208 —17.01 191.3
4 208 —25.51 182.8
5 208 —34.01 174.3
6 208 —42.52 165.8
7 208 =51.02 157.3
8 208 8.50 216.8
9 208 0.00 208.3
10 208 -8.50 199.8
11 208 -17.01 191.3
12 208 —25.51 182.8
13 208 —34.01 174.3
14 208 —42.52 165.8
15 208 17.01 2253
16 208 8.50 216.8
17 208 0.00 208.3
18 208 —8.50 199.8
19 208 -17.01 191.3
20 208 —25.51 182.8
21 208 —34.01 174.3
22 208 25.51 233.8
23 208 17.01 225.3
24 208 8.50 216.8
26 208 —8.50 199.8
27 208 -17.01 191.3
28 208 —25.51 182.8
29 208 34.01 242.3
30 208 25.51 233.8

(continued)
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Table 2 (continued)
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Pile F; (kN) (vertical F; (kN) (biaxial F; (kN) (vertical load + biaxial
No. load) moment) moment)
31 208 17.01 225.3
32 208 8.50 216.8
33 208 0.00 208.3
34 208 —8.50 199.8
35 208 -17.01 191.3
36 208 42.52 250.9
37 208 34.01 242.3
38 208 25.51 233.8
39 208 17.01 225.3
40 208 8.50 216.8
41 208 0.00 208.3
42 208 —8.50 199.8
43 208 51.02 259.4
44 208 42.52 250.9
45 208 34.01 242.3
46 208 25.51 233.8
47 208 17.01 225.3
48 208 8.50 216.8
49 208 0.00 208.3

5.3 Rectangular Pile Cap with Central Pile

Pile and rectangular pile cap arrangement is studied with respect to the distribution
of loads in different piles for each of the pile cap thickness conditions when a
central pile is present below the point of application of the load. The results of the
study are plotted in graphs in Figs. 10 and 11. Graphs are plotted for each of the
three loading conditions (Fig. 12).

Table 3 Reactions on piles for rigid rectangular pile cap with central pile

Pile F; (kN) (vertical F; (kN) (biaxial F; (kN) (vertical load + biaxial
No. load) moment) moment)
8 286 23.81 309.5
286 0.00 285.7
10 286 -23.81 261.9
11 286 —47.62 238.1
12 286 —71.43 214.3
13 286 -95.24 190.5
14 286 —119.05 166.7

(continued)
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Table 3 (continued)

Pile F; (kN) (vertical F; (kN) (biaxial F; (kN) (vertical load + biaxial
No. load) moment) moment)
15 286 47.62 333.3
16 286 23.81 309.5
17 286 0.00 285.7
18 286 -23.81 261.9
19 286 —47.62 238.1
20 286 =71.43 214.3
21 286 —95.24 190.5
22 286 71.43 357.1
23 286 47.62 333.3
24 286 23.81 309.5
25 286 0.00 285.7
26 286 -23.81 261.9
27 286 —47.62 238.1
28 286 —71.43 214.3
29 286 95.24 381.0
30 286 71.43 357.1
31 286 47.62 333.3
32 286 23.81 309.5
33 286 0.00 285.7
34 286 -23.81 261.9
35 286 —47.62 238.1
36 286 119.05 404.8
37 286 95.24 381.0
38 286 71.43 357.1
39 286 47.62 333.3
40 286 23.81 309.5
41 286 0.00 285.7
42 286 -23.81 261.9

5.4 Rectangular Pile Cap Without Central Pile

Pile and rectangular pile cap arrangement is studied with respect to the distribution
of loads in different piles for each of the pile cap thickness conditions when a
central pile is absent below the point of application of the load. The results of the
study are plotted in graphs in Figs. 13, 14 and 15. Graphs are plotted for each of the
three loading conditions.
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Table 4 Reactions on piles for rigid rectangular pile cap without central pile
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Pile F; (kN) (vertical F; (kN) (biaxial F; (kN) (vertical load + biaxial
No. load) moment) moment)
8 294 23.81 317.9
294 0.00 294.1
10 294 —23.81 270.3
11 294 —47.62 246.5
12 294 —71.43 222.7
13 294 —95.24 198.9
14 294 —119.05 175.1
15 294 47.62 341.7
16 294 23.81 317.9
17 294 0.00 294.1
18 294 —23.81 270.3
19 294 —47.62 246.5
20 294 —71.43 222.7
21 294 —95.24 198.9
22 294 7143 365.5
23 294 47.62 341.7
24 294 23.81 317.9
26 294 —23.81 270.3
27 294 —47.62 246.5
28 294 —71.43 222.7
29 294 95.24 389.4
30 294 7143 365.5
31 294 47.62 341.7
32 294 23.81 317.9
33 294 0.00 294.1
34 294 —23.81 270.3
35 294 —47.62 246.5
36 294 119.05 413.2
37 294 95.24 389.4
38 294 7143 365.5
39 294 47.62 341.7
40 294 23.81 317.9
41 294 0.00 294.1
42 294 —23.81 270.3
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Fig. 4 Pile reactions under Load Distribution in Piles for Different Pile Cap Thickness
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Fig. 7 Pile reactions under Load Distribution in Piles for Different Pile Cap Thickness
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Fig. 10 Pile reactions under Load Distribution in Piles for Different Pile Cap Thickness
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Fig' 13 Pile reactions under e Load Distribution in Piles for Different Pile Cap Thickness
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6 Discussion on Analysis Results

Above graphs show the analysis results for pile reactions under different loading
conditions on square and rectangular piles with different pile cap thickness and pile
arrangements. For a rigid pile cap, reactions at all the piles are uniform or vary
linearly. However, a finite element analysis, considering the stiffness of the mat and
piles, shows that the pile reactions deviate largely from the conventional rigid
analysis results. The piles closest to the point of load application attract higher
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amount of compressive load than the piles farther away from the center. For an
extremely flexible pile cap, the farthest piles even undergo tension, and there exists
a probability of a point of contraflexure being prevalent in the pile cap which needs
to be properly addressed during reinforced concrete design and reinforcement
detailing of the pile cap. Also, if we compare the nature of the load distribution in
piles, having a central pile directly under load and that without a central pile, it is
quite evident that if a pile is placed directly under the load point especially in a
flexible mat, then it attracts most of the loads, and adjacent piles are under stressed.
This is very important to note as overlooking this effect often increases the project
cost. The pile cap when subjected to both vertical load and bending moments shows
a stable result in terms of variation in pile reactions independent of whether it is a
square or a rectangular pile. However, when the moments become more predom-
inant than the vertical loads, the piles closest to the load point experience
remarkably high reactions whereas the piles, farther away from load points,
experience negligible reactions. Also, presence or absence of central pile and plan
geometry of the mat appreciably impacts the stress concentration in and around the
point of load application in a flexible pile cap. Also as the thickness increases, the
difference in pile reactions start decreasing which indicates that the mat starts
behaving like a rigid mat.

7 Conclusion

The point of interest for the practicing engineers is to look out for a thumb rule where
a quick estimation of the probable thickness of pile cap is possible to assess whether a
particular pile cap is rigid or flexible. Industry standards like ACI 351.3R-04 provide
thumb rules for rigid foundation. It states that a foundation is considered to be rigid if
its thickness is the greatest among 1/5 of its shorter dimension, 1/10 of its longer
dimension, 0.6 m and 1/30 of the span plus 0.6 ft. However, no such thumb rule is
provided by the codes especially for the mat supported on piles. Also, the application
of the above thumb rule leads to a huge thickness of large pile supported mat
foundations, which is very uneconomic. This paper basically aimed to provide a
method to evolve a thumb rule for estimating the thickness required for a pile
supported mat so that it can be considered to be behaving as a rigid mat. The basic
exercise performed and the nature of the graph for pile reactions show that if the
thickness of the mat is kept around 1.2—1.3 times the spacing between the piles, then
the mat will demonstrate a close to perfect rigid mat behavior. This paper is just a
preliminary attempt made to propose a thumb rule, and there is an ample opportunity
for future research on this topic and to come up with a more refined formula con-
sidering the effect of relative location for the building columns on these pile caps.
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Abstract Concrete box girders are widely used in horizontally curved bridges due
to their high torsional rigidity. Certain geographical situation demands skew sup-
ports in addition to the curved layout of the bridge and results in complex
skew-curve geometry of the deck. The present study focuses on predicting the
support reaction response for each unique skew-curve combination of four-cell
box-girder bridges via 3D finite element analysis. Central curvature angle for the
bridges considered in this paper has been varied from 48° curving left to 48°
curving right, at an interval of 12° while the skew angle is swept from 0° to 50° at
an interval of 10° to generate feasible combinations possible for skew-curve case.
For these unique simply supported multicell concrete box girder bridges, support
reactions for dead load as well as for Class-A and Class-70R vehicular live load
cases are monitored via large parametric study. Results indicate that uplifting of
supports become more prominent in high skew-curve cases at acute corners, while
obtuse corner reactions reach as high as 104% of total force transmitting to abut-
ment. Reaction ratio monitored can also be used for deriving skew correction
factors for skew-curved bridges.
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1 Introduction

Rapid urbanization and massive growth in infrastructure have created a necessity
for complex transportation system for highway bridges, which often leads to
unconventional, non-collinear bridge configurations. Presence of skew supports and
horizontal curvature together is one such problem which significantly changes the
structural response of bridges.

In such situations, concrete/prestressed concrete box-girder sections are often
used, to compensate for high torsional moment and bending moment demands
arriving from the virtue of geometry. Designing such girders to support a
skew-curved bridge is a complex problem since the support reactions, shear and
moment demands even due to gravity loads vary significantly across the girders of
the bridge deck [1]. For significantly curved bridges (having central curvature angle
12° or more) with sharp skew support edges, generally there exist substantial
amount of torsional deformations and potential for uplift at bearings.

Nowadays design engineers have a wide variety of approximate and sophisti-
cated analysis and design methods at their disposal for the analysis of bridge forces.
Thus, it becomes very important that the appropriate method is selected for the
problem involved considering time and accuracy needed for the project.
One-dimensional spine bridge modelling technique, implemented using linear line
elements placed along the centre line of the bridge span, still remains the most
common technique for bridge analysis in India. Sophisticated and complicated 2D
grillage or full fledged 3D finite element analysis for bridges are generally not
preferred, for bridges having simple geometric alignment since the spine modelling
technique is accurate enough; however, it is unable to capture live load distribution
effects especially when the geometry of the girder becomes horizontally curved and
skewed at supports.

Capturing the complicated structural response of aforementioned bridges via
simplistic spine model is thus not possible; consequently, the need for skew-curve
correction factors arrives, which can attenuate the response value of spine model to
actual response of the bridge [2]. The present study focuses on capturing the worst
support reaction response generated for various combinations of curvature and
skewness present in the bridge. As per Indian loading conditions, a case study for
12.5 m wide box-girder bridge is carried out considering unique combinations of
central curvature angle (varied from 48° curving left to 48° curving right, at an
interval of 12°) and the skew angle (swept from 0° to 50° at an interval of 10°). The
3D finite element models of the bridges are generated and analysed using
CsiBridge, to study the effect of skewness in conjunction with curvature on the
reactions at obtuse corner. Obtuse corner reactions have been plotted in the form of
non-dimensional parameter normalized by total support reactions at that abutment.
Results not only give a simplistic way to rectify the obtuse corner reactions
obtained from spine model but also provide a deep insight for designers towards
girder design for such complicated geometry bridges.
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2 Skew-Curve Bridge Force Transfer Mechanism

Structural responses of skew bridges as well as curved bridges are found to differ
significantly in comparison with straight/orthogonal counterpart of similar dimen-
sions. By the virtue of geometry, force path in such bridges do not remain as simple
as in case of orthogonal bridges; thus, they attract high design forces and moments,
which should be aptly considered in bridge modelling.

In case of bridges having only curved geometry, the load is generally transferred
along the shortest curved distance between the supports, while for only skewed
bridges force tend to take shortcut route via one obtuse corner to other. For com-
bination of skew and curved geometry, however, force path becomes tedious in
nature, but in general, it remains heavily towards obtuse corner. Thus, the risk of
uplifting at acute corners increases manifold in such cases, especially in case of
eccentric vehicular loading, which generates high reactions at obtuse side.

Figure 1 shows the top slab geometry and force transfer mechanism in a general
skew-curved bridge. In the present study, curvature towards right-hand side is
considered as negative central curvature angle while bridges curving towards
left-hand side are considered as positive central curvature angles. Sense of skew
angle is used such that obtuse corner is created towards the outer periphery of
curved geometry in the near abutment (towards approaching traffic) for bridges
having negative central angle (as shown in Fig. 1), while, for positive central angle
case, skew is taken in similar manner, but in this case, obtuse corner remains inward
for near abutment.

In general, due to change in force transfer mechanism in skew bridges through
the strip of area connecting the obtuse-angled corners, bridge deck primarily bends

Shortest Load
Path between
2 Obtuse comers

" \ Skew Angle
Oblusé~_ '\
Comer -

Central Curvature Anglo

Fig. 1 Schematic diagram of skew-curved bridge showing shortest path for force transfer
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along the line joining the obtuse-angled corners. The magnitude of bending moment
is considered to be dependent mainly upon skew angle, ratio of the skew span and
the width of the deck and the position of load on the span. However, adjacent areas
of the force transfer strip in skew bridges, transfer the load only to this obtuse angle
joining strip as cantilever rather than transferring the load to the supports directly.
Thus, even for dead load case, skew bridges come under considerable torsional
moments and unequal reaction forces at bearings. As the skew angle increases
obtuse corner tend to come further near, thus generating more twisting in the
section. Moreover, due to the presence of curvature in addition to skew, situations
get more complicated as curve effect creates additional moments in bridge and more
uneven support reaction distribution.

3 Numerical Investigation

3.1 Case Study Description

To investigate the cumulative effect of skew and curvature in concrete box-girder
bridges, 54 unique skew-curve combinations are chosen in present case study. As
such, box geometries attract high torsional moments; thus cross section for bridge
section is chosen as box girder, which has exceptional torsional rigidity. In order to
simplify the numerical investigation multi-span bridges are avoided, rather all
parametric variations in geometry are applied for simply supported end conditions.
The geometrical parameters for the box-girder having cross-section as shown in
Fig. 2 and material properties considered in this study are as follows:

Length 25 m
Width 125 m
Number of cells 4
Depth 1.22 m

Top slab thickness 0.2 m
Bottom slab thickness 0.2 m

Web thickness 0.3 m
Web spacing (c/c) 2.5 m
Overhang 1.1 m
v 12.50 I
A
0.20
L0230 |e ¥
1.10 =
O.ZOJ

Fig. 2 Box-girder bridge cross section used in present study
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Table 1 Parametric variations

Skew angle Central curvature angle

0°-50° (at an interval of 10°) —48° to 48° (at an interval of 12°)
Concrete grade M35

Density 25 kN/m*

Poisson’s ratio 0.2

Elastic modulus 2.958 x 107 kN/m*

For considering realistic modelling of support bearing, it is assumed to be
partially rigid, having a bearing stiffness of 87.5 kIN/m. The same base cross section
(Fig. 4) has been used for all the skew-curve bridges considered in this study where
the skewness and curvature have been varied in accordance to Table 1.

The reactions at the obtuse corner of the box girders considered in present study
have been expressed as non-dimensional parameter (in %) normalized by total
support reaction at that abutment, and are reported in terms of obtuse corner
reaction percentage for gravity (dead) load case and for live loads specified by IRC

[3].

3.2 Finite Element Modelling

For better prediction of results for such complicated geometries, full 3D modelling
of bridge superstructure was implemented using well-known finite element analysis
and design software CSiBridge. For simplicity, first-order linear elastic analysis is
performed for all unique combinations for three different load cases, namely, dead
load case, Class-A vehicle moving on three lanes and combination of Class-A
loading on first lane and Class-70R vehicle moving on separate third lane.
Discretization of the bridge is done using a four-noded 3D shell element having six
degrees-of-freedom (three translations + three rotational) at each node. Proper
connectivity of top and bottom flange elements with the webs ensures the dis-
placement compatibility. Element size and aspect ratio of the elements have been
decided via considering mesh sensitivity analysis for simplified box girder. Based
on which a preferred sub-mesh area of 0.25 m” was chosen in order to limit the time
involved in analysis. Figure 3 depicts a typical finite element model for 30° skew
and —36° curved generated in CSiBridge.

3.3 Live Load Placement

The recommendations of Indian Road Congress (IRC) may be used to place the
vehicular live load in transverse directions. However, it is not possible to place the
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Fig. 3 3D finite element model of a typical skew-curved bridge (curving towards right) showing
all discrete elements along the span length

vehicular load in longitudinal direction to develop maximum moment since the
rolling load concept can be used only for normal bridges. To mitigate this problem,
in the present study, vehicle load is considered to run throughout the span at an
average speed of 1 m/s, for which the results of vertical support reactions are
captured at an interval of one second. Thus, at every 0.1 m interval, outputs are
gathered and finally, all such outputs are compared for finding out the worst con-
dition in all cases.

Since the carriageway width of box girders considered in this study is 12.5 m,
which lies in between 9.6 and 13.1 m, as per IRC-6 requirements, this bridge
geometry is to be analysed as three-lane bridge. Thus, two live load combinations
are implemented in this study which are

1. CASE 1: CLASS-A — 3 LANES

2. CASE 2: CLASS-A — 1 LANE + CLASS 70R (W wheeled or tracked) — 1
LANE
(these load cases are depicted in Fig. 4)

To generate worst support reaction at obtuse corner on near abutment, heavier
loads were kept as near as possible to the obtuse corner following the IRC
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(No other vehicle permitted in this zone)

Case 2 : Class A — 1 Lane + Class 70R(W)

Fig. 4 Live load placement (transverse location)

recommendations. The results for IRC Class-70R tracked vehicle are not presented
here since the preliminary study indicated that support reactions at obtuse corner
due to tracked vehicle are less severe compared to wheeled vehicle.

For present study, it can be expected that approximately 20% of the support
reaction (total five supports) will go to each support in the non-curved, non-skewed
case under gravity loading, because overhang length of bridge is chosen such as to
produce equal distribution of weight among the girder, but same is not true for live
load cases as vehicle is kept at minimum clearance from obtuse angle side, thus
generating more reaction towards obtuse side even for non-skewed, non-curved
cases.

4 Results and Conclusions

4.1 Structural Response Under Dead Load Case

The results compiled in the present study specifically focus on the comparison of
proportion (in %) of reaction carried by obtuse corner support bearing with respect
to total abutment reaction for each unique combination of central curvature angle
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Obtuse corner reaction percentage vs Central curvature angle for skew
angles 0° to 50° for Dead load Case
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Fig. 5 Obtuse corner reaction percentage under dead load case for each unique skew-curve
combination chosen

and skew angle considered. Dead load case results for each unique skew-curve
combination are presented in Fig. 5 (negative curvature angle represent curving
right while positive for curving left):

e From Fig. 5, it is evident that the obtuse corner reaction for the non-curved case
reaches 40% at about 50° skew angle which just about doubled from non-skew
non-curve bridge case.

e The curve effect greatly influences reaction response, which can be observed via
uplift at corners occurring around +40° central angle case when the bridge is not
skewed. It implies high central curvature itself is sufficient for uplifting even
towards the obtuse side.

e For bridges curving right (+ve central angle) with high central angle and high
skew, the coupled skew-curve effect is dominant, which is evident from the fact
that the curve for 40° skew crosses the curves next to it (50° skew curve). Thus,
it can be concluded that at higher skew angle (greater than 40°) obtuse corner
tend to attract reaction at slower rate as compared with skew range of 0°—40°.
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4.2 Structural Response Under Live Load Cases

The results for obtuse corner support reaction for live load case 1 (Class-A vehicle
running on three lanes) and case 2 (Class70R on one first lane and Class-A on third
lane) are presented in Figs. 6 and 7, respectively. As all the results are compiled for
near abutment (abutment towards the incoming traffic flow) thus by changing the
curvature direction from right to left, obtuse corner experiences significantly low
support reactions, reason being, for right curved bridge obtuse corner remain on
outer periphery while for left curved, it falls towards inside periphery of curve.
Furthermore, some significant observation from Figs. 6 and 7 are as follows:

e It can be evidently seen for non-curved cases that, as the live load is eccentric,
obtuse corner reaction percentage distribution in skew 0°-50° again doubles but
this time from 30% to near more than 60% in both live load cases. Case 1 shows
a steeper rate of increase than case 2 indicating that for higher skews as the
vehicle weight gets more distributed, it tends to attract more reaction at obtuse
side, while for lower skews, heavy vehicle (Class 70R in present case) running
near to obtuse corner will dominate the support reaction.

e As the live load is always modelled to run near obtuse corner, no uplift occurs
near obtuse side with the change in curvature from right to left for both the
cases.

Obtuse corner reaction percentage vs Central curvature angle for skew angles
0° to 50° for Class A vehicular load running on 3 lanes
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Fig. 6 Obtuse corner reaction percentage under live load case 1 for each unique skew-curve
combination chosen
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Obtuse comer reaction percentage vs Central curvature angle for Skew angles 0°
to 50° for one lane of Class 70R and one lane of Class A vehicular load
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Fig. 7 Obtuse corner reaction percentage under live load case 2 for each unique skew-curve
combination chosen

e Combined effect of skew and curve for case 1 generates obtuse corner reaction
as high as 104% of the abutment reaction; similarly, in case 2, these values go
up to 87%. These values signify that going beyond these limits of skew and
curvature for single span bridges will surely create much more challenges for
constructions.

4.3 Skew Correction Factors

For the simplified analysis, box-girders are modelled as spine, which comprises of
only one single girder. The spine models are unable to capture the non-uniform
support reactions in the skew-bridges. Skew correction factors (SCF) can be applied
to the support reactions for the corresponding non-skewed bridges to account for the
effect of skewness in the bridges analyzed using the simplistic spine modelling of the
bridge [2]. Consequently, for superstructure shear design, the use of skew correction
factors for obtuse girder regions is required. To quantify skew correction factors
AASHTO LRFD [4] specifications give an empirical equation for cast-in-place
concrete multicell box as 1 + (0.25 + (12L./70d))tan6, where L is bridge span in ft.,
d is the depth of cross section in inch and 0 is skew angle. Further, as amendment to
this equation in 2014, CALTRANS provided a much simpler estimation of skew
correction factor as 1 + (8/50). As these equations are limited to only skew geom-
etry, these cannot predict the behaviour of SCF for skew-curve cases.
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Skew correction factors for non curved case
under dead load
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Fig. 8 SCF comparison among LRFD, CALTRANS and present study under dead load

As the nature of the curves presented obtuse corner reaction for various load
cases (Figs. 5, 6 and 7) have similar trend, consequently, the nature of curves for
absolute reaction (for dead plus live load case) will be almost same. Therefore,
these curves may be used to determine the skew correction factors for absolute
reaction at obtuse corner. Since there are no direct guidelines available on skewed
bent or abutment reactions, sometimes these skew correction factors are also
applied to reactions to calculate bearing forces.

Thus, SCF from the present study can be derived for obtuse corner as (obtuse
corner reaction percentage/100) * no. of supports. Figure 8 shows a comparison of
skew correction factors thus obtained for non-curved case under dead load from
these three approaches.

Results show un-conservative values of SCF for lower skew range calculated via
LRFD and CALTRANS equations. While there are no guidelines available for SCF
calculations in case of IRC loading for either skew or skew-curve cases, thus,
present study results can play a pivotal role in bridge design using spine models
also. Similarly, for dead load cases, SCF for combined effect of skew curve are rare
to find.

In conclusion, present study not only provides obtuse corner reaction response
for all unique skew-curve combinations feasible but also presents simple SCF value
charts for ease of designers.
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Juturu Swetha, Onkar G. Kumbhar and Ratnesh Kumar

Abstract Shear walls are generally provided in multistoried buildings to resist
in-plane lateral loads by increasing strength and stiffness to control the lateral
deformations. Various modelling techniques are available to model shear wall in
computer models, viz. nonlinear layered shell elements, wide column, fibre elements
or truss elements. The accuracy of results and time required for the analysis depends
on the modelling technique adopted. In the present paper, parametric study of two
modelling techniques of shear wall, i.e. wide column approach and nonlinear layered
shell element, has been discussed for solid and punched shear walls. Response
spectrum analysis and nonlinear static pushover analysis have been performed. In
linear range, the modal analysis results, shear force and moment in the shear wall
from aforementioned approaches are comparable. From nonlinear analysis, it has
been observed that the wide column approach is unable to capture progressive
nonlinearity in the shear wall and overestimates the stiffness of the structure.

Keywords Shear wall - Nonlinear layered shell element model
Wide column model - Nonlinear static pushover analysis

1 General

Shear walls are generally provided from the foundation in multistorey buildings to
resist lateral loads. Due to cantilever behaviour of the shear wall, the lateral drift
near bottom storeys is reduced. The inclusion of shear wall in frame building makes
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it efficient by increasing strength and stiffness as well as by reducing the lateral
drift. In buildings having height more than 23 m, shear walls can be curtailed at
different storey levels [1]. Shear walls may fail in flexure, shear or both, depending
on aspect ratio. Flexural failure occurs in high aspect ratio shear wall. When shear
wall fails in the flexure, crushing of concrete compression zone and yielding of steel
at tension zone take place. In mathematical modelling, shear walls can be modelled
as nonlinear layered shell elements, wide column, fibre elements or truss elements.
However, in the present paper, variation in the parametric results of two modelling
techniques, viz. wide column approach and nonlinear layered shell element, are
compared. Wide column frame analogy method was first developed by Clough
et al. [2], and later it was improvised by Kwan [3]. The shear wall is treated as a
structural column with the centroidal axis of shear wall coinciding with the column.
The rigid beams are provided in the wide column to connect the frame members of
the building with the shear wall and helps in connecting the non-coplanar shear
walls at nodes along the vertical edges. The nonlinearity in the wide column can be
provided as lumped plasticity over the hinge length as nonlinear flexural hinges at
possible yielding locations (i.e. at maximum bending moment location). In the
present research, the nonlinear hinge properties of the wide column have been
calculated from the moment—curvature curve of the wide column, which is obtained
from section designer in SAP2000. In nonlinear layered shell element modelling,
nonlinear stress—strain curves for layers of concrete and steel in the shear wall along
with the direction of nonlinearity have been defined. However, the nonlinear lay-
ered shell element modelling is computationally more time-consuming.

2 Modelling and Analysis

An eight-storey symmetrical building has been considered with storey height 3 m
each. The plan of the considered building is shown in Fig. 1. The shear wall
provided is 1.7% of the plan area in the longitudinal direction and 2% of the plan
area in the transverse direction. The building is assumed to be situated in zone V
having PGA 0.36 g, on medium soil as per Indian standard conditions. The grades
of concrete and steel considered are M30 and Fe 415.

The building has been modelled in SAP2000 V 17.3 with frame elements and
solid shear wall as a wide column (Fig. 2). The model has been analysed to get
forces as well as moments in shear walls and designed as per Indian standard codes.
The shear walls have been manually designed without openings as per IS
13920:1993 and with 1 m? openings in each floor as per Madheker and Jain [4] for
the obtained axial, shear forces and moment. The percentages of openings provided
in punched shear wall are 7 and 8% in the longitudinal and transverse directions,
respectively. Four mathematical models with same building plan as well as
geometry have been created using SAP2000. In one model solid shear wall has
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Fig. 1 Plan of considered building (all dimension are in metres)

(a) (b)

Fig. 2 Frame A-A of a solid shear wall building and b punched shear wall building

been modelled using wide column and in the second model, using nonlinear layered
shell element. Another two models have been developed for punched shear wall
using the same two aforementioned approaches. In all the models, the nonlinearity
of frame elements (i.e. beams and columns) has been provided as lumped hinges
based on FEMA 356 [5].

2.1 Solid Nonlinear Layered Shell Element Modelling

The designed solid shear walls have been modelled as nonlinear layered shell
elements. The nonlinear stress—strain curves of layers of concrete and steel have
been provided and direction of nonlinearity has been mentioned. The designed
thickness of wall, size and spacing of reinforcement bars have been assigned in
SAP2000. The nonlinearity of the layered shell element shear walls has been
provided using distributed plasticity approach.
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2.2 Wide Column Modelling

The designed section of shear wall has been modelled as wide column using section
designer. The nonlinearity of wide column has been provided as uniaxial flexural
hinges considering the in-plane behaviour of shear walls. The nonlinear flexural
hinges have been provided at the ends of the wide column. The hinge properties
have been calculated by converting moment—curvature curve obtained from section
designer to moment—rotation curve. The formulae for conversion of curvature to
rotation are given in EC8 part-3 [6] (Egs. 1, 2 and 3).

L,+ay

z d
+0.0013 + ¢, 2oLy

8/fek

Oy = ¢y (1)

The first term, second term and the third term in the above expression represent
flexural contribution, shear deformation and anchorage slip of bars, respectively.

Hu = 0}' + (d)u - ¢y)LP <1 - OLSLP> (2)

v

L, = 0.08 L, +0.022, d, (3)

where L, is the shear length constant (1/2 of the total length of element), ay is 1 if
shear cracking is expected to precede the flexural yielding at the end section,
otherwise 0, Z = length of internal lever arm, d,;. = mean diameter of longitudinal
bars, L, = plastic hinge length, f.x = characteristic strength of concrete and f;, = yield
strength of steel (Fig. 3).

The points on idealized moment—rotation curve are given in Tables 1, 2 and
have been inputted in SAP2000 as hinge properties [7]. The results obtained from
response spectrum analysis for solid shear wall building from two approaches are
comparable.

Further nonlinear static analysis has been performed on two solid shear wall
models in longitudinal and transverse directions. The capacity curves in longitu-
dinal and transverse direction are shown in Fig. 4.
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Table 1 Hinge properties of wide column

Point Moment/SF Rotation/SF
A 0 0

B 1 0

c M. /My 6,/0y

D 0.2 M, /M, 0,/0,

E 0.2M,/M, 1.50,/0,

Table 2 Acceptance criteria on moment—rotation curve

10 10% 0,/0,
LS 60% 0 /0y
CP 90% 0y /0y
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Fig. 4 Capacity curve of solid shear wall models in a longitudinal direction and b transverse
direction

Various parameters have been derived and compared by idealizing the capacity
curve of solid shear wall models. The derived capacity curve parameters of solid
shell element model and wide column model in longitudinal and transverse
direction are given in Tables 3 and 5, respectively. It can be observed that the initial
stiffness of two modelling approaches is same. The capacity curve of solid shell
element model deviates when nonlinearity has started in the shear wall. In wide
column model, the stiffness of building is constant till B hinge has formed in
longitudinal wide column. The stiffness in wide column abruptly reduces after
nonlinearity has started in the wide column. The yield force and stiffness of wide
column model are 3 and 25% greater than that of shell element model. Ductility of
wide column model in the longitudinal direction is 46% more than shell element
model. The ultimate base shear of solid shear wall models is nearly same. The
progressive nonlinearity in the longitudinal wide column and the corresponding (at
same displacement) shell stresses in concrete and steel at supports shown in Fig. 5
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Table 3 Capacity curve parameters of solid shear wall models in longitudinal direction

Model SE wC
Yield force (kN) 14,000 14,400
Yield displacement (mm) 28 22
Effective stiffness, K. (kN/m) 513,333 640,000
Target displacement (mm) 48 42
Ultimate displacement (mm) 225 258
Ductility capacity 8.04 11.73
Over strength ratio 2.19 2.35

SE shell element, WC wide column

Table 4 Hinge formation in longitudinal wide column and its corresponding nonlinear layered

shell stresses (Fig. 5)

Stress at 1 | Stress at 2 Stress at 3 Stress at 4 Stress at 5

C |S C S C S C S C S
B 0 |188.8 |0 149.2 |0 13.25 |-10.23 —-84.36 |—14.69 |-121.9
I0 |0 [421.2 |—0.23 |386.2 |0 1282 | —-14.6 —134.1 -21.96 |—212.3
LP |0 [415 0 415 —-0.6 |4849 |—-11.02 |-221.5 —38.09 | —436.3
CP (0 [4274 |0 4183 |0 437.4 | —10.06 -19.8 —41.79 | —449.3
C 0 |4332 |0 424.1 |0 426 -10.43 1526 |—-42.48 |—447.1

Note Negative is compression and tension is positive, considering concrete has no tensile strength,

C concrete, S steel

Table 5 Capacity curve
parameters of solid shear wall
models in transverse direction

Model SE wC
Yield force (kN) 149,00 14,400
Yield displacement (mm) 19 16
Effective stiffness, K, (kN/m) 790,000 960,000
Target displacement (mm) 36 34
Ultimate displacement (mm) 265 370
Ductility capacity 13.95 17.13
Over strength ratio 2.06 2.39

are compared in Table 4. It is to be noted that the hinge property in longitudinal
direction has been modelled as shown in Fig. 6. The progression of nonlinearity in
the transverse wide column and its corresponding (at same roof displacement) shell
stress in concrete and steel at supports shown in Fig. 7 are given in Table 6. It is to
be noted that the hinge property in longitudinal direction has been modelled as
shown in Fig. 8. It is observed that the initial stiffness of nonlinear layered shell
element model and wide column model in the transverse direction is same.
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Fig. 5 Longitudinal shear wall
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Fig. 6 Moment—rotation curve given for longitudinal wide column

Fig. 7 Transverse shear wall

Table 6 Hinge formation in transverse wide column and its corresponding nonlinear layered shell
stresses (no opening)

Stress at 1 | Stress at 2 | Stress at 3 Stress at 4 Stress at 5 Stress at 6

C |S C |S C S C S C N C S
B 0 [1432 |0 1142 |0 32.05 |—3.79 |—28.28 | -8.74 |-723 -11.93 | —99
10 |0 |415 0 | 417 -0.41 |382.1 |0 43.28 —16.16 | —140.5 | —22.49 |-218.7
LS [0 |420.7 |0 |4155 |0 415 —0.31 | 489.9 -119 | -234 —38.65 | —439.3
CP [0 |4412 |0 |4393 |0 416.7 | —0.27 |460.3 —-11.64 | —142.5 | —41.7 | —429.2
C |0 4436 |0 [4423 |0 420.6 | —0.12 |449.2 —-11.59 | -97.7 | —4227 |-431.7

Note Negative is compression and tension is positive, considering concrete has no tensile strength, C concrete,
S steel

The stiffness gradually decreases in shell element model due to progression of
nonlinearity in the shear wall. In the wide column, the stiffness suddenly reduces
after B hinge has formed in transverse wide column. In the transverse direction,
yield force in wide column model is 3% less than that of solid shell element model,
whereas stiffness is 22% higher for wide column model. Ductility of wide column
model in the transverse direction is 23% more than solid shell element model. The
ultimate base shear of shell element model is more than wide column model.
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Fig. 8 Moment-rotation 150000
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2.3 Punched Nonlinear Layered Shell Element Modelling

The building with 1 m? openings in the shear wall has been manually designed for
shear at two sections in a shear wall (i.e. at solid and punched sections). The
reinforcement obtained near the opening was greater than at the solid section.
The shear walls have been modelled as nonlinear layered shell elements similar to
the solid shell element modelling.

2.4 Equivalent Wide Column Modelling

To simulate the opening in wide column, the wide column has been divided into
three parts. Top, bottom parts are the solid section of shear wall, and the height of
mid-part has kept equal to the height of the opening. The designed sections have
been provided as wide column using section designer. The hinge properties have
been calculated separately at solid and punched sections as explained for wide
column modelling. The moment of inertia and shear area at the opening section
have been modified according to the size of the opening in the shear wall. The
property modifiers have been entered in SAP2000. Neuenhofer [8] proposed some
methods to estimate lateral stiffness of shear walls with openings, and a similar
approach has been used to calculate modification factors to modify moment of
inertia and shear area of shear wall section used in software model (Eqs. 4 and 5).

L - Kounched secti Tpunched secti
Moment of inertia modifier = —Ero- SSCHON __ _Pulchec Seetion (4)

solid section I solid section

. Area of punched section
Shear area modifier = p

Area of solid section )

The yield force and stiffness of equivalent wide column model 7 and 24% more
than punched shell element model, respectively. Ductility of punched shell element
model is 12% more than wide column model (Fig. 9; Table 7).

The nonlinear hinge formation in the longitudinal equivalent wide column and
corresponding punched shell stresses of concrete and steel for Fig. 10 are given in
Table 8. Hinge property of punched shear wall modelled as equivalent wide column
is shown in Fig. 11. The yield force of punched shear wall models in the transverse
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Fig. 9 Capacity curve of punched shear wall models in a longitudinal direction and b transverse
direction

Table 7 Capacity curve Model SE1m

WC1m
parameters of gunched shear opening opening
wall with 1 m~ openings in -
longitudinal direction Yield force 13,800 kN 14,700 kN
Yield displacement 30 mm 26 mm
Effective stiffness, K, 453,333 kN/m 560,000 kN/m
Target displacement 54 mm 47 mm
Ultimate 228 mm 174 mm
displacement
Ductility capacity 7.6 6.69
Over strength ratio 2.29 2.35
Fig. 10 Longitudinal E]
punched shear wall Y B
12 3 43

direction from the two approaches is nearly same. The stiffness of equivalent wide
column model is 6% more than punched shell element model. Ductility of punched
shell element model is 27% more than punched shell element model in the trans-
verse direction.

The ultimate base shear of punched shell element model is more than equivalent
wide column model (Table 9). The nonlinear hinge formation in the transverse
equivalent wide column and corresponding punched shell stresses of concrete and
steel for Fig. 12 are given in Table 10.

It was observed that first IO, LS, C hinges are formed in longitudinal beams
connected to the longitudinal shear wall for pus