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ABSTRACT
Strut-and-Tie Model for Efficient

Design of Bridge Pier Cap

Park, Jae Hyun
Department of Civil & Environmental Engineering
The Graduate School

Seoul National University

Bridge pier cap is one of the most important members transmitting the loads
from superstructures to the column of the bridge. Due to this structurally critical
role of members, pier caps, conventionally, have often been over-reinforced
with conservative designs. Over-reinforcement in pier cap, however,
considerably degrades the constructability and economic efficiency considering
the bad working environment with high location in the top of pier and

interference with the column reinforcement.

Pier cap, which belongs to discontinuity region due to loading and
geometric conditions, is designed with Strut-and-Tie Model (STM) presented
in design codes in accordance with the design method transition from ultimate
strength design to limit state design. In the design of STM in bridge pier cap,
strut-and-tie models can be selected by designers’ discretion. This versatility of
STM design, however, leads potential to select inefficient models resulting in

the conservative designs with over-reinforcement. To avoid such ineffective



pier cap design, specific guidelines need to be proposed, and it can be achieved
through analysis of the current design status and evaluation of structural safety

in suggested guidelines.

In this study, to provide efficient guidelines for pier caps preventing
conservative designs due to excessive reinforcement, following procedures
were conducted: analytical studies such as contemplation of pier cap design
status in current design codes, static loading test of the scaled models,

verification of the test results and parametric studies with FE model analysis.

The analysis of the current design status of bridge pier cap was established
by comparing and analyzing the design rules presented in various design codes
and contemplating the existing STM design cases of pier cap. With the basis,
STM design guidelines for bridge pier cap allowing more reasonable

reinforcement designs were proposed.

To evaluate the structural safety of the proposed design guidelines, static
loading test were conducted with specimens for the scaled model of pier cap.
The results were analyzed and verified by nonlinear finite element analysis.
Experimental program was conducted with total 3 specimens, which satisfy the
proposed guidelines, with the various loading distributions in consideration of
superstructure and horizontal shear reinforcement. Structural behavior such as
loading, deflection, strains of the concrete and rebar, crack propagation were
measured. As a result of the test, the pier caps designed with the proposed
guidelines show load resistance capacities exceeding ultimate limit state (ULS),

which is verifying the structural validity of the guidelines. Though, due to the



load distribution and sectional size, limitations such as cracks in serviceability

limit state (SLS) and inconsistent design safety factor occurred in the test.

To observe structural behaviors, including shear, in various sectional
depths overcoming the limitations of variable range in the experiment,
additional parametric studies were conducted with FE analysis. As a result, it
was confirmed that the proper sectional size can be determined using the shear
strength prediction in design code before the STM design. In addition,
underestimation of pier cap strength due to the vertical tie in the determinant
STM could be complemented by placing the shear strength prediction in design
code as a minimum value. This resulted in improved design guidelines

complementing the limitations of previous design guidelines.

By the evaluation of the structural safety and serviceability in the current
design of bridge pier caps, improved guidelines were proposed for the more
efficient bridge pier cap design in STM. As a result, it is expected to enhance
the constructability and economic feasibility of social infra-structures by
preventing excessive reinforcement and conservative sectional size due to

inefficient design of bridge pier caps in the design practice.

Keywords: Pier cap, Strut-and-tie model, Shear reinforcement ratio, Scaled

model test, Limit state design, Design code, Nonlinear finite element analysis
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I. Introduction

1.1. Research Background

Currently, the design of bridges has been changed from the design based
on ultimate strength design, which focuses on the destruction of the section of
structure, to the design based on limit state design, which covers the failure of
entire structural systems. Prior to the implementation of limit state design,
flexural and shear reinforcement were arranged in pier cap with the basis of
sectional analysis where design moment and shear strength at the critical
section shall exceed the factored moment and shear force. Pier cap, however, is
a member with a relatively small shear span, which belongs to a discontinuity
region (deep component) due to the local effects of the load in the geometry. In
the discontinuity region, the distribution of strain in the section is nonlinear
because Bernoulli assumption in the sectional design is not satisfied. The design
method of discontinuity region is the design of strut-and-tie model that was
settled after the implementation of the limit state design. STM is a design
method for determining rebar details by truss analysis, considering the
structures as a truss member consisting of struts, ties, and nodal regions. With
the STM, safety of the design is secured because the STM satisties lower-bound
solution. In addition, it is possible to set up a model for arbitrary distribution of
stress and geometry, allowing for various designs according to the various STM

at the structures.

However, the versatility of such a diverse strut-and-tie models in the

structure means that there is no ‘correct’ design in the structure, causing the
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uncertainty in the design itself. Thus, STM design that ensures various options
depending on the discretion of designers may result in too conservative design
more than required, with excessive amount of rebar. Meanwhile, pier caps are
located at top of the pier, which has lack of constructability: dangerous working
space and interference between the shear rebar and column reinforcement.
Though, as a member that serves to transmit the load of superstructures
structurally to the substructures, role of pier cap is important and a conservative
design with more than the required amount of rebar in the strut-tie model is
customary conducted. Therefore, it is necessary to select a reasonable STM in
the design of bridge pier cap and thereby prevent excessive amount of rebar
from being assigned, resulting in improvement of economical and

constructional feasibilities.



1.2. Scope and Objectives of the Thesis

In this study, efficient pier cap design guidelines to prevent conservative
design according to excessive reinforcement are going to be presented. For the

objectives, the scope of the study was set up as follows.

First, current design status of bridge pier cap is determined by comparing
and analyzing the design rules of bridge pier cap in design codes and by
examining the STM design cases of bridge pier caps in existing bridges. In the
design of pier caps based on STM, the cause of over-reinforcement of shear
rebars is analyzed. With this bases, STM design guidelines inducing efficient

reinforcement arrangement in bridge pier caps are proposed.

And then, to evaluate the structural safety of the design guidelines
presented, a scaled-model test is conducted and the results are verified by
nonlinear finite element analyses. The experiment identifies structural
behaviors of pier caps under SLS and ULS, and further identifies the behaviors
of the members up to failures. Based on the experimental results, the structural

feasibility and limitations of the proposed STM design guidelines are presented.

Lastly, the parametric studies with FE analysis are carried out to see the
further structural behaviors which could not be captured in the experimental
studies. The influence of the sectional depths in pier caps on the reinforcement
ratios for flexural and shear rebars at the proposed STM guidelines is captured.
And the corresponding changes in the behaviors of the member are determined.
Based on the analyses, revised design guidelines improving the limitations of

the prior guidelines are proposed.



In summary, the main research objectives of this study are as follows.

The status and limitations of bridge pier cap design based on the strut-and-

tie model in design codes are analyzed.

Design guidelines for STM of bridge pier cap that enable rational placement
of steel reinforcement are established, based on the analysis of the change
in reinforcement of pier cap with the configuration of STM and the analysis

of the validity of the layout of reinforcing steel bars arranged by STM.

To evaluate the structural safety of the proposed design guidelines for pier
caps, a scaled-model test is conducted and the structural feasibility and

limitations of the proposed guidelines are presented.

The improved design guidelines for pier caps overcoming limitations are
proposed based on the parametric studies of the influence of sectional

depths through FE analyses.



1.3. Organization of the Thesis

Chapter 1 shows an introduction to this thesis. It includes general

descriptions on the background, objectives, scope, and outline of the research.

Chapter 2 provides a brief review of the current state of pier cap designs.
Overview of strut-and-tie model design and pier cap design in current design
codes were reviewed. With the studies, limitations of current pier cap design

were captured.

Chapter 3 performs a comparison and analysis of the design cases of
bridge pier cap in order to present an efficient method of designing bridge pier
caps with STM. Based on the design data of various pier caps, design features
such as dimensional properties, load characteristics, amount of reinforcement
for flexural and shear rebar are identified and analyzed. Design characteristics
of various STM layouts for T-type pier cap are also analyzed and STM design

guidelines for bridge pier caps with more efficient reinforcement are proposed.

Chapter 4 presents the scaled model test in detailed. Totally, in order to not
only verify the safety and serviceability of the proposed design guidelines but
also investigate the influence of horizontal shear reinforcement and loading
position on the structural behavior, 3 specimens were fabricated and tested in
the static loading test. Included were: target structures, a scaled factor,
specimens, material properties, procedures of fabrication and test. The
structural behaviors of pier cap such as deflection of the pier cap, and crack

propagation are discussed. In addition, the strains of concrete and longitudinal



rebar are examined using the measurement of strain gauges attached on the

surface of the concrete beam and rebar.

The details of the analytical study are discussed in chapter 5. The
parametric study that investigated the effect of the sectional depth in STM
design was conducted by finite element analysis. First, a finite element model
was suggested and the results of analysis were compared with that of the
experiment for verifying its validity. Then, parametric study was conducted
analytically using the FE model over a wider range of sectional depth that have
not been performed in the experiment. Consequently, revised design guidelines

considering the proper sectional depth were suggested and verified.

Finally, conclusions of this study are summarized in Chapter 6.

In Appendix A, detailed procedures of STM design to get the required
reinforcement ratio for all specimens were contained. For brevity, in Appendix
B and C, all experimental data, some of which are not mentioned in the chapters,
are included. Appendix B is for concrete cylinder test data and Appendix C is

for rebar and concrete strain data of the test.



I1. Literature Review

2.1. Introduction

Reasonable strut-and-tie model with rational design is considerably
important in the design of bridge pier caps. The main context of STM design is
the design of member by truss analysis with the elements of struts, ties, and
nodal regions, and the versatile settings of STM models at the designer’s
discretion is one of the key features of the design. There exists, therefore, no
one correct solution for the structure, but designs with various STM are possible.
It is important to establish a strut-and-tie model appropriate for the structure.
This requires identifying the concepts and procedures of STM design and

applying them properly according to the structure.

Chapter 2.2 understands the strut-and-tie model (STM) for the design of
discontinuity region based on design criteria and various research data and
describes the design procedures. Chapter 2.3 compares the design codes to
identify the design status of bridge pier caps and further identifies the

limitations of current bridge pier cap designs based on STM.



2.2. Strut-and-Tie Model Design

2.2.1. Introduction

This chapter describes a series of processes to understand the design
concepts and methods of STM used in the design of structures including various
discontinuity regions. First, the local effects of geometric discontinuities and
loads on the behavior of structures and the concept of discontinuity region (D-

region) are described. Next, designing D-region by STM are presented.
2.2.2. Discontinuity Regions

Typically, strut-and-tie models are used primarily in the design of
discontinuity regions (D-region). Discontinuity region (D-region) means the
area where a nonlinear stress distribution occurs due to loads or geometrical
discontinuities in the structures. Areas near the applied load and the support
reaction are D-region because the local forces disturb surrounding areas. In
addition, the structures such as corners of frame, openings, and corbels are the

areas that create stress disturbances geometrically.

In Bernoulli region (B-region), Bernoulli assumption, where the section
assumed to maintain plane remains plane after deformation, is satisfied.
Therefore, linear strain distribution through the sectional depth is assumed in
the B-region. In this assumption, the member is dominated by sectional
behavior and the design is also accomplished through the sectional analysis. In
flexural design of B-region, it is considered that compressive stress is mainly

assumed as a rectangular compression block.

8



ﬂﬂ.ﬂP

D-Region B-Region D-Region D-Region D-Region

o.zgpﬂ d 3d d ‘ d ‘ d
Figure 2.1 Stress distribution for B and D region (Birrcher et al. 2009)

On the other hand, the distribution of strain in D-region is nonlinear and
the assumption for sectional analysis is not satisfied in that region. According
to the principle of St. Venant, stress analysis based on linear strain distribution
is possible where the area beyond the distance of sectional depth at the load or
the geometric discontinuities is located. This means that there is a nonlinear
stress distribution in the D-region within the distance of sectional depth from
the load or the geometric discontinuities. Therefore, as shown in Figure 2.1, D-

region is as far as d from the points of loads and support reactions.

In general, if the shear span is a < 2d to 2.5d, the structural member is
considered to be dominated by nonlinear behavior. In Figure 2.1, entire right
side of the loading point is D-region because the member has a shear span of
2d. On the other hand, since the left side of the loading point has a shear span
of 5d, it can be designed by a sectional analysis because it is dominated by
sectional behavior even if it contains D-region on the left side. In reality, the
transition of the region from B to D is gradual, but the principle of St. Venant

can be applicable rationally to the design of the structure.



2d

(a)

2d

(b)

Figure 2.2 Strut-and-tie models for deep component: (a) One-Panel(Arch

action); (b) Two-Panels(Truss action) (Birrcher et al. 2009)

Behaviors of deep components can be explained by the transfer

mechanism of forces between the applied loads and supports. The behavior of

deep beam in Figure 2.2 is governed by the arch and truss action between the

loads and the supports. In STM, either arch action or direct load transfer can be

represented by diagonal concrete struts as shown in Figure 2.2 (a). Tensile

members (ties) to meet the equilibrium with diagonal struts is able to be applied

along the bottom of the beam. Deep component behavior between the load P

and supports, also, can be represented by a two-panel truss model, which

includes additional vertical ties as shown in Figure 2.2 (b), with an indirect load

transfer effect of truss action.
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2.2.3. Fundamentals of Strut-and-Tie Model

Fundamental principle of strut-and-tie model is lower-bound design,
which makes the results of structural design using STM conservative. In the
satisfaction of lower-bound solution, the truss model shall be balanced with the
external force and have sufficient deformation margin for the assumed force
distribution. Thus, reinforcing steel bar shall be sufficiently developed in the
concrete. In addition, compressive force of concrete in STM analysis shall be
less than the effective concrete strength, and the tensile force at STM shall also
be less than the effective tie strength. If all of the above conditions mentioned

are met, the application of STM turns to lower-bound design.

All STMs are represented by three elements: strut, tie, and nodal region.
A simple STM considering a load flow in a simply supported beam is described
in Figure 2.3. In this model, member forces can be obtained by truss analysis
when the reaction of member and the STM shape are determined. Compressive
and tensile member can be analyzed by strut and tie, respectively. Nodal region
is area where struts, ties, loads, and supports intersect. Nodal region is the area
where the largest stress occurs in STM because of the concentrating of truss

forces.

""" /‘\// Strut
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When setting STM configurations, the positions of struts and ties shall be
based on the stress flow with elastic analysis. If struts and ties are positioned in
line with the elastic flow of the force, conservative designs where minimal

cracks occur under SLS located in elastic zone are possible.

STM has the advantage of being applicable to arbitrary geometry and
stress distribution in the design of D-region. This versatility of STM, however,
can be both advantages and disadvantages. This means that there is no ‘correct’
STM design in structures because of allowance of various STM designs,
resulting in uncertainty about the model. If the conditions for the lower-bound

solution are satisfied in the design, the STM can be at least safe design.

Struts can often be distinguished as either prismatic or bottle-shaped strut
depending on the uniformity of the stress field. In Figure 2.4, the prismatic strut
can be used where constant compressive stress area. Bottled-shaped strut, on
the other hand, is available if the compressive stress is spreading laterally.
Diagonal struts in beams are usually bottle-shaped struts. As the compressive
stress spreads laterally, tensile stress occurs in a direction perpendicular to the
strut, which creates diagonal tension cracks in the member. These tensile
stresses reduce the efficiency of concrete struts. Therefore, orthogonal rebars
are placed near the bottle-shaped struts to cover the tensile forces, reinforce

struts, and control cracks.
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Figure 2.4 Prismatic and bottle-shaped strut (Birrcher et al. 2009)

In general, the procedure for designing STM for deep components is as

follows.

1.

3.

Division of B-region and D-region: Predictions are made where exhibit
deep member behavior. Whether the entire member can be designed with

STM or not is also determined.

Determination of loading type: The factored loads acting on the structural
members are calculated and simple alternations of loads to be used in STM

are conducted.

Analysis of structural members: Assuming the elastic behavior of the

member, support reactions are obtained.

Formation of strut-and-tie model: Struts and ties are positioned to reflect
the flow of forces acting on structural members. Also, element forces acting

on struts and ties are obtained.
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Details of tie reinforcement: The amount and spacing of reinforcement

required for ties are determined.

Strength check of nodal region: First, the geometry of nodal region is

determined. And then, strengths at each face of nodal region shall be

checked whether they resist the element forces obtained from STM analysis.

Crack-controlled reinforcement: Details for crack control reinforcement
required for controlling the cracks in diagonal tension cracks due to the

lateral tensile stress of the bottle-shaped struts shall be determined.

Bond of ties: Reinforcement shall be bonded in concrete nodal regions.

14



2.2.3.1 B-regions and D-regions

The first procedure in STM design process is to separate the structure into
B and D-regions according to the principles of St. Venant. If the structure
consists of all D-region, entire area shall be designed with STM. If the structure
contains both B and D-region, portion of the structure expected to have deep
component behavior is designed with STM, and the part of the structure
expected to be dominated by sectional behavior is designed with the sectional
design method. Designers may design the entire structure by STM if B-region

is limited to local area.

2.2.3.2 Definition of load case

The next step after distinguishing between B and D-regions is to define
the loads which act on the area of the nodal regions of the STM. Designers first
define the type of load that creates a critical section. Each type of load applies
a force corresponding to the type to struts and ties, thus the position of critical
section and the magnitude of the force vary depending on the type of load.
Therefore, STM analysis shall be conducted for each load combination. In the
factored loads and moments with the certain load combination, designer shall
determine whether an appropriate STM is established for this load combination.
It is necessary to properly transit the loads fitting to STM. Several examples are

shown below.

1. Since no moment can be applied to the truss model, the moment acting on
the structure shall be replaced by a couple forces or an equivalent set of

forces.
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2. The nodal loads close to each other can be simply summed up in STM. This

is at the discretion of the designer.

3. Since distribution loads cannot be applied to the truss model, the
distribution loads applied to the structure shall be expressed as a series of
point loads acting on the nodal regions in the STM. It is assumed that the

self-weight of the structure also works in the same way.

2.2.3.3 Analysis of structural member

The forces acting on the interface of the D-region shall be determined.
These boundary forces are used to determine the shape of the STM and are
applied to STM to obtain the force acting on each strut and tie. For each load
combination, an elastic analysis is conducted on the structures to obtain the
reaction forces. If the structural member contains both B and D-region, so that
only part of the member is designed as a strut-and-tie model, the internal force
and moment of B-region shall be applied to the boundary of D-region. At the
interface of B and D-regions, elastic linear stress distributions are assumed as
shown in Figure 2.5. These stress distributions are used to determine the force
acting on STM at the boundary. The position of the boundary is determined by
the principle of St. Venant. With factored loads and interface forces acting on

D-region, the strut-and-tie model can be established and analyzed.
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Figure 2.5 Linear stress distribution at the interface of B and D region

(Williams et al. 2012)

2.2.3.4 Development of strut-and-tie model

The establishment of strut-and-tie model is usually carried out in two
stages: First, determine the shape of the STM according to the applied load and
the position of the boundary forces. Second, interpret STM to obtain the forces

acting on struts and ties.

When establishing the shape of the strut-tie model, struts and ties shall be
positioned to indicate the elastic flow of forces in the structural member.
Designers usually determine the proper location of struts and ties in the
following ways. Preferred struts and ties can be arranged according to the load
path by the applied force and the reaction force. Also, struts and ties can be

placed using the crack pattern of the structure. Depending on the stress flow

17



through linear elastic finite element analysis, strut and tie elements can also be
positioned. The tie member shall be located in the center of the reinforcement
assigned. For example, as shown in Figure 2.6, a tie indicating a longitudinal
rebar placed at the bottom of the beam shall be placed in the centroid of the

rebar, considering the cover thickness at the bottom of the beam.

In addition, the prismatic strut, such as the horizontal strut at the top of the
beam in Figure 2.6, can be positioned according to the depth of the rectangular
compression stress block in flexural analysis or the optimum depth of the STM.
In the first case, place the strut in the center of the rectangular compression
stress block. In the second case, position the strut at a height such that it
becomes a larger moment arm. After positioning the longitudinal rebar tie and
the prismatic strut, place the remaining STM elements considering the elastic

flow of the structural resistance.

_ Asfs _A's)r's
a=—__ 573

r
Locationbasedonthe » 0.85f"chy
[depth of the rectangular compression stress block, a,|
or the height of the STM can be optimized (i.e. optimize
the moment arm, jd)
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Figure 2.6 Placement of the longitudinal ties and prismatic struts within a

strut-and-tie model (Williams et al. 2012)

18



In STM design, the angle between struts and ties located in the same nodal
region shall not be less than 25 degrees. This is because smaller angles between
struts and ties result in unexpected scenarios with tension and compression in
same space. This minimum angle, therefore, prevent the occurrence of

excessive strain on the rebars and alleviate the crack width.

Schlaich et al. (1987) said that there is no single optimal solution for the
STM. And this means that there are several directions based on subjective
decisions. Designers must recognize that if the STM has sufficient deformation
capability to allow distribution of forces in equilibrium with the external force,
the design of STM shows ‘lower bound solution’. Though it is not necessary to
configure the strut-and-tie model to accurately match the flow of resistance, the
STM which best represents this stress distribution minimizes the occurrence of
cracks under SLS load. STMs deviating from the elastic stress flow increase

the risk of cracking at SLS.

Meanwhile, in the same structure, a STM consisting of the fewest ties is
typically considered the most efficient model. Loads flow along a path that
minimizes deformation. In RC structures, concrete struts delivering
compression forces are accompanied by less deformation than the ties under
tensile forces. STM in Figure 2.7 (a) is positioned to match the flow of resistant
forces relative to STM in Figure 2.7 (b), and the forces will naturally move to
the path of STM as shown in Figure 2.7 (a) since fewer ties are placed.
(MacGregor and Light, 2005)
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(a) Correct
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(b} Incorrect I,

iJ

(b)

Figure 2.7 Optimal strut-and-tie model based on number and length of ties: (a)

Correct STM; (b) Incorrect STM (MacGregor and Wight, 2005)
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Figure 2.8 Examples of least number of vertical ties (Williams et al. 2012)

Similarly, when modeling beams, the least vertical ties should be used. In

other words, STM must be designed to meet the minimum 25 degrees angle

limit between struts and ties and having a minimum truss panel. STM with the

least truss panel is on the left, and STM with more truss panels is on the right

(in Figure 2.8). The STM on the left with fewer amount of vertical rebar is more

efficient design because both designs satisfy the safety margin.
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2.2.3.5 Proportion of ties for rebar arrangement

After positioning the strut-and-tie model, the next design step is the
placement of rebars in the tie. The amount of rebars placed on each tie in STM
shall be so placed that the rebars do not exceed the yield strength and resist the
external forces applied to the ties. Typically, the amount of rebar required for

ties in a reinforced concrete structure can be obtained by Equation (2.1):

A%t =— (2.1

The centroid of the reinforcement layout shall coincide with the position

of the tie in STM.
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2.3. Pier Cap Design in Current Design Codes

2.3.1. Introduction

In current, the design of bridge pier caps for domestic highway bridges is
based on Korean Highway Bridge Design Code (Limit State Design) and Korea
Structural Concrete Design Code 2012. In the design codes, it is stipulated that
discontinuity region, such as bridge pier cap, shall be designed by strut-and-tie
model. The design of discontinuity regions, which was designed by ultimate
strength design, began to transform the design method to the strut-and-tie model
after the presentation of STM in Schlaich et al. (1987), starting from ACI 318:
Building Code Requirements for Structural Concrete and Eurocode 2: Design
of Concrete Structure. STM design in discontinuity region was first introduced
in 2007 revision of KCI in accordance with international trends, and KHBDC

suggested the design of STM in 2010 revision.

This chapter analyzes the design method of the bridge pier cap presented
in the current design codes to identify the design status and limitations of bridge

pier caps.
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2.3.2. Design of Discontinuity Regions

Bridge pier caps belong to discontinuity regions where the Bernoulli

assumption is not satisfied, and the design method is presented for these

discontinuity regions at each design code. The design methods of discontinuity

regions in design codes are summarized in Table 2.1. Under the current major

design standards, the strut-and-tie model design method is used to design

components belonging to discontinuity regions where the Bernoulli assumption

is not valid.

Table 2.1 Comparison of a design method in a stress discontinuity region

Design Code | Clause Contents
KHBDC 5.6.1(2) For stress discontinuity regions, additional local
(2015) o anlaysis such as strut-tie model in 5.6.4.4 is needed.
KCI Structural concrete members or D-regions shall be
[.2.1 (1) | permitted to be designed by using an idealized truss
(2017)
model.
ACI 318 A member or regioq shall be permitte(.i to be ana.lyzed
(2019) 6.2.4.4 and designed using the strut-and-tie method in
accordance with Chapter 23.
Refined analysis methods or strut-and-tie method may
AASHTO be used to determine internal force effects in disturbed
LRFD 5.8.1 regions such as those near supports and the points of
(2017) application of concentrated loads at strength and
extreme event limit states
Regions of members in which the plane sections
CSAA233 11.12 assumption of flexural theory is not applicable shall be
(2014) o proportioned for shear and torsion using the strut-and-
tie model.
Where a non-linear strain distribution exists (e.g.
Eurocode 2 :
(2004) 6.5.1 (1) | supports, near concentrated loads or plain stress) strut-

and-tie models may be used (see also 5.6.4).
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2.3.3. Design of Deep Components

Typical T-type pier caps can be classified as cantilever beams in their
structural form. Bridge bearings carrying the load of the superstructure depends
on the type of girders, and usually 2 to 5 bridge bearings are located on the top
of the pier caps. Thus, the bridge pier cap can be treated as a deep component
with a short shear span: a greater depth than the span. The design methods of
deep beams in various design codes, applicable to pier caps, are compared and

summarized.

2.3.3.1 Definition of deep component

The pier cap can be considered a cantilever beam, which is defined as a
deep beam due to the characteristics of the member shape with a deep member
depth relative to the span. For these deep components, definitions are given in

each design code and are summarized in Table 2.2 below.

According to the principle of St. Venant, stress analysis based on the linear
strain distribution is possible where far from the distance of the depth of the
member from the loads or from the geometric discontinuities is located. In other
words, there is a nonlinear stress distribution in the area of discontinuity regions
where within the distance of the depth of the member from the loads or from
the geometric discontinuities is located. In accordance with St. Venant's
principle, most design standards generally use the ratio of span and member

depth to define a deep component corresponding to discontinuity region.

KHBDC (2015), KCI(2017),and ACI 318 (2019) define deep components

in two ways based on the principle of St. Venant: Clear span does not exceed
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four times the overall member depth /; Concentrated loads exist within a
distance 24 from the face of the support. Meanwhile, Eurocode 2 (2004) defines
a member whose net span is less than three times the depth of the member as a
deep member, in a narrower range than that of other 3 design codes mentioned.
CSA A23.3 (2014) defines a deep component, most conservative among all
design criteria, with a net span less than twice the depth of the member. Unlike
other design codes, AASHTO LRFD (2017) defines deep members using shear
force and effective depth, d, of members rather than net span and member depth,

h.

Typical pier caps can be treated as deep members because the provisions
given in Table 2.2 are satisfied, depending on their geometry and load
distribution. Therefore, under current design standards, the bridge pier cap shall

be designed with considered as a deep member.
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Table 2.2 Comparison of a definition of deep beam in design codes

Design Code | Clause Contents Note
1. Bemas with a clear span, /,, not
exceeding four times the member depth
K(I;(ﬁ[s))c 5 2% 1 2. Beams where the concentrated force is
o applied within two times the member
depth from the face of the support Defines deep
1. Members with a clear span, /,, not beam:
exceeding four times the member depth ’
KCI 1.4 |2. Region between concentrated load and 1. clear span
(2017) 6.3.4 | support, where the concentrated force is )
applied within two times the member .
depth from the face of the support 2. distance from
support to load
1. Clear span does not exceed four times
ACI 318 9911 the overall member depth A
(2019) o 2. Concentrated loads exist within a
distance 2/ from the face of the support
1. The distance from the point of 0.0
AASHTO shear to the face of the support is less Defines deep
LRED 59 ' than 2d beam:
(2017) 2. Load causing more than 1/3 of the
shear at a support is closer than 2d from [shear force and d
the face of the support.
CSAA233 10.7.1 1. Clear span to overall depth ratios less Defines deep
(2014) than 2
beam:
Eurocode 2 531 1. The span is less than 3 times the
(2004) " overall section depth clear span
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2.3.3.2 Design of distributed rebar in deep component

In the design of strut-and-tiec models of deep members, rebars are placed
to satisfy the effective design strength of each element after establishing a strut-
and-tie model appropriate for the stress distribution of deep members. In other
words, reinforcement is placed so that the strength of the tie element can be
exerted to ensure structural safety of the member through truss analysis.
Meanwhile, in order to control cracks caused by loading such as temperature
and dry shrinkage not considered in the strut-and-tie model, the design codes
propose the distributed rebar mesh design provisions for deep members to
satisfy serviceability. Distributed rebar mesh design provisions of deep

members are compared and summarized in Table 2.3.

KHBDC (2015), Eurocode 2 (2004), and CSA A23.3 (2014) require least
0.1% of vertical and horizontal reinforcement ratio to be placed on each side of
the member (0.2% in both directions). However, the reinforcement cannot be
evenly distributed through the thickness because of the rule of placing the
reinforcement on both surfaces of the member. KCI (2017), ACI 318 (2019),
and AASHTO LRFD (2017) permit even distribution of rebars in deep
members with thickness, and each design code assigns the amount of rebars in
each direction corresponding to 0.15 to 0.3 percent of the effective section of
concrete. According to Hsuing (1985) and Anderson (1989), the shear strength
of slender beam is not significantly affected by the distribution of stirrup to the
thickness direction. In Tuchscher (2011), distribution to the thickness direction
of the rebar mesh is independent of member behavior because, as with slender

beams, the shear strength and the width of the diagonal crack under SLS in deep
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beam are not significantly affected by the distribution to the thickness direction

of the stirrup.

In a typical strut-tie model of pier cap, the vertical shear reinforcement is
arranged so that the vertical tie can exert its strength to secure structural safety.
Whereas, horizontal shear reinforcement is not considered in the design of strut-
and-tie models for typical pier caps, and the distributed rebar mesh provision
shown in Table 2.3 is the only provision for the horizontal shear reinforcement.
Rogowosky (1986) said that the horizontal shear reinforcement in deep
members does not affect the shear strength of the member relative to the vertical
shear reinforcement. According to Birrcher (2013), for ACI 318, 0.25% of
horizontal and 0.15% of vertical rebar ratio was required prior to Rogowosky
(1986), and this was turned to the distribution of a minimum rebar ratio of 0.15%
horizontally and 0.25% vertically after Rogowosky (1986) revealed that the
vertical rebar is more effective in shear strength of deep beams. Since the
revision in 2011, ACI 318 requires a 0.25% rebar mesh in both directions to
control the diagonal crack propagation and the crack width in serviceability, not
strength, but in KCI (2017), the minimum distributed rebar mesh regulation is
still used as suggested before ACI 318-11. Meanwhile, AASHTO LRFD (2017)
stipulates 0.3% of rebar mesh layout in accordance with Bircher (2013) who
insists that minimum 0.3% of reinforcement ratio is required to control the
maximum diagonal crack width at the first crack or SLS. Therefore, it is deemed
that the design of strut-and-tie models in the pier cap determines the vertical
shear reinforcement in terms of strength, and the horizontal shear reinforcement

in distributed rebar mesh rules is for the satisfaction of its serviceability.
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Table 2.3 Comparison of distributed rebar design in a deep component

. Vertical Horizontal .
Ibigknzn Cose reinforcement reinforcement e bu
KHBDC Near each face: Near each face: Lesser of Not
(2015) 0.0014. 0.0014. 2b or 300 mm | considered
KCI Perpendicular to Parallel to Lesser of
(2017) longitudinal axis: | longitudinal axis: | d/5 or 300 Consider
0.0025b,s 0.0015b,s mm
ACI3IR Perpendicular to Parallel to Lesser of
(2019) longitudinal axis: | longitudinal axis: | d/5 or 300 Consider
0.0025b,s 0.0025bys; mm
AIE;I;I]")FO In vertical: In horizontal: Lesser of Consider
(2017) 0.003b,s, 0.003b,s4, d/4orl2in.
CSA A23.3 | In each direction: | In each direction: Less than Not
(2014) 0.0024. 0.0024. 300 mm considered
Eurocode 2 | Near each face: Near each face: Lesser of Not
(2004) 0.0014. 0.0014. 2b or 300 mm | considered
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2.3.4. Strut-and-Tie Model Design

The overall strut-and-tie model design calculates the force on the struts,
ties, and nodal regions at the load equilibrium conditions, and the required
cross-sectional area at the force received by each element according to the
effective strength and geometry of the components is determined. If each of the
configured STM elements is not resistant to component forces, the trial-and-

error designs are performed with varying model configurations.

However, current design standards do not define design procedures for
strut-and-tie models. Only the effective design strengths of STM components
are specified in the design codes, with a different strength for each design code.
Since the differences in these strengths can affect the reinforcement
arrangement in STM, it is necessary to compare and analyze the effective

design strengths for design codes.

2.3.4.1 Strength design of strut

After determining the shape of the strut-and-tie model for the target pier
cap structure, the strengths of the struts are checked considering the effective
design strength of the strut. The strength designs of struts in design codes are
compared and the details are summarized in Table 2.4 as follows. Depending
on the condition of the member, the strength of strut is defined differently in
each case by dividing the strut into the cases whether the lateral tensile force

perpendicular to the direction of the strut exists or not.
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Table 2.4 Comparison of a design method in a strut-strength

Design |Reduction D; S1en Str.ellll sth A.m ouqt andf Er 1‘ﬁleness O}f Reinforced
Code factor of strut witl .out orientation o 1gh strengt struts
lateral tension lateral rebar concrete
KHBDC ¢ =0.65 0 8 f ’ Consider 1 fC, Not
(2015) c .85¢, 1 A, & direction - 250 enhanced
KCI —0.75 , Considered Not L
(2017) ¢=0. 0.85¢ 1. with £, considered | L13A T
ACI 318 —0.75 , Considered with Not .
(2019) ¢=0. 0.85¢ 1. B. and B considered AT,
AASHTO
LRFD | Strength of strut is not presented (Strength of nodal region is presented)
(2017)
CSAA23.3 Considered Not
=0.65 ! . f
(2014) % 0.85¢, f; with & considered As
Eurocode 2 Consider f' Not
=15 ! —
(2004) Ve Ut 17, only existence (1 ZSCOJ enhanced

Struts without lateral tension show the same strength expression as in

Equation (2.2), and the difference of strengths from each design code is

governed by the reduction factor. Figure 2.9 shows the comparison of effective

design strengths of struts according to the specified compressive strength of

concrete. The strengths of struts increase linearly in proportion to the specified

compressive strength. Though the strength of strut is assessed most

conservatively in KHBDC and CSA A23.3, the difference in effective design

strength in normal strength concrete is not significant.
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Figure 2.9 Effective design compressive strength of strut with no tension

Struts with lateral tension exhibit the same strength expression as Equation
(2.2) or Equation (2.3), and the difference in strength for each design code is
governed by the reduction factor and the specified compressive strength of
concrete. The examples of effective design strengths of struts according to the
specified compressive strength of concrete are shown in Figure 2.10 and Figure

2.11, depending on the amount of lateral tensile reinforcement.

fy=Ag- 1, 22)
£ = A-¢-(1— £ /250)- £ 2.3)
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Figure 2.10 Effective design compressive strength of strut with over-

reinforced lateral tensile rebar

80 T ‘ y;
With deficieTt transverse tension s
7
| —— Kci&Ac L7
60 4 —— CSA 7
—e— EC2 . 4
1—o— KHBDC s .
S Brittle properties
S 40 of HSC are considered_|
% e
4o ,
e
7
20 4
7
7 \
e Most conservative
7
0 T T T T l
0 20 40 60 80
£, MPa

Figure 2.11 Effective design compressive strength of strut with under-

reinforced lateral tensile rebar
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KHBDC and Eurocode 2 reflect the brittleness of high-strength concrete
in the formulas with the parabolic, and it is confirmed that the higher-strength
concrete becomes, the lower the increase rate of the design strength for the
increase in specified compressive strength. Consequently, the effective design
strengths of struts in KHBDC and Eurocode 2 are evaluated conservatively

compared to other design codes.

In the case that the lateral tensile reinforcement is less arranged, the
deviation between the design codes is relatively small, and the strength
deviation between the design codes tends to increase where high strength
concrete exceeding 40 MPa is used. In general, normal strength concrete which
has 40 MPa or less of compressive strength is used for the design and
construction of the current bridge pier caps, so no significant difference in the

effective design strength between the design codes occurs.
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2.3.4.2 Strength design of tie

Table 2.5 Comparison of a design method in a tie-strength

Design | Reduction | Design strength Design strength Bonded
Code factor of tie with rebar | of tie with PS strands | or Unbonded
K(I;(ﬁ[s))c ¢, =0.90 fq=af, fa=af, Not considered
KCL | y_og5 | gr—gaf, |7 (fee %) | Bonded: 420
(2017) " y Af, =420 or 70 MPa | Unbonded: 70
ACI 318 ¢: 075 ¢F — ¢A{ f ¢Fm = ¢A35 ( fpe + Afp) Bonded: 420
(2019) " y Af, =420 or 70 MPa | Unbonded: 70
AASHTO
LRFD ¢=0.90 PR, =PA, fy oh, = ¢Aps ( fpe + fy) Not considered
(2017)
CS(?O?AZS 3 ¢, =0.85 AAf, gA ( foo + 400) Not considered
Eu(r;)ggj)e 2 7.=115 fyd = fyk /75 fpd = pr.lk /7/5 Not considered

After determining the shape of the STM for the member corresponding to

the target pier cap, the strengths of ties are checked to form a suitable strut-and-

tie model. Comparing the effective design strengths of ties in design codes, the

details are summarized in Table 2.5.

The effective design strengths of ties where no PS strand is assigned are

defined as the yield strength of the rebar in all design codes. The reduction

factor of ties for each design code is different. In the case of member with
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prestressing strands, KCI and AASHTO LRFD consider whether the ties are
bonded or not when determining the effective design strengths of ties. The
effective design strength of tie with only reinforcing steel bar in ACI 318 is

most conservative as shown in Figure 2.12.

700 ‘
—a— ACI
1 —— Kcl
560 + —=— AASHTO
| —— CSA
—e— EC2

420 1 __ kHBDC

MPa

£ 280 A~
140 2 4l

A (
1 ~ M‘ost conser\‘/ative
0 —

0 140 280 420 560 700
f, MPa

Figure 2.12 Effective design tensile strength of tie with reinforcing steel bar
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2.3.4.3 Strength design of nodal region

Nodal region refers to the concrete area where struts and ties are connected

in STM, and nodal region is typically the area where the greatest stress is

applied by superimposed forces by load, reactions, the compressive forces of

struts, and the tensile forces of ties. Therefore, it is important to check the

effective design strength of nodal region in the design of strut-and-tie model.

The strength designs of nodal region by design codes are compared and

summarized in Table 2.6.

Table 2.6 Comparison of a design method in a nodal region

Design [Reduction| Design strength Design strength Design strength
Code factor for CCC node for CCT node for CTT node
KHBDC f, ) : ( f, j . ( f, ) ,

=0.65 1-—% g f 0.85[1-—% |4 f | 0.75|1-=% |@ f
KCl | 4 075 0.85¢44, f.' 0.85¢483, f.' 0.85¢44, f.'
(2017) B, =10 £, =08 B, =06
0.85¢4.3, f. 0.85¢13, 3, f. 0.85¢3, 3, f.
A(% 1391)8 $=0.75 B, =10 B,=08 B, =06
p=yBTA<2| p=(RTA<2 | f=|ATA<2
¢-mv; ¢-mv ¢-mvf
AASHTO m=JA/A<2 | m=JATA<2 | m=JA/A<2
LRFD | ¢=0.70
(2017) f' f' f'
v=085———: v=085-—:_ v=085-———
20 (ksi) 20 (ksi) 20 (ksi)
CSAA233| 4 _ggs|  O85AM 0.75¢,m, 0.654mf,’
(2014) | ™ m=JA/A<2 | m=JAIA<2 | m=JA/A<2
Eurocode 2 y =15 (1_h) f v/}/ 0 85(1—£) f '/7/ 0 75(1_£j f «/7/
(2004) ¢ 250) ¢ CC T 250) ¢ 0T 250) ¢ ¢
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Figure 2.13 Effective design compressive strength of CCC nodal region

Depending on the condition of the member, the effective design strength
of nodal region is defined differently whether the tensile ties are developed in
nodal region or not. For compressive areas (CCC node) where tensile ties are
not developed and are subject to purely compressive stress, the same effective
design strength expressions as in equation (2.2) and equation (2.3) of the strut
are presented. The differences in strength of each design code are governed by
the reduction factor, additional reduction except tie’s influence, and increase
factor with concrete confinement. The effective design strengths of the CCC

node with increase of the compressive strength is shown in Figure 2.13.

As with the effective design strength of struts, Eurocode 2 and KHBDC
reflect the brittleness of high-strength concrete, so the higher strength concrete
is used, the greater the difference in the strengths of nodal regions for design

codes. Meanwhile, in AASHTO LRFD, ACI 318, and CSA A23.3, an increase
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factor, m or f,, of concrete confinement effect is reflected in the strength

formula, and it may enlarge effective design strength at bearing supports. At the
most vulnerable part without increase factor, there is little difference in the
effective design strength between the design codes in normal strength concrete
of 40 MPa or less. And in high-strength concrete, AASHTO LRFD is the most

conservative design for CCC node.

In the case of one developed tie in nodal region (CCT node) and two or
more tie in nodal region (CTT node), the effective design strength expressions
are also same as in Equation (2.2) or Equation (2.3). At the most vulnerable part
without increase factor, the differences in strength of design codes are governed
by the reduction factor, additional reduction except tie’s influence. The
effective design strengths of CCT and CTT node are plotted in Figure 2.14 and
Figure 2.15, respectively. The trends of graphs are similar to that of Figure 2.13.
The more ties are developed, the weaker effective design strength in nodal
region, reflecting the properties of concrete that is vulnerable to tension. For
node-to strut in AASHTO LRFD, however, the effect of tie is not considered

because the reduction factor, V, is same for all node types.

In the case of pier caps with normal strength concrete of 40 MPa or less,
there are similar effective design strengths at the vulnerable strut part regardless

of design codes in all nodal regions.
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Figure 2.14 Effective design compressive strength of CCT nodal region
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Figure 2.15 Effective design compressive strength of CTT nodal region
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2.3.5. Concluding remarks

The design methods of bridge pier cap, which are currently stipulated in
design codes, were summarized and compared. The analysis of pier cap designs
revealed that KHBDC is based on Eurocode 2 and KCI follows ACI 318.
Although the overall design procedures are similar for all design codes, it

differs from the details of each item.

With the change of the design method from ultimate strength design to
limit state design, in all design codes, structures which belong to discontinuity
regions such as pier caps are specified or recommended to be designed with
STM. Pier caps are also classified to deep beams and designed following the
deep beam designs. The definition of deep beams differs by design codes, and
for cantilever beams such as pier cap, there is uncertainty in the application of
deep beam definitions. In distributed rebar mesh designs for deep beams,
KHBDC and Eurocode 2 do not consider the thick width of deep components
in the disposition of rebar. However, in some studies, distribution through the

thickness little affect the shear strength of the member.

The overall design scheme of strut-and-tie model is similar to all design
standards. However, the effective design strengths of strut, tie, and nodal region
vary according to design codes, and the deviation of effective design strengths
between design codes for strut and nodal region are shown to be greater when
using high-strength concrete exceeding 40 MPa of compression strength.
Although there is difference in the strengths for high-strength concrete, it was

confirmed that the strengths of struts and nodal regions are similar in all design
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criteria for concrete structures with normal strength under 40 MPa. Therefore,

it is deemed that the current STM designs of bridge pier cap, which usually uses

normal-strength concrete, show similar design results regardless of design code.

It is necessary to verify the validity of the effective design strength by design

codes in case of pier caps where high strength concrete is used.
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II1. STM for Efficient Bridge Pier Cap Design

3.1. Introduction

There is no standard section in bridge pier cap in Korea, and details such
as dimensions of geometry and reinforcement are determined at designer's
discretion. This flexibility in design of pier caps leads to the design of pier caps
in a variety of geometrical and structural environments, enabling various
designs according to the design environment and the capability of the designer.
However, in the absence of direction for efficient STM designs, this versatility
may violate the consistency in designs and cause confusion such as excessive
designs. Therefore, it is necessary to identify limitations in the STM design of
pier caps by investigating and comparing the design status of the current bridge
pier cap, and further to present the design direction that should be considered
for the design of the bridge pier cap through an analysis on the reinforcement

arrangement following the STM layout.

In this chapter, a comparison and analysis of the design cases of existing
bridge pier caps are conducted to provide direction for the efficient STM design
of pier caps. Chapter 3.2 identifies and analyzes design features such as
specifications of pier caps, load characteristics, the amount of flexural and shear
reinforcement based on the existing design data of various pier caps. Chapter
3.3 investigates the design characteristics in different STM layouts for the T-
type pier caps. Chapter 3.4 presents the design guidelines for strut-and-tie
models of pier caps for more efficient layout of rebars based on the previous

analyses.
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3.2. Study on Design Examples of Pier Caps

To compare the design characteristics of the pier caps, various design
examples of bridge pier caps were collected, and a total of 20 cases were
obtained. However, some of the data were excluded because it was not possible
to calculate the rebar ratio of the pier caps. Other types of piers except both T-
type piers, which are the main type of bridge pier, and Il-type piers were
excluded. As a result, a total of 11 design examples for the T and I1-type bridge
pier caps (seven for domestic and four for overseas data) were collected, and

properties of design examples of bridge pier cap were summarized in Table 3.1.

As shown in Table 3.1, of the total 11 design data for bridge pier caps, the
bridges except bridge number 9 are highway bridges. According to the type of
bridge, there are seven T-type piers, two Il-type piers, and one Bent Cap and
Cap Beam, respectively. The length of pier cap and the load distribution applied
to pier cap are primarily determined by the support bearings corresponding to
the superstructure. On the other hand, sectional depth of pier cap was found to
vary from 1,500 mm to 3,200 mm. Unlike normal beam members, pier cap has
a large width corresponding to the sectional depth, which is affected by the
width of the support bearings. The current designs of pier caps do not use high-
strength materials until now, but mainly uses normal-strength concrete and

rebars.

The amount of reinforcement for a total of 11 design data of pier caps was
organized in Table 3.2. Reinforcement ratios of tensile reinforcement,

compressive reinforcement, vertical shear reinforcement, and horizontal shear
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reinforcement were derived with reference to drawings and structural
calculations. Distribution of shear reinforcement ratio is shown in Figure 3.1.
In the graph, x-axis indicates horizontal shear reinforcement ratio and y-axis

presents vertical shear reinforcement ratio.

As shown in Figure 3.1, it was confirmed that most shear rebar ratios of
the pier caps designed based on the current strut-and-tie model are distributed
within 0.6%. Though, some of the design cases for the pier caps in Korea
(bridge number 3, 4 and 6) showed excessive shear rebar ratio of the vicinity of
1%. In most design cases, horizontal shear reinforcement was less than the
vertical shear reinforcement, but horizontal rebar was accompanied by a
somewhat corresponding amount to vertical rebars. All members with
excessive shear reinforcement ratio were designed based on STM. And bridge
number 3 and bridge number 5 with similar design load and dimensions were
found to show different amount of shear reinforcement even though they were

designed with STM.
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Table 3.1 Properties of existing design cases of bridge pier cap

Bridge number 1 2 3 4 5 6 7 8 9 10 11
Nation Domestic Abroad
Bridge type Highway Railway Highway
Pier cap type T II T IT T T T T T Bent cap Cap Beam
Design method U“‘“‘stisgt;e"g‘h Limit State Design (STM) Ult‘mnggie“gth Limit (ssti‘rtfdl))es‘g“
= Length 12,000 | 24,000 12,400 24,500 12,400 11,800 10,500 4,100 10,000 6,500 14,350
g
=
2 Depth 3,100 3,200 3,200 3,000 3,200 3,200 2,700 1,500 2,700 1,700 1,800
:
& Width 2,500 3,000 2,500 2,500 3,000 2,900 2,700 1,500 2,500 2,100 2,000
Designload | DP2% | DB | KLs10 | KLSI0 | KLS10 | KLS10 | KLS10 | HS20 | 50 2UOL | Nodata | Nodata
Load . . . . . . . . . . .
distribution 5-point 9-point 5-point 9-point 4-point 5-point 2-point 2-point 5-point 8-point 14-point
£ o | Concrete 40 40 40 40 40 40 40 38 30 34 50
2 &
ES
N Rebar 400 400 400 400 400 400 400 413 460 412 460
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Table 3.2 Reinforcement details of design cases of bridge pier cap

Num. Type Design Role Diameter | s n by | d Rebar
1 PC method of rebar of rebar (mm) (EA) ((mm)|(mm)| ratio
Tensile H29, H25 - 42,11 2,652 0.0049
Ultimate Compressive - - - - -
1 T Strength - 2,500
Design Vertical shear H22 250 - 0.0037
Horizontal shear H22 250 - 0.0045
Tensile H32 - 46 2,650 0.0040
Ultimate Compressive H29 - 23 2,420 0.0020
2 11 Strength - 3,000
Design Vertical shear H25 200 - 0.0051
Horizontal shear H25 250 - 0.0041
Tensile H32 - 72 2,849 0.0080
Limit Compressive - - - - -
3 T State - 2,500
Design Vertical shear H32 150 - 0.0127
Horizontal shear H32 200 - 0.0095
Tensile H32 - 63 3,012 0.0066
Limit Compressive H29 = 21 3,012 0.0018
4 II State - 2,500
Design Vertical shear H29 150 6 - 0.0103
Horizontal shear H29 200 6 - 0.0077
Tensile H32, H25 - 23,12 2,389 0.0028
Limit Compressive - - - - -
5 T State - 3,000
Design Vertical shear H22 250 - 0.0031
Horizontal shear H19 250 - 0.0023
Tensile H32, H29 - 23,23 2,895 0.0039
Limit Compressive - - - - -
6 T State - 2,900
Design Vertical shear H25 300 - 0.0084
Horizontal shear H22 250 - 0.0032
Tensile H32, H29 - 25,50 2,530 0.0076
Limit Compressive - - - -
7 T State - 2,700
Design Vertical shear H22 250 - 0.0034
Horizontal shear H19 250 - 0.0026
Tensile H32 - 10 1,500 0.0035
Ultimate Compressive - - - - -
8 T Strength - 1,500
Design Vertical shear H16 250 - 0.0021
Horizontal shear H18 200 - 0.0034
Tensile H25, H20 - 42,21 2,520 0.0043
Ultimate Compressive - - - - -
9 T Strength - 2,500
Design Vertical shear H16 200 - 0.0024
Horizontal shear H20 250 - 0.0030
Tensile H32 - 14 1,700 0.0031
Limit .
H. - 14 1 5
10 . State C0nl1press1ve 35 2,133 ,700 0.0037
Design Vertical shear H19 200 4 - 0.0027
Horizontal shear H13 178 2 - 0.0007
Tensile H32 - 39 1,664 0.0094
Limit Compressive H32 - 39 1,664 0.0094
11 n State - 2,000
Design Vertical shear H20 125 4 - 0.0050
Horizontal shear H20 125 2 - 0.0025
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Figure 3.1 Comparison of shear rebar ratio in design cases of pier cap

In order to determine the cause of excessive arrangement of shear rebar in
STM design of pier caps, the required bar spacings were derived according to
Equation 3.1 and 3.2 for a total of 7 bridge pier caps designed with STMs,
depending on the maximum member force acting on the vertical shear tie at the
design load. The required bar spacings are compared to the actual spacings
(shown in Table 3.3). ¢, is a reduction factor for the shear reinforcement, n
is the number of vertical shear rebar through the thickness of the pier cap, and

A, is a nominal cross-sectional area of the steel. f, is yield strength of

vertical shear reinforcement. b, is a thickness of pier cap, and F, is a
maximum force of vertical tie in STM. W, is a maximum effective width of

the vertical tie which has a maximum force. S, is a required spacing of
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vertical shear reinforcement, and p, ., is a required vertical shear

reinforcement ratio based on the Sy .

$<S,, =

(¢s'n'ﬂt'fvy) (3.1)

Weff
I:u

(n-A)

vreg T T Y 32
P, req (bw'sreq) (3.2)

According to Table 3.3, the spacings of vertical shear reinforcement for
bridge number 3, 4 and 6 with excessive arrangement are not designed to be
excessively conservative compared to the required rebar spacing required in
STM. In other words, the required amount of rebars in STM itself is designed
to be large, which depends on the magnitude of the maximum member force
acting on the vertical tie, so it is necessary to analyze the cause of the difference

in the maximum member force of each bridge.
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Table 3.3 Spacing of vertical shear reinforcement with maximum tie force

Bridge 4 A, fy | by, Fo | Wt | Seq | S Porg | Py
Num. (mm?) [ (MPa) | (mm) | (kN) | (mm) |(mm) |(mm)| (%) | (%)
31090 794.2| 400 |2,500(8,776| 790| 154 | 150 | 1.24| 1.27
4 10.90 642.4| 400 |2,500|5,582| 754| 187 | 150 | 0.82| 1.03
5 1090 387.1| 400 |3,000(3,206|1,600( 417 | 250 | 0.19| 0.31
6 [0.90 506.7| 400 |2,900|6,200| 792| 140 | 125 | 0.75| 0.84
7 10.90 387.1| 400 |2,700|5,937|1,885| 265 | 250 | 0.32| 0.34
10 ]0.90 286.5| 412 (2,100(2,337(1,677| 305 | 200 | 0.18] 0.27
11 [0.90 314.0| 460 |2,000|5,045|6,384| 658 | 125 | 0.10| 0.50
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3.3. Reinforcement in accordance with STM

Chapter 3.2 considered the design characteristics of the pier caps by
identifying the specifications, material properties, design load, and rebar ratio
of the pier caps in various design examples. Some of the pier caps designed
with STM have excessive shear reinforcement, and the direct cause of over-
reinforcement was not due to a more conservative design than the amount of
rebars required in the design, but due to the large member forces acting on
vertical shear ties of STMs applied in the pier caps. Therefore, it is necessary

to identify the effect of STM placement on the rebar ratio of the members.

Chapter 3.3 analyzes the validity of STM configuration through bridge
number 3 and bridge number 5, which show great difference in shear
reinforcement ratio despite of similar specifications and load characteristics.
And the effect of shear tie arrangement on shear reinforcement ratio is analyzed.
Furthermore, the change in the amount of rebar with the various STM
configuration is determined. Through this, a strut-and-tie model with efficient

rebar arrangement of bridge pier cap is proposed.
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3.3.1. Stress Distribution in accordance with Elastic Analysis

In order to establish a strut-and-tie model properly on the bridge pier cap,
it is recommended to identify the stress flow of the structure under loading and
position struts and ties to fit in the flow of tensile, compressive and shear stress.
A two-dimensional linear elastic finite element analysis was performed to
identify the validity of strut-and-tie models in bridge numbers 3 and 5 with
similar structural environment among the existing design cases of pier caps.
From the elastic analysis results, the stress distributions were identified, and

STM elements were arranged in accordance with the stress flow.

3.3.1.1 Bridge number 3

A linear analysis of the two-dimensional elastic finite element model was
conducted using the commercial finite element analysis program, DIANA, to
identify the stress flow for the load distribution of bridge number 3. Though
Figure 3.2 shows the altitude difference due to the curvature of the roadway,
the vertical elevation at the top of pier cap was ignored in the analysis. In
addition, only a portion of the column was simulated, with a hinge on one end
of the column and a roller point on the other. A five-point load, due to the

superstructure consisting of 5 I-type girders, at SLS was applied to the structure.

The results of an elastic analysis are shown in Figure 3.3. The flow of
stress distribution shows that principal tensile stress is applied to the top of the
member shown in Figure 3.3 (a), since the pier cap is kind of cantilever beam.
For principal compressive stresses, the tendency of the compression stress to

transfer from the load point to the column is shown in Figure 3.3 (c). Stress
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concentration occurred at the load point and at the interface between the column
and the bottom of the pier cap. In the case of shear stress, it is shown that the
shear stress occurs in the area between the outer part of the column and the
inner and outer load points, and the largest shear stress occurs in the area
between the outer part of the column and the inner load point, as shown in
Figure 3.3 (). It is easy to predict where the greatest shear force occurs at the
pier caps, corresponding to the fact that vicinity of the support of cantilever

beam is the critical section for shear stress.

Afterwards, each element of the STM is placed to reflect the stress flow

acting on the member obtained through the elastic analysis.

As shown in Figure 3.3 (b), the tensile tie is located at the top of the
member and the tensile tie is placed in the corresponding position considering

the arrangement of longitudinal reinforcement.
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Figure 3.2 Dimensions and load distribution of pier cap (Bridge number 3)
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:::::

(c) (d)

(e) (H
Figure 3.3 Cauchy total stresses for elastic analysis and corresponding STM
elements (Bridge number 3): (a) S1: Tensile principal stress; (b) Tension ties;
(c) S2: Compressive principal stress; (d) Compressive strut; (e) Sxy: Shear

stress; (f) Shear ties

For compressive struts, it is reasonable to position strut elements as shown
in the red line in Figure 3.3 (d), since the principal compressive stress flows to
the column at the 5 load points. The blue line is the dummy elements caused by

placing a vertical shear tie regardless of the stress flow.
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The vertical shear ties are positioned in the area of shear stress as the shear
stress occurs between the outer part of the column and the outer load point as
shown in Figure 3.3 (e). When looking at the actual layout patterns of the shear
ties used to design bridge number 3, as shown in Figure 3.3 (f), additional
vertical shear ties were placed in the position expected to be the shear critical
section between the outer part of the column and the inner load point, together

with the vertical ties between the outer load point and the inner load point.

3.3.1.2 Bridge number 5

Linear analysis of the 2-D elastic finite element model was also performed
to identify the stress flow acting on bridge number 5. As shown in Figure 3.4,
the actual pier cap receives the load through the support bearings at the top of
the pier cap. Since the presence of a support bearings does not significantly
affect the flow of stress, the stress flow was analyzed for the model where the

point loads were applied. Similarly, the elevation in the pier cap was ignored.
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Figure 3.4 Dimensions and load distribution of pier cap (Bridge number 5)
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In addition, only a portion of the column was modeled with a hinge on one
end of the column and a roller point on the other. A four-point load, due to the

superstructure consisting of 4 I-type girders, at SLS was applied to the structure.
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Figure 3.5 Cauchy total stresses for elastic analysis and corresponding STM
elements (Bridge number 5): (a) S1: Tensile principal stress; (b) Tension ties;
(c) S2: Compressive principal stress; (d) Compressive strut; (e) Sxy: Shear

stress; (f) Shear ties
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The stress distribution in Figure 3.5 confirmed that tensile stress is on the
top of the pier cap because the member is type of the cantilever beam same as
bridge number 3. Principal compressive stress is shown to be transmitted from
the load points to the column. Shear stress occurs in the area between the outer
part of the column and the outer load point, and it is maximum at the region

between the outer part of the column and the inner load point.

The layout of strut-and-tie model in the actual design reflecting the stress
flow of the pier cap is shown in Figure 3.5 (b), (d), and (f). The tensile tie is
located at the top of the member and the tensile tie is placed in the

corresponding position considering the arrangement of flexural reinforcement.

For compressive struts, strut elements were positioned as shown in the red
line in Figure 3.5 (d), since the principal compressive stress flows to the column
at the 4 load points. The blue line is the dummy elements caused by placing a

vertical shear tie regardless of the stress flow.

For shear ties, the vertical shear ties are positioned in the area where the
shear stress occurs as shown in Figure 3.5 (f). In contrast with the actual layout
patterns of the shear ties used to design bridge number 3 shown in Figure 3.3
(f), no additional vertical shear ties were placed in the position expected to be
the shear critical section between the outer part of the column and the inner load

point.
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3.3.2. Rebar Ratio in accordance with Vertical-Tie-Arrangement

As discussed in 3.3.1, the vertical shear ties in the strut-and-tie model of a
typical T-type pier caps are determined at the discretion of the designer. Shear
stress flow shows that the largest shear stress acts in the area between the
column and the inner load point, and some designers thereby place additional
vertical ties in the area expected to be shear critical section. According to
researchers such as Schlaich et al. (1987), MacGregor and Wight (2005), and
Williams et al. (2012), however, vertical ties as less as possible are considered
to be more efficient designs. From this point of view, additional vertical tie
arrangement may cause more shear reinforcement than is necessary. To
examine the effect of vertical ties on the design of rebars, the reinforcement
ratios required for various vertical tie layouts in the STM design examples of

pier cap such as bridge number 3 and bridge number 5 were derived.

3.3.2.1 Bridge number 3

In the STM used in the design example, additional vertical shear ties,
element C and D, are placed between the column and the inner load points, as
shown in Figure 3.6 (a). In order to identify the effects of these additional ties,
STM without element C and D are selected (shown in Figure 3.6 (b)). For STMs
denoted by Type 1 and Type 2, respectively, the truss analyses at the ULS loads
were conducted to identify the member forces acting on the vertical tie elements,

shown in Table 3.4.
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Figure 3.6 Type of STM applied with different vertical shear tie arrangement
and corresponding elements (Bridge number 3): (a) Type 1: Existing STM; (b)

Type 2: STM with additional ties at the location of inner load point
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Table 3.4 Forces of vertical ties with various disposition (Bridge number 3)

Element | A B C D E D
Type of STM Forces of vertical ties (kN)

Type 1 3,683 | 2,154 | 8,452 | 8,776 | 2,371 | 4,049
Type 2 3,683 | 2,550 - - 2,801 | 4,049

Table 3.5 Required vertical shear rebar ratio (Bridge number 3)

Typ e ¢S n A512 fvy l:K/v I:u Weff Sreq pv, req
(mm?®) | (MPa) | (mm) | (kN) | (mm) | (mm)| (%)
1 8,776 790| 154 1.24
—090| 6 | 794.2| 400 |2,500
2 4,049(1,225| 519 0.37

The required vertical shear reinforcement ratios of STMs calculated with
Equation 3.1 and Equation 3.2 at the given member forces of vertical shear ties

are shown in Table 3.5.

If unnecessary vertical ties are placed between the column and the inner
load points like Type 1, the vertical tie will have a large member force and the
maximum effective width which the vertical tie covers will also be reduced,
resulting in a large vertical shear reinforcement ratio. If vertical ties are not
placed, such as Type 2, the required rebar ratio is reduced by about a third

compared to Type 1.
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3.3.2.2 Bridge number 5

In the STM used in the actual design, no vertical shear ties were placed in
the area expected to be the shear critical section between the column and the
inner load points, as shown in Figure 3.7 (a). To identify the effect of additional
vertical ties on reinforcement ratio, STM expressed in Type 2, 3 and 4 were
selected as follows. For each STM, a truss analysis was performed at the ULS
load and the resulting member force acting on the vertical tie element is shown

in Table 3.6.

In Type 2, where additional vertical shear ties B and G are placed at the
inner loading point, the member forces act on the additional vertical shear ties
as shown in Table 3.6, but there is no change in the magnitude of maximum

member forces in vertical ties.

In Type 3, where the addition of vertical shear ties B and G at the location
of the inner loading point and the addition of vertical shear ties D and E at the
location of the column occur, there is also no change in the magnitude of
maximum member forces because the loads do not transfer to the vertical ties

DandE.

In Type 4, where the additional vertical shear ties C and F are placed in
the center of the area between the outer part of the column and the inner loading
point, the load transfer path changed, resulting in a large member force for the
ties C and F of about 7,000 kN. Same as bridge number 3, placing unnecessary
vertical ties between the column and the inner loading points in bridge number

5 also causes excessive reinforcement in the STM design.
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Figure 3.7 Type of STM applied with different vertical shear tie arrangement
and corresponding elements (Bridge number 5): (a) Type 1: Existing STM; (b)
Type 2: STM with additional ties at the location of inner load point; (¢) Type
3: STM with additional ties at the location of column; (d) Type 4: STM with

ties between location of inner load point and column
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Table 3.6 Forces of vertical ties with various disposition (Bridge number 5)

Element | A B C D E F G H
Type of STM Forces of vertical ties (kIN)
Type 1 3,206 | - - - - - 13,124
Type 2 3,209 | 2,311 | - - - 12250 3,128
Type 3 3,209 | 2,311 - 0 0 - 2,250 | 3,128
Type 4 3,209 | 2,282 | 7,370 0 07,271 | 2222 | 3,128
Table 3.7 Required vertical shear rebar ratio (Bridge number 5)
Typ e ¢ n Ast fvy bw I:u Weff sreq pv, req
S
(mm?) | (MPa) | (mm) | (kN) | (mm) [ (mm) | (%)
1 3,206|1,600| 417 0.19
2 3,209|1,600| 417 0.19
— 090 | 6 | 387.1] 400 |3,000
3 3,209|1,600| 417 0.19
4 7,370 800| 91 0.85

The required vertical shear reinforcement ratios in STMs with the member

forces of given vertical shear ties are shown in Table 3.7.

If unnecessary vertical ties are placed between the column and the inner

loading points, such as Type 4, the additional vertical tie will have a large

member force and the maximum effective width of the vertical tie will also be

reduced, resulting in a large vertical shear reinforcement ratio. Unnecessary

vertical ties placed in STM design of Type 4 lead to excessive design of shear
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reinforcement, with the vertical shear rebar ratio increased by about 4.5 times

compared to Type 1.

Through the contemplation of the rebar ratio with various vertical shear
tie arrangement in STMs for the design cases of bridge pier caps, it is confirmed
that unnecessary vertical tie arrangement can result in excessive shear
reinforcement. Therefore, it is necessary to avoid unnecessary vertical ties in

order to reasonably assign shear rebars in the STM design of pier caps.
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3.3.3. Vertical-Tie-Arrangement in Design Examples

In the strut-and-tie model of pier caps, it was confirmed that unnecessary
vertical ties between the column and the inner load points considered as a shear
critical section cause excessive design of shear reinforcement. The bridge pier
caps with large shear reinforcement shown in Figure 3.1 spring from the
unnecessary vertical shear ties in the STM. To verify this, the layouts of STM

in design examples of pier caps are shown in the following Figure 3.8.
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Figure 3.8 Elements of STM applied in the bridge pier cap designs: (a) Bridge
number 1; (b) Bridge number 2; (c) Bridge number 3; (d) Bridge number 4;

(e) Bridge number 5; (f) Bridge number 6; (g) Bridge number 7
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As shown in Figure 3.7, bridge number 3, 4, and 6 with relatively
excessive shear reinforcement placed the vertical shear ties in the areas between
the column and the inner load points, marked with dashed lines, considered to
be shear critical sections. In that, it is an inefficient design case in which shear

rebars are over-reinforced due to the deployment of unnecessary vertical ties.

As shown in Figure 3.9, the shear critical sections of the pier caps
generally occur in the area adjacent to the column. Due to these distributions of
shear stresses, some designs place vertical shear ties at shear critical section,
but these tie arrangements are a cause of over-reinforcement of vertical shear
rebars. Thus, it is necessary to select STMs reasonably for efficient rebar

designs.

(b)

Figure 3.9 Examples of shear stress distribution of bridge pier caps: (a) T-type

pier cap; (b) m-type pier cap
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3.3.4. Forces in STM with Various STM Configurations

In addition to the placement of vertical shear ties, generally determined at
the discretion of the designer, details of the STM arrangement, such as the
distance from the top and bottom of the structure to the tensile ties and
compression struts, and the width of the column compression struts, are
determined at the discretion of the designer. In order to understand the change
in member forces of the truss models with these detailed STM layout, the
following is considered for more efficient STM layout, using bridge number 5

as an example.

3.3.4.1 Disposition of tensile tie and strut considering stress distribution

In the STM model, tensile ties are placed where flexural rebars are
arranged in the member because only rebar is assumed to play all the roles of
tension. In the STM of bridge number 5, the tensile ties are placed 125 mm

from the upper end of the section.

The compressive strut at the bottom is located considering the distribution
of sectional stress based on the elastic analysis of the pier cap. Figure 3.10
shows the distribution of the compressive stress on a section at center of the
pier cap. The compressive struts are located at the position of line of action for
the distribution of the stress. For bridge number 5, the compressive struts shall

be located at the location 570mm above from the bottom of the section.

In the existing STM design of bridge number 5, tensile ties were placed at
the position of arranged rebars, but the compressive struts were placed at

410mm above from the bottom of the section. In other words, the compressive
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struts at the bottom are located 160mm lower than the STM design based on

the stress distribution.
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Figure 3.10 Compressive stress distribution at center of bridge number 5
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Figure 3.11 Element designation of bridge number 5
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The truss model of STM, which positioned the upper tie and bottom struts
considering the line of action of stress distribution in the pier cap, was analyzed.
The analysis results of the member force acting on the vertical ties are shown

in Table 3.8. Each element is designated in Figure 3.11.

The forces of the member acting on the vertical ties were reduced about
6% by positioning the compression struts at the location of the net compressive

force acting in the elastic stress distribution.

Table 3.8 Vertical tie’s force in STM considering section stress of pier cap

Element A H
Type of STM Force of vertical ties (kN)

Existing STM 3,205 3,124

Redesigned STM

A . 3,017 2,941
considering section stress

Ratio (%) 94% 94%

Table 3.9 Tension tie’s force in STM considering section stress of pier cap

Element B C D E F G
Type of STM Force of tension ties (kN)

Existing STM 4,584 | 7,070 | 8,003 | 7,810 | 6,884 | 4,460

Redesigned STM

L . 5,030 | 7,519 | 8,511 | 8,305 | 7,321 | 4,894
considering section stress

Ratio (%) 110% | 106% | 106% | 106% | 106% | 110%
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Meanwhile, the member forces acting on the tensile ties tended to increase
as shown in Table 3.9, increasing the maximum member force which
determines the amount of flexural reinforcement by about 6%. Reducing the
distance between the upper tensile tie and the lower horizontal compression
strut makes the moment arm decrease, and the member forces acting on the top

and bottom of the STM elements shall be increase to resist the same moment.

It is recommended that the pier cap is designed to reduce the amount of
shear reinforcement where interference with the column reinforcement occurs
significantly, by reducing the member force acting on the vertical tie with the

STM arrangement corresponding to the elastic stress distribution.
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3.3.4.2 Forces in accordance with position of column strut

Stress distribution of the cross section of the column in contact with the
pier cap is shown in Figure 3.12. In the existing STM design, the compressive
struts of the column were placed 216 mm from the column cover, without
positioning them at the line of action of the stress distribution. The location of
column strut is adjusted to 500 mm away from the cover corresponding to the

stress distribution.

Truss analysis of the STM reflecting stress distribution of the column was
performed, and the results were compared to those of existing STM. The
member forces for vertical ties are compared in Table 3.10, and the member

forces for tensile ties are shown in Table 3.11.
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Figure 3.12 Compressive stress distribution at column section of bridge

number 5
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Table 3.10 Vertical tie’s force in STM considering section stress of column

Element A H
Type of STM Force of vertical ties (kN)

Existing STM 3,205 3,124
e 2,899 2,826

considering section stress
Ratio (%) 90% 90%

Table 3.11 Tension tie’s force in STM considering section stress of column

w ’ ‘ C ‘ D ‘ E ‘ F ‘ G
Type of STM Force of tension ties (kN)

Existing STM 4,584 | 7,070 | 8,003 | 7,810 | 6,884 | 4,460

Redesigned STM

L . 4,988 | 7,288 | 8,721 | 8,518 | 7,096 | 4,853
considering section stress

Ratio (%) 109% | 103% | 109% | 109% | 103% | 109%

As the width of the column struts was narrowed, the diagonal struts in the
pier cap were laid out more horizontally. And the force of the tensile tie was
increased by about 9% to meet the equilibrium, and the member force of the
vertical tie decreased by about 10%. From the results, it is confirmed that setting
the width of the column to fit in the stress distribution of the column requires

less vertical shear reinforcement.
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3.4. Proposal of STM Design Guidelines for Pier Caps

with Efficient Reinforcement Arrangements

Through the analyses on the design status of strut-and-tie model and the
amount of shear reinforcement with STM layout of bridge pier caps, the
following STM design guidelines for pier caps with efficient reinforcement

arrangement were proposed.

1. Avoid vertical ties between column and adjacent load point to prevent

excessive design of vertical shear reinforcement.

2. Reinforcement required in STM is structurally enough because STM design

1s kind of lower-bound solution.

3. It is enough for horizontal shear rebar to follow the rules of minimum

distributed rebar mesh in deep components.

4. Design the strut-and-tie model of pier caps considering the elastic stress

distribution.

The STM design of pier caps, based on the analyses in 3.3.2 and 3.3.3,
shall prevent the over-reinforcement of vertical shear rebar by not placing
additional vertical shear ties at the location of shear critical section, an area

adjacent to the column.

STM-based design is a lower-bound solution as mentioned in 2.2.3 and
produces conservative design results when properly designed. However, many

of pier cap designs are unnecessarily conservative with more reinforcement
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than required in STM. It is not necessary to assign excessive amount of rebars

than the required amount in STM.

Horizontal shear reinforcement is not considered in the typical STM
designs of pier cap. In other words, there is no need to include horizontal shear
reinforcement in truss behavior and in tied-arch behavior. However, as
discussed in 3.2, the amount of horizontal shear reinforcement is similar with
that of vertical shear reinforcement without any basis. This may result in more
horizontal shear reinforcement than is required. Therefore, as shown in 2.3.3.2,
excessive placement of horizontal shear reinforcement might be mitigated by
just following the minimum mesh rules required for serviceability in deep

beams.

When forming a strut-and-tie model, it is recommended that each element
be positioned according to the stress distribution acting on the member. The
analyses in 3.3.4 confirmed a slight increase in the amount of vertical shear
reinforcement when the distances between the bottom strut and upper ties and
between the column strut and the column cover are not correspond to the line

of action in the stress distributions.
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IV. Experimental Verification

4.1. Introduction

Through a discussion and analysis on the design of strut-and-tie models of
pier caps, the STM design guidelines for pier caps with more efficient
reinforcement were proposed. To ensure the validity of the proposed design
guidelines, an evaluation of structural safety and serviceability of bridge pier
caps designed based on the guidelines is required. To this end, a scaled model
test was conducted to simulate the structural behavior of the bridge pier caps

designed with the proposed design guidelines as load increases.

This chapter covered the details of a scaled model test of highway bridge
pier caps. Scaled model test is generally performed to simulate the structural
behavior of a real structure where assessment limitations exist. This study tried
to eliminate the size effects as much as possible by testing with specimens of a
similar size to the size of real structures. Accordingly, the test was carried out
using a strong wall and floor system and static hydraulic actuators at the Hybrid
Structural Testing Center. In addition to evaluating the structural safety and
serviceability of the proposed design guidelines, identifying the effect of
horizontal shear rebar and loading positions on the behavior of the structure is
also needed. To achieve these goals, a total of three cases of scaled models for
the T-type pier caps was constructed. This chapter describes target structures,
scale factor, specimens, material properties, fabrication, test load, equipment,
measurement, and test procedures. In addition, the evaluation was performed

by measuring deflections, cracks, and rebars and concrete strains.
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4.2. Test Program

4.2.1. Target Structure

Korean highway bridge pier caps were selected as the target structures for
the experiment. In order to determine the effect of loading position (the number
of support bearing) on the behavior of the pier cap, bridge number 5 under 4-
point load and bridge number 7 under 2-point load, with similar specifications,
were selected as target structures. The dimensions of the selected target
structures are shown in Figure 4.1 and Figure 4.2. In general, 2 to 5 support
bearings are used in the T-type highway bridge pier caps depending on the
superstructure. The equivalent load shall be applied at each loading position in
order to simulate the load from the superstructure. Accordingly, the pier caps
under 5-point load were excluded from the target structure, considering the
constraints of hydraulic actuators, dimension of specimens and frames, and

capacity of the equipment.

The existing STM designs for the target structures are relatively efficient
designs designed without unnecessary vertical tie arrangement. Details of
rebars in existing designs are shown in Table 4.1 as Case A and Case B.
According to the proposed STM design guidelines of bridge pier cap, three
experimental cases were selected by redesigning bridge number 5 and 7. Case
1 and Case 2 are designed satisfying the design guidelines. Horizontal shear
reinforcement in Case 1 was only assigned as much as necessary for the
fabrication by excluding the effects of horizontal shear reinforcement as

possible. Case 2 is based on 0.2% horizontal shear reinforcement in the
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minimum distributed mesh rule of deep beams provided by KHBDC (2015).

Case 3 is the design of bridge number 7 according to the guidelines. The

required reinforcement ratio in STM for each member is given in Appendix A.

Table 4.1 Reinforcement detail of experimental cases

Rebar ratio (%)
Case Note
'0 pv ph
A 0281031023 Existing relnforcemf:nt detail of bridge # 5
(4-point load)
B 107610341026 Existing relnforcemf:nt detail of bridge # 7
(2-point load)
Satisfying proposed STM design guidelines
1 0.26 | 0.19 | 0.06 for bridge # 5
(No horizontal shear reinforcement)
Satisfying proposed STM design guidelines
2 1026|0201 0.20 for bridge # 5
(Minimum horizontal shear rebar for serviceability)
Satisfying proposed STM design guidelines
3 0.67 | 0.32 | 0.20 for bridge # 7
(Minimum horizontal shear rebar for serviceability)
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4.2.2. Model-to-prototype Scale

Due to the constraints of experimental facilities in Korea, there are
considerable difficulties in the test of real-size bridge pier caps. This requires
scaled model tests of the target structures in order to conduct a static loading
test. The target structure was scaled down to be as large as possible with the
scale factor of length so that to exclude as much as possible the size effect.
Applying similitude law to the target structure, the specifications of the test
specimens, the rebar cross section and the volume, total load size, and the
position of loading were established. The scale factor of length was derived

taking the following limitations into account:

1. Ease of on-site fabrication of specimens and transportability at test facility

N

Suitability with rebar products and down-scaled rebar dimensions

3. Size and capacity of load and hydraulic equipment acting on specimens

4. Constraints of experimental facility

The maximum total loads of the prototypes were expected through a
commercial nonlinear finite element analysis program (DIANA), and the
maximum total loads of three experimental cases of scaled models were

obtained with scale factor of length. Those are presented in Table 4.2.
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Table 4.2 Expected load resistance capacities of scaled models

Total load Load for support (kN)
Scale | Case
(kN) Outer left | Inner left | Inner right | Outer right
1 41,552 10,388 10,388 10,388 10,388
Prototype| 2 45,600 11,400 11,400 11,400 11,400

3 35,872 17,936 17,936

1 10,388 2,597 2,597 2,597 2,597
50% 2 11,400 2,850 2,850 2,850 2,850

3 8,968 4,484 4,484

1 8,416 2,104 2,104 2,104 2,104
45% 2 9,236 2,309 2,309 2,309 2,309

3 7,264 3,632 3,632

1 6,648 1,662 1,662 1,662 1,662
40% 2 7,296 1,824 1,824 1,824 1,824

3 5,740 2,870 2,870

The number of hydraulic actuators that can be installed in the cross beam

of frames is up to three, considering the specifications of the cross beam and

the hydraulic actuators. In these limitations, for 4-point loads, as shown in Case

1 and Case 2, the loads acting on the both inner sides shall be applied to one

hydraulic actuator. Since the maximum capacity of the hydraulic actuator is

5,000 kN, it is not possible to apply 50% of the scale factor. Also, 45% of the

scale factor is not applicable due to the maximum capacity of the cross beam

of 8,000 kN.
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Table 4.3 Spacing between actuators for scaled models

Length of | Space of | Space of | Minimum
Scale | Case | pier cap support actuator space Satisfaction
(mm) (mm) (mm) (mm)
1,2 6,200 1,625 2,437 Satisfied
50%
3 5,250 3,770 3,770 Satisfied
1,2 5,580 1,462 2,193 Satisfied
45% 1,500
3 4,725 3,393 3,393 Satisfied
1,2 4,960 1,300 1,950 Satisfied
40%
3 4,200 3,016 3,016 Satisfied

The width of the 5,000 kN hydraulic actuator is 900 mm and the minimum
distance between the hydraulic actuators to prevent interference between them
is 1,500 mm. Therefore, when installing the hydraulic actuators, it shall be

determined whether proper distances between the hydraulic actuators are

secured as shown in Table 4.3.

Depending on the capacity and specifications of the test equipment, the

maximum scale factor of length, 2/5, was applied to the scaled models.



4.2.3. Dimension of Specimens

Applying the scale factor of 2/5, the specifications of the scaled model on
the target structures shown in Figure 4.1 and Figure 4.2 are shown in Figure 4.3
and Figure 4.4. It is assumed that there is no elevation in the top of pier caps
for ease of test. In addition, only part of the total length of the column was
simulated, considering the height of the specimens and the hydraulic actuator.
The specifications of each component of the specimens in test cases are
summarized in Table 4.4. A total weight per specimen, including the pier cap,

the column, and the basement, is up to approximately 25 Ton.

Table 4.4 Properties of member’s dimension for experimental cases

Dimension (m) Volume | Weight
Class Case : 3
Length | Width | Depth (m) (Ton)
1
4.96 1.20 1.20 5.57 13.93
Pier cap 2
3 4.20 1.08 1.06 3.71 9.28
! 1.00
(Diaineter) 0.80 0.63 1.58
Column 2
0.72
3 (Diameter) 0.80 0.33 0.83
1
Basement 2 2.00 2.00 1.00 4.00 10.00
3
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4.2.4. Material Properties

Table 4.5 Material properties of target structure

Design strength .
(MPa) Pier cap Column Basement
Concrete f 40 40 27
Longitudinal f
reinforcement y 400 500 500
. Shear fvy 400 400 400
reinforcement

The specified compressive strength of concrete and the specified yield
strength of reinforcing steel bar used in the scaled models were set to have the
material properties applied to the target structure. The design strength of each
material in the target structure is as shown in Table 4.5. The specified
compressive strength of concrete at the basement, not the member of interest,
was increased to 40 MPa to prevent the basement from being failed during the

test.

4.2.4.1 Concrete

The specimens were fabricated with the sequence of construction by step,
in three stages: basement part, column part, and pier cap part, as in the stage of
the general pier cap construction. Since the maximum capacity of a single
concrete batch was 6 m?, it was not possible to place basements or pier caps for
all three cases with a single concrete batch. Therefore, the basements or the pier

caps were inevitably placed using one concrete batch per case, and the concrete
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mix proportion for each member was set to be same. The column was relatively
small in volume, so the columns for all three cases were covered by a single
batch of concrete. As shown in Table 4.6, a total of seven batches of concrete
were used, using three types of concrete mix proportions. For all types of
concrete mix proportions, a typical Type I Portland cement was used and the
maximum aggregate size was 25mm. Target slump was 150mm and high-range

water-reducer (HRWR) was used for the fluidity of concrete.

Concrete cylinders with a size of 150 x 300 mm for each batch were placed
with the specimens in the same place to be cured on site in the same condition.
The compressive strength test of three cylinders for each batch was performed
using the Universal Testing Machine (UTM) in the Seoul National University,
and the results were shown in Table 4.7. Elastic modulus was averaged by

obtaining the secant elastic modulus at 0.4 f_, in each cylinder.

Table 4.6 Concrete mix proportion of each batch for tests

Unit weight

Batch fo .(kg/m3)
(MP2) | Water | Cement Fine Coarse Admixture
aggregate | aggregate

Note

Basement

(Case 1)

Basement
(Case 2)
Basement
(Case 3)

2 40 170 480 730 993 4.80

Column

4 40 166 480 720 993 4.32 (All Case)

Pier cap

(Case 1)

Pier cap

(Case 2)

Pier cap
(Case 3)

6 40 149 490 725 1,010 4.90
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As a result of the compressive strength test, the average compressive
strength of concrete on the pier cap was less than 40 MPa, the specified
compressive strength. However, there is not much difference in the strength of
the pier cap in each test case, and the results for that strength are available as
conservative metrics for the structural safety assessment for the specified
compressive strength, so it is not an issue for the performance evaluation of the

specimens.

Figure 4.5 Setting of unconfined compression test of cylinder with UTM
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Table 4.7 Unconfined compression test results for cylinder specimens

Class Case ! f. e E.
(days) | (MPa) (MPa) (MPa)
1 41 40 35 25,542
Pier cap 2 33 40 32 25,176
3 41 40 36 24,991
1 55 40 54 34,679
Basement 2 55 40 57 35,708
3 55 40 57 36,117
Column all 51 40 53 35,613

Details of the test results by cylinder of the compressive strength test are
given in Appendix B. Since the 7-day compressive strength was obtained for
the prediction of 28-day compressive strength, no strain measurement by Linear
Variable Differential Transformer (LVDT) was performed, separately. There
was no need to derive stress-strain curve and the secant elastic modulus at the

7-day compressive strength tests.
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4.2.4.2 Reinforcing steel bars

The sectional areas of rebar in 2/5 scaled specimens are reduced to the
square of the scale factor of length. However, since rebars are produced as
standard products, rebar specifications with the most approximate values were
used for the reduced sectional areas. Errors in the amount of rebars that appear
due to the manufactured reinforcement were minimized by adjusting the

spacing of rebar.

The standard products of rebar used in the test were three types of SD400
(D10, D13, D16) and one type of SD500 (D10). Uniaxial tension test of
reinforcing steel bar was performed for all types of rebar specimens used in the
fabrication. The test was carried out, as shown in Figure 4.6, using UTM at the
Seoul National University. The test results of the specimens are summarized
and presented in Table 4.8 and Figure 4.7. As a result of the test, all specimens

have a yield strength exceeding their design yield strengths.

Table 4.8 Details of reinforcing bar properties

g 3 f gsh gu fu Es
Type |Diameter J Y
x10%) | (MPa) | (x107) | (x10%) | (MPa) | (MPa)

D10 4.16 436 34.29 188.46 548 200,000

SD400| D13 4.17 436 20.83 154.17 610 200,000

D16 4.14 425 15.24 132.69 620 200,000

SD500| D10 4.83 558 17.31 115.38 677 200,000
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Figure 4.6 Setting of uniaxial tension test of deformed rebar with UTM
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4.2.5. Manufacture of Specimens

Scaled-model specimens (total of 3) for the target structures were
manufactured with rebar details designed according to the proposed STM
design guidelines. The construction of the specimens was performed in three

stages in accordance with the following sequence.

1. Rebar assembly of basements and columns and placement of basement

2. Concrete placement of columns

3. Rebar assembly and concrete placement of pier caps

In order to minimize damage to the gauge attached to rebars during
concrete pouring, it was poured at the edges of the molds, and the use of vibrator

for concrete compaction was also paid utmost attention.

4.2.5.1 Reinforcement detail in specimens

The specimens were constructed in a separate fabrication area with the
details of the arrangement shown in Figure 4.8, Figure 4.9, and Figure 4.10. In
Case 1 of Figure 4.8 (a), the horizontal shear reinforcement was not assigned
through the width of pier cap, but only as much as is required for the assembly

at each face of pier caps.

Under the current design of the bridge pier cap, the development length of
the longitudinal reinforcement of the column is extended to the top of pier cap.
In addition, in the current existing designs, the lateral ties in columns is also

placed to the top of pier caps, causing inefficient designs due to interference
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with the reinforcement of the column and the shear rebar in the pier caps. Park
et al. (2013) verified that the development length of the column rebar does not
significantly affect structural behaviors until ULS even if the minimum
development length required in design codes for minimizing interference with
the column rebar and shear reinforcement of the pier cap was used. In this study,
for minimizing interference, the minimum amount of the development length
of the longitudinal rebar and the lateral ties in the column was used. According
to KDS 14 20 50:4.4.2 (3), the placement of the top end tie in the column is
completed 40 mm below the compressive reinforcement in the pier cap. In
addition, the longitudinal reinforcement of the column was positioned such that
it would be end at 500 mm above from the position where the column and the
pier cap would be in contact with each other to satisfy KDS 14 20 52: 4.1.2 (2).
Details of the placement of these column rebars are given in Figure 4.8 and

Figure 4.10.
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Figure 4.10 Front view of specimens: (a) Case 1 and Case 2; (b) Case 3
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4.2.5.2 Fabrication of basement

Figure 4.11 shows the fabrication process of the basement. Rebars for
basement and column were assembled together, and the assembly was installed
in a mold. The specifications, lengths, and quantities of each rebar were
inspected. The effects of lifting lug’s position on the pier caps during the
transport and test were excluded by installing the lifting lugs on top of the four

corners of the basement.

After setting of rebars on the molds, total three cases of the basement were
poured with one batch per case. Vibration was conducted for the concrete
compaction and finished the surface of concrete after casting. Least 3 concrete

cylinders were fabricated for each batch.
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Figure 4.11 Procedure of basement fabrication: (a) Assembly of basement
rebar and column rebar; (b) Placement of rebar on the mold; (c) Set up of
lifting lug; (d) Placing basement concrete and compaction; (e) Surface

finishing; (f) Fabrication of cylinder specimens
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4.2.5.3 Fabrication of column

As shown in Figure 4.12, a total of eight gauges were attached to the
longitudinal reinforcement of each column, at the interface where the column
and the pier cap meet and at the top of the rebar. After the installation of the
molds, the entire columns of three cases were casted in a single batch. The
surfaces of columns were finished rough to increase the friction of the interface

with the pier caps. Similarly, concrete cylinders were manufactured.

(d)

Figure 4.12 Procedure of column fabrication: (a) Installation of gauges; (b)
Sorting and waterproofing of gauges; (c) Installation of molds; (d) Placing

and finishing
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4.2.5.4 Fabrication of pier cap

Reinforcement of the pier cap was assembled separately. The length,
specifications, and quantity of each rebar in the pier cap were checked to see if
it was assigned according to the drawings. After that, a total of 78 gauges were
attached to each case of the pier cap. The gauge lines were moved along the
reinforcement to the end of the wings of pier caps to prevent interference with

the support bearing plates during loading procedure.

After the gauge installation, the bottom molds for pier cap were installed
on the top of the column. A spacer was installed on the surface rebar to secure
the depth of concrete cover, and then the side molds were installed. A total of
three batches were casted, one batch per pier cap. The compaction was
conducted with care to prevent damage to the gauges. Pier caps and their test

cylinders were air-cured at the fabrication site.

(b)

Figure 4.13 Gauges in pier caps: (a) Installation of steel gauge; (b) Sorting

and waterproofing of gauges
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Figure 4.14 Procedure of pier cap fabrication: (a) Installation of floor molds;
(b) Disposition of pier cap rebars; (c) Installation of lateral molds; (d) Placing

concrete; (e) Surface finishing; (f) Curing and painting
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4.2.6. Test Setup

The test specimens, whose weight is 25 Ton per unit, were transported to
the Hybrid Structural Testing Center in Myongji University by trucks as shown
in Figure 4.15. To eliminate the effect of the self-weight of the specimens on
the wings of pier caps and interference between the lifting lugs and the support
bearings, a total of 4 lifting lugs were installed on the top corners of the

basement and the specimens were lifted with the crane.

To observe the crack patterns well, grid work was performed on the
surfaces of the specimens as shown in Figure 4.16. The spacing of grid was set
to 200 mm for both horizontal and vertical directions. The grid work was
conducted on both the front and back of the pier caps to more precisely identify

the cracks on both sides.

(b)

Figure 4.15 Conveyance of specimens: (a) Loading specimens; (b) Lifting lug
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(b)

Figure 4.16 Grid on surface of specimens: (a) Grid work; (b) View of grid

The static loading test of the specimens was conducted in the Hybrid
Structural Testing Center of Myongji University. Up to three hydraulic
actuators with 5,000 kN capacity per unit, shown in Figure 4.17, were used for
the test. Structural frame was installed considering the load capacity and the
dimension of the specimens and the actuators. The setting drawings for the
scaled model test are shown in Figure 4.19 and Figure 4.20. Due to the limited
frame size and bolt spacing, a horizontal gap of approximately 50 mm between
the center of the jigs at the bottom of the actuator on the outer part and the

center of the outer support bearings occurred.
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(c) (b)

Figure 4.17 Equipment settings: (a) Conveying actuators; (b) Install of

structural frame; (¢) Install actuators

Using a crane, the specimens were moved to the loading position inside
the structural frame. The sidewalls of the basement were fastened by jigs with
jacking machines connected to the floor, as shown in Figure 4.18 (c), to restrain
the movement of the specimens in the lateral direction. After fixing the
specimens, the steel and rubber plates in Figure 4.18 (b) were located at the
loading position of the specimen and the load was applied through the plates.
The rubber plate between the steel plate and the specimen serves to minimize

the eccentricity of the load. Steel jigs were installed at the bottom of the
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actuators, as shown in Figure 4.18 (c), in order to cover the entire plates through
the actuators. Since Case 1 and Case 2 have four loading positions, the center
actuator has a wide jig installed to simultaneously cover two support plates

adjacent to the column with one actuator.

(b) (©)

Figure 4.18 Specimen setting: (a) Lifting specimens; (b) Support jigs and

plates with steel and rubber; (c) Install of jigs and plates
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Figure 4.19 Set-up of scaled model test (Case 1 and Case 2)
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Figure 4.20 Set-up of scaled model test (Case 3)
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4.2.7. Instrumentation

Four instruments of load cell, steel gauge, concrete gauge, and
displacement transducer were used to measure the load, deflection at the end of
pier cap, and the strain of the rebar and concrete. For each actuator, the load
acting on the actuator and the displacement of the stroke were measured
through the internal load cell and the displacement transducer. A maximum of
86 ERSGs steel gauges per specimen were used to identify the strains acting on
rebars, and a total of 24 ERSGs concrete gauges were used for determining the
concrete strain of the specimen. In order to prevent data loss due to loss of the
gauge and measurement error, the gauges were attached to the specimens
symmetrically in the direction of the thickness of the member. Two LVDTs were
also used to measure deflections at both ends of the pier cap. Measurement were

conducted with data loggers once every 6 seconds.

4.2.7.1 Load cell

Load data was collected from the load cell of 500 Ton capacity built into

each actuator to measure the force applied to the actuators.

(@) (b)

Figure 4.21 Load cell properties: (a) LSU-500T(CAS); (b) 5,000 kN actuator
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4.2.7.2 ERSGs for reinforcing steel bars

A total of 86 5 mm ERSGs steel gauges were attached to Case 1 and Case
2, respectively, for the measurement of rebar strain on members, and 99 for
Case 3. The steel gauges were attached to the flexural reinforcement,
compressive reinforcement, horizontal shear reinforcement, vertical shear
reinforcement, and column longitudinal reinforcement, respectively. The
locations of attachment were selected by reviewing the FEA result for each case,
where relatively high strains were captured. The designation of ERSGs for
rebar is shown in Figure 4.22. The detailed diagram of the locations of steel

gauges is shown in Figure 4.23.

SH-3ML piecin
-r—’ M I\:iddle

R : Right

Vertical location
T: Top
M : Mid
B : Bottom

Location ID
1,23,45

Type of rebar
T : Tensile rebar

C : Compressive rebar

H : Horizontal shear rebar

V : Vertical shear rebar

P : Pillar main rebar

Type of gage
S : Steel

Figure 4.22 Designation of the ERSGs’ location for rebars

117



(b)

118

w
o
1]
hi
ki
> [
1Y I bt e =N
it =
o |16 N qiza >WI -~ »
ILZ-A\ =
- — T-ds
&~ = mm q [ N I ‘e
r =+ 8¢S |1 v T a€-)
% 7} w %\ L n
-
b o |l lizAs| We-ps
Rl ) I T-AS| WI-NS
3 / s
A drns =
NILTLLN :
o 0 & )
7 & &
A
o
1)
-
Al
Ll [



4.960

40 [ 4.880 ] 40
g g 2 E 2 Gage M &7
F— ST-1R ST-2R ST-3R 5T-4 ST-5R &
A= — = ]
g1 ! ! g &
= § { ] Ll
- ST-1L ST-2L ST-3L~ T 4‘4 ST-5L E
5
40 J 440 J 1.000 J 1.000 J 1.000 J 1.000 J 440 J 40
4.960
(©)
4.960
%T 40
o QL Gage M EF
SC-1R SC SC-3R d-4R SC-5R E
sc-1L sC sC-3L  |Sd-4L SC-5L g
40 J 1.140 753 J 547 J 547 J 753 J 1.140 40
4.960
(d)
4.960
40 N 4.880 [ 40
Gage M BT
SH-1TR  SH-2TR SH-3TR SH-4TR  SH-5TR ORI
SH-1TL | SH-2TL|>.SH-3TL~|SH-4TL | SH-5TL
s i - - -— .
| P PR PR B s B
4.960

119

s - w k)



SV-4TL

SV-4TR

1.200
SV-4BLL  SV-4TLL
SV-4BRR  SV-4TRR

SV-4BL
SV-4BR

=

40 ‘150‘200‘ 400 ‘200‘160“ 40

1.200 ‘

¢ (&

Figure 4.23 Location of ERSGs for rebar: (a) Case 1 and Case 2; (b) Case 3;
(c) Tensile rebar; (d) Compressive rebar; () Horizontal shear rebar; (f)

Vertical shear rebar; (g) Pillar main rebar

4.2.7.3 ERSGs for concrete

Concrete strains were measured by a total of 24 60 mm ERSGs concrete
gauges at each specimen in order to identify concrete strain on the surface of
the pier cap and the column. Designation of concrete gauge is shown in Figure
4.24. The location and the detailed diagram of concrete gauges are shown in

Figure 4.25 and Figure 4.26.
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Figure 4.24 Designation of the ERSGs’ location for concrete

Figure 4.25 ERSGs for concrete in Case 1
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Figure 4.26 Location of ERSGs for concrete: (a) Case 1 and Case 2; (b) Case
3; (c) ERSG at pillar; (d) ERSG at pier cap
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4.2.7.4 LVDTs

To measure the deflection of both ends of pier cap, a Linear Variables
Differential Transformer (LVDT) of 100mm stroke was placed on the bottom

of the both ends of pier cap using a frame as shown in Figure 4.27.

Figure 4.27 Setting of LVDT in the test
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4.2.8. Test Loads

The load acting on the target structure for each limit state was derived
according to the type of load in order to evaluate the specimens for the load at

serviceability limit state and ultimate limit state.

The minimum design grade of reinforced concrete members provided by
the KHBDC (2015) is Class E, and the assessment of Class E members requires
the serviceability limit state load combination-V. Therefore, the total load of
serviceability limit state load combination-V for Case A and B are shown in
Table 4.9 and Table 4.10. The maximum load among each load at various load
positions was applied evenly to all load positions, and the square of length scale
factor of 2/5 was applied in order to fit the load size to the scaled models, as

shown in Table 4.11.

Total load of the ultimate limit state load combination-I for Case A and B,
which generates the greatest moment and shear force in the member, is shown
in Table 4.12 and Table 4.13. The maximum load among each load at various
load positions was applied evenly to all load positions, and the square of length
scale factor of 2/5 was applied in order to fit the load size to the scaled models,

as shown in Table 4.14.
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Table 4.9 Applied loads for pier cap A at SLS load combination-V

T | Load Applied load (kN)
ype o 0a :
load factor Left support Right support
Outer Inner Inner Outer
DC 1.0 2,195 1,752 1,768 2,066
DW 1.0 117 163 165 99
Total 2,312 1,915 1,933 2,165
Table 4.10 Applied loads for pier cap B at SLS load combination-V
Type of | Load Applied load (kN)
load factor Left support Right support
DC 1.0 5,499 5,293
DW 1.0 751 767
Total 6,250 6,060
Table 4.11 Applied loads for the specimens (scaled models) at SLS
Applied load (kN)
Design Lo fi igh
Load case % | Case | load | Leftsupport | Right support
class
(kN)
Outer | Inner | Inner | Outer
Serviceability 1,2 | 1,480 | 370 370 | 370 370
limit state load E
combination -V 3 2,000 1,000 1,000
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Table 4.12 Applied loads for pier cap A at ULS load combination-I

T | Load Applied load (kN)
ype o 0a :
load factor Left support Right support
Outer Inner Inner Outer
DC 1.25 2,744 2,190 2,210 2,583
DW 1.50 176 245 248 149
LL 1.80 1,696 2,027 1,985 1,789
Total 4,616 4,462 4,443 4,521
Table 4.13 Applied loads for pier cap B at ULS load combination-I
Type of Load Applied load (kN)
load factor Left support Right support
DC 1.25 6,874 6,616
DW 1.50 1,127 1,151
LL 1.80 3,762 1,051
Total 11,763 8,818
Table 4.14 Applied loads for the specimens (scaled models) at ULS
Applied load (kN)
Desion Total f ok
Load case 81 | Case | load | Leftsupport | Right support
class
(kN)
Outer | Inner | Inner | Outer
Ultimate limit 1,2 | 2,956 | 739 739 739 739
state load E
combination -I 3 3,764 1,882 1,882
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A preliminary analysis for the scaled model specimens was performed as
shown in Figure 4.28, Figure 4.29, and Figure 4.30. Before the material tests,
material strengths with the increasement of design strengths by 10 percent were
used at the analysis in order to consider the material strengths obtained from
the material tests. As a result, the maximum load that the specimen can resist
was obtained, and the maximum load was applied step by step considering the
SLS and ULS load. In Case 1 and Case 2, a total of three hydraulic actuator
were used. And the load at the center actuator was twice the load at each
actuator on sides in order to apply equal loads on all 4 loading points. For Case
3, a total of two hydraulic actuators were used to equally apply the loads on the
two loading points. Although the loading was intended to be carried out under
load control in order to maintain the ratio of loads at the hydraulic actuators,
the load control method may cause oscillations between the hydraulic actuators
when adjusting the load, leading to a significant risk in the experiment.
Therefore, the loading process was conducted by manually adjusting the rate of
the displacement of the center actuator based on displacement control of the

hydraulic actuators on both sides.
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Figure 4.28 Loading procedure for Case 1:

(a) Preliminary analysis result; (b)

Applied load by each actuator
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Figure 4.29 Loading procedure for Case 2: (a) Preliminary analysis result; (b)
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4.3. Test Results and Discussion

4.3.1. Load-deflection Relationship

The deflection at both ends of the pier cap was measured by increasing the
load size until the specimen is in failure. The loading procedure was terminated
when the total load begins to decrease as no longer increases. Test results
showed flexural failures in all cases designed with the proposed STM design
guidelines. In the load-deflection relationships of pier caps, the stiffness of the
member decreases after the first crack occurrence. And the flexural
reinforcement begins to yield, resulting in the significant decrease in stiffness.
The member showed plastic behavior until the maximum load is reached. It
showed ductile behavior that did not result in sudden shear failure near areas

where diagonal cracks occurred.

In designing strut-and-tie models for each specimen, material factors of
concrete and rebars were applied. Thus, ULS load shall be compared to the
design load for which the material factor is taken into account. However, the
maximum load obtained from the scaled model test is the resistance capability
at the actual strength of each material according to the actual material test.
Therefore, the design load shall be derived by reducing the maximum load from
the test to the ratio of the design strength to the actual strength of each material
in order to indicate the resistance capability at the design strength of each

material.

Table 4.15 shows the design strengths and actual strengths for materials.

The design strength of each material was used as described in KHBDC (2015).
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The flexural strengths at actual strengths and the design strengths are able to be
approximated from the Equation 4.2 and Equation 4.3. And the ratio of both

flexural strengths in Equation 4.4 is intended to express the load reduction

factor, . With the load reduction factor for each case, design loads from the

maximum loads were obtained as shown in Table 4.16.

pf
M =Afd|1- Y .
M, =Af .d 1—M (4.2)
o e 0.85f, .«
M, =Af d[1-2he @.3)
‘ v 0.85f,, '

Table 4.15 Design strength and actual strength of steel rebar and concrete

Reinforcement Concrete
Casel | Case2 | Case3 Casel | Case2 | Case3
f fy
y 400 400 400 40 40 40
(MPa) (MPa)
@, 0.65 0.65 0.65
/3 0.9 0.9 0.9
(27 0.85 0.85 0.85
fyd fcd
360 360 360 22 22 22
(MPa) (MPa)
| f
e 432 432 431 6o 35 32 36
(MPa) (MPa)

* Case 1 & 2: Average of D16 and D10; Case 3: Average of D16 and D13
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Table 4.16 Load reduction factor and corresponding design loads

Total load (kN)
Case 1 Case 2 Case 3
v, 0.82 0.83 0.80
Prax 6,086 7,490 5,125
R 5,008 6,186 4,120
W, = M, (4.4)
P Mact .
P =, P (4.5)

4.3.1.1 Case 1

The load-deflection relationship of Case 1 is shown in Figure 4.31 and
Table 4.17. The initial crack occurred at the load of 1,190 kN before reaching
the SLS load of 1,480 kN. After the initial crack, the flexural rebar of the pier
cap did not yield until the ULS load. And then, the member showed ductile
behavior after the yield of flexural reinforcement. Maximum load of 6,086 kN
was reached as the load was increased and then failed by flexure. The design
load was derived by applying the load reduction factor to the maximum load of
6,086 kN to determine the design safety factor of Case 1 at ULS. With the load
reduction factor of 0.82, the design load of Case 1 is 5,008 kN, 1.7 times the
ULS load, significantly exceeding the ultimate limit state (ULS). In addition,

sufficient shear capability was found in Case 1 even if only the minimum
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horizontal shear reinforcement was assigned for assembly. In other words,
sufficient load resistance and shear capability were exerted even in the absence
of horizontal shear reinforcement not required in STM, which was basically

based on the proposed efficient STM design guidelines, to induce flexural

failure.

8,000
P PMax
30100 et e e B ——=u
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= /
2,000
f SL‘S [1,480 kN ]
1/ ™ First crack
—— Case 1 - Test
0 - l . . i :
0 6 12 18 24

Deflection at the End, mm

Figure 4.31 Measured load-deflection curve for Case 1

Table 4.17 Load and deflection at each state of Case 1

Initial Design Yield | Maximum
crack SLS ULS load of rebar load
Load
1,190 1,480 | 2,956 5,008 5,050 6,086
(kN)
R (.7 10 | 35 ] 8.4 2.6
(mm)
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4.3.1.2 Case 2

Figure 4.32 and Table 4.18 indicate the load-deflection relationship of
Case 2. At the load of 1,192 kN before reaching SLS load of 1,480 kN, the
initial crack occurred. After the initial crack, the yield of the flexural tensile
rebar did not occur until ULS was reached, and the member showed ductile
behavior after the yield of the flexural reinforcement. As the load increased, the

maximum load of 7,490 kN was reached and flexural failure mode occurred.

To determine the design safety factor of Case 2 at ULS, the design load
was determined by multiplying the load reduction factor to the maximum load
of 7,490 kN. The design load of Case 2 is 6,186 kN with the load reduction
factor of 0.83. In other words, it is conservatively 2.1 times the ULS load. The
0.2% of the horizontal shear reinforcement assigned for serviceability was
found to serve as a complement for flexural reinforcement, increasing the
bending capacity of the member. And the additional shear rebar in Case 2
secured the increased shear capability to exert sufficient shear performance
until the failure. That is to say, sufficient load resistance and shear capability on
the member designed in accordance with the proposed efficient STM design

guidelines induced flexural failure.
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Figure 4.32 Measured load-deflection curve for Case 2

Table 4.18 Load and deflection at each state of Case 2

Initial Yield Design | Maximum
crack SLS ULS of rebar load load
Load
1,192 1,480 | 2,956 5,943 6,186 7,490
(kN)
Deflection |, , 10 | 35 9.5 ; 416
(mm)
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4.3.1.3 Case 3

Figure 4.31 and Table 4.19 indicate the load and deflection at each state of
Case 3. Unlike Case 1 and Case 2, in Case 3, an initial crack occurred at the
load of 1,200 kN, which is far below the SLS load of 2,000 kN. This is because,
different with the loads at Case 1 and Case 2 some of which directly transfers
from inner support bearings to the column, the majority of the load is carried
by the bending through the both wings of pier cap in Case 3. Case 3 failed after
reaching the maximum load of 5,125 kN. At the load reduction factor of 0.80,
the design load is 4,120 kN, ensuring the design safety factor of 1.1. Though, it
is found to be significantly lower than that of Case 1 and Case 2. With the biased
loading, Case 3 also secured load resistance and shear capability at the proposed
guidelines, leading to failure in bending. However, in the absence of proper
sectional depth of the pier cap at the large moment due to the biased loading,
Case 3 may cause problems in the serviceability of cracks at SLS since the
initial crack occurs at a relatively small total load. Similarly, large discrepancy
in design safety factors of Case 2 and Case 3 is also due to the improper
selection of sectional depth without any consideration of load positions

according to the superstructure prior to the STM design.
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Table 4.19 Load and deflection at each state of Case 3

Figure 4.33 Measured load-deflection curve for Case 3

Initial Design Yield | Maximum
crack SLS ULS load of rebar load
Load
1,200 2,000 | 3,764 4,120 4,680 5,125
(kN)
. 3.2 8.0 ; 11.2 50.6
(mm)
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4.3.1.4 Comparison of test results
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Figure 4.34 Comparison of measured load-deflection

Table 4.20 Comparison of load and deflection at each state

Initial Yield Maximum
crack SLS ULS of rebar load
Case 1 1,190 1,480 | 2,956 5,050 6,086
Load
(kN) Case 2 1,192 1,480 | 2,956 5,943 7,490
Ratio
(C2/C1) 1.00 - - 1.18 1.23
Case 1 0.7 1.0 3.5 8.4 22.6
e o 10 | 35 9.5 41.6
(mm)
Ratio
(C2/C1) 1.29 1.00 1.00 1.13 1.84
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The load-deflection relationships of Case 1 and Case 2 were compared in
Figure 4.34 to see the effect of the arrangement of horizontal shear rebar, and
the comparison confirmed that the both cases showed very similar structural
behavior up to ULS. As shown in Table 4.20, Case 2 shows that the horizontal
shear reinforcement of 0.2% assists the flexural reinforcement, resulting in an
18% greater load at the initial yielding of flexural rebar than the load in Case 1,
and a 23% increase in maximum load due to increased flexural capacity. The
failure modes of both cases were flexural failure, and sufficient shear
capabilities were also confirmed. Consequently, the comparison results
confirmed that the horizontal shear reinforcement of 0.2% in the STM design
of the pier caps does not significantly affect the shear performance, and that
sufficient shear performance and structural safety are secured even at the less
amount of shear reinforcement in accordance with the proposed STM design

guidelines.
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4.3.2. Crack Propagation

The crack propagation was measured by drawing cracks directly on the
surface of the specimens at several loading stages. In the absence of direct crack
width measurement, the crack width check for serviceability was conducted
with indirect prediction of crack width in design codes and test results. The

results of the measurements and their analysis are presented in this chapter.

4.3.2.1 Case 1

Figure 4.35 shows the propagation of cracks for Case 1 at each load state.
In serviceability limit state (SLS), flexural cracks begin to occur at the top of
the inner support areas, as shown in Figure 4.35 (a). The crack widths at the
SLS moment are 0.08 mm and 0.13 mm, respectively, for the predictions in
KHBDC (2015) and in the test result. The computations are addressed in the
Appendix. The width of the crack is less than 0.3 mm, the limit value of
allowable crack width at SLS in KHBDC (2015). Therefore, Case 1 satisfies

the serviceability for the cracks.

After SLS, additional flexural cracks occur in the inner support area and
these flexural cracks propagate to the column until ULS. In Figure 4.35 (b),
there is no web shear cracks in Case 1, which means that the shear

reinforcement does not play a structural role until ULS.

After the load at ULS, increased load causes web shear cracks in the
direction of 45° at the area between inner support and outer support where the

bending moment is relatively small. The web shear cracks do not make much
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progress until the maximum load after propagating to some degree, and the

flexural failure occurs without any sudden shear failure.

| — R s S s S —

(b)

il

Wil

(d)
Figure 4.35 Crack propagation for Case 1: (a) SLS state; (b) ULS state; (c) At
5,000 kN; (d) At maximum load
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4.3.2.2 Case 2

(c)

T

(d)
Figure 4.36 Crack propagation for Case 2: (a) SLS state; (b) ULS state; (c) At

5,352 kN; (d) At maximum load
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Figure 4.36 indicates the crack propagation in each load stage for Case 2.
The pattern of crack propagation in Case 2 is similar to that in Case 1 regardless
of horizontal shear reinforcement. Same as in Case 1, cracks also begin to
appear as flexural cracks in the area of the inner support at SLS load. At SLS,
the predicted crack widths are 0.09 mm and 0.06 mm for the design code and
the test result, satisfying the crack width limit of 0.3 mm in KHBDC (2015).
Additional flexural cracks occur until ULS, and these flexural cracks progress
along the compressive struts to the column. After the ultimate limit state (ULS),
diagonal tension cracks are developed and propagate in the direction of 45° at
the area between the inner and outer supports until the maximum load. As in
Case 1, there is no sudden shear failure and there is a pattern of deep beam

behaviors.

The increased flexural resistance capacity by horizontal shear
reinforcement results in the ability to resist a larger load. Consequently, as
shown in Figure 4.36 (d), the cracks at the bottom of the pier cap advance to
the horizontal, resulting in compressive failure of concrete at the bottom of the

pier cap.
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4.3.2.3 Case 3

S

Figure 4.37 Crack propagation for Case 3: (a) SLS state ; (b) ULS state; (c) At

4,630 kN; (d) At maximum load
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The propagation of cracks for Case 3 is shown in Figure 4.37. The pattern
of crack propagation at each load state in Case 3 differs from those of Case 1
and Case 2. Initial cracks begin to appear as flexural cracks in the center of the
pier cap. After the initial cracks, these transverse tension cracks propagate
vertically to about one-half or more of the sectional depth of the pier cap,
causing esthetic issue in serviceability for the cracks. This is because the load
is biased, resulting in a larger bending moment at the same total load and earlier
flexural cracks. However, in the prospect of crack width, the serviceability is
satisfied with the crack widths predicted indirectly in design codes and test.

Crack widths are 0.11 mm and 0.30 mm for KHBDC (2015) and the test.

For Case 3, the load transfer from the supports to the column is delivered
in full along the compressive struts within the wings of pier cap. Thus, the
diagonal tension crack occurs earlier than Case 1 and Case 2 because a larger
load is transferred from the wings, even under the same total load. These web
shear cracks occur and propagate from the supports to the column until ultimate

limit state (ULS) load.

In the loads larger than ULS load, the cracks progress somewhat, but the
existing cracks stop making progress as the load increases. There was no sudden
shear failure in Case 3 until the maximum load was reached, with a pattern of
deep beam behavior. In Case 3, the flexure capacity is high because a large
amount of flexural reinforcement corresponding to the biased load is laid out.
Thus, the cracks in the horizontal direction at the bottom of the pier cap

propagate, resulting in crushing of the bottom part of pier cap concrete.
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4.3.3. Load-strain Relationship

The measurement results of the strain at the measuring locations
representing the behavior of the members were presented for each case. The
overall strain histories in all cases correspond to the crack patterns and the load-
deflection relationship. The locations of the measured strains are in accordance
with Figure 4.23 and Figure 4.24. The measurement results for the entire

locations are shown in Appendix C.

4.3.3.1 Flexural reinforcement

The relationships of load-strain at the center of the flexural reinforcement
of the pier caps, measured in ST-3, are shown in Figure 4.38. The load at the
point where the slope of the graph starts to change is the point at which the first
crack occurs at the ST-3 position, and the flexural reinforcement at this position
is fully under tension force, which increases the strain as the load increases.
After the crack at ST-3, the strain increases linearly with increasing load until

the rebars begin to yield.

The strains of flexural reinforcement at ULS is approximately 0.0010 for
Case 1 and Case 2, about half of the yield strain of 0.0021 obtained from
uniaxial tension test of rebar. This means that the flexural reinforcement does
not yield until ULS, and the member can sufficiently resistant to the load
exceeding ULS load. In Case 3, the strain of flexural rebar at ULS is about
0.0022 because the larger moment occurs in the same total load, and the flexural
rebar theoretically yields, although the slope on the graph does not decrease

rapidly at the very position.
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Figure 4.38 Load-strain relationship for flexural reinforcement (ST-3 series):

(a) Case 1; (b) Case 2; (c) Case 3; (d) Location of ST series
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4.3.3.2 Compressive reinforcement

The load-strain relationship of compressive reinforcement at the bottom
of the pier cap, measured at SC-4, is shown in Figure 4.39. SC-2 and SC-4 are
the locations where the greatest compressive strain is expected in the finite

element analysis results.

The strain of the compressive reinforcement at the center of the pier cap,
SC-3, is approximately 0.0001 even for the maximum load, not significantly
affected by the structural behavior. In the load-strain curve of the compressive
reinforcement, the slope decreases after the first crack and then the slope
decreases again at the load where the flexural reinforcement first yields,

increasing the rate of compressive strain due to the increase of the load.

In Case 2 and Case 3, the slope tends to decrease significantly depending
on the very large increase in compressive strain near the maximum load.
However, the magnitude of the compressive strain at this point is far short of
the yield strain of the reinforcement, and the cause of rapid increase of
compression strain is that the length of plastic hinge with the yield of flexural
rebar reaches the location of SC-4, resulting in a large rotational deformation at

the location.
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Figure 4.39 Load-strain relationship for compressive reinforcement (SC-4

series): (a) Case 1; (b) Case 2; (¢) Case 3; (d) Location of SC series
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4.3.3.3 Column longitudinal reinforcement

As predicted by the finite element analysis results, the largest compressive
strain occurred at SP-1B and SP-3B, the bottom of the area where the pier cap
and column meet, as shown in Fig. 4.40. In the location of strain measurement

of the column rebar other than SP-1B and SP-3B, little strain occurred.
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Figure 4.40 Load-strain relationship for column longitudinal reinforcement
(SP-1B and SP-3B): (a) Case 1; (b) Case 2; (c¢) Case 3; (d) Location of SP

series
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The strain of the column reinforcement to reach the maximum load is up
to 0.0015, far below the yield strain of the column reinforcement, 0.0028. This
suggests that the compression in the column member is mainly transferred by
concrete, so the direct role of the longitudinal reinforcement of the column is

relatively small.

4.3.3.4 Vertical shear reinforcement

The load-strain relationship of rebar corresponding to the location of web

shear cracks among vertical shear reinforcement is shown in Figure 4.41.

In Case 1 and Case 2, no web shear crack was found up to ULS load
through the crack patterns. This phenomenon corresponds to the increase of
strain at SV-1T after the stagnated increase of strain until ULS, which means
that the load mechanism changes to be transferred to the vertical shear
reinforcement after the occurrence of the diagonal cracks. The maximum strain
of the vertical shear reinforcement at the failure, which is about half of the yield
strain, is verified of its sufficient shear capacity of the vertical shear

reinforcement designed with the proposed STM guidelines.

In Case 3, web shear cracks occur after SLS, and therefore, the strain of
vertical shear reinforcement at the SV-2 shown in Fig. 4.41 (c) rarely occurs
until SLS. From then on, the strain takes place, showing a strain of about 0.0005
or more when reaching ULS. Sufficient amount of vertical shear reinforcement

is also arranged in Case 3 to prevent shear failure at ULS.
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Figure 4.41 Load-strain relationship for vertical shear reinforcement (SV

series): (a) Case 1; (b) Case 2; (¢) Case 3; (d) Location of SV series
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4.3.3.5 Horizontal shear reinforcement
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Figure 4.42 Load-strain relationship for horizontal shear reinforcement (SH

series): (a) Case 1; (b) Case 2; (¢) Case 3; (d) Location of SH series
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The results of the measurement of the strain at SH-1T and SH-5T, the

locations where diagonal crack occurs, are shown in Fig. 4.42.

The load-strain relationship of horizontal shear reinforcement is similar to
that of flexural reinforcement. After the first crack, strain rarely occurs until a
flexural crack additionally occurs in the area of the shear critical section, and
then the strain increases after the occurrence of additional flexural cracks. The
horizontal shear reinforcement of the upper part complements the flexural rebar
to resist the bending moment and starts to yield when it approaches the
maximum load after the first yield of the flexural reinforcement. In other words,
the horizontal shear reinforcement improves flexural resistance and thus resists
to a greater load. For the increased horizontal shear reinforcement in Case 2,

the strain shows smaller than Case 1 at the same load state.

4.3.3.6 Column concrete

Fig. 4.43 shows the results of measurement of concrete compressive strain
at CP-1 and CP-5 where the greatest compressive stress occurs among the
column concrete. At CP-3 locations, concrete compression strain seldom
occurred. However, at the location under large compressive stress where the
pier cap and the column meet, there was a trend of column concrete strain
similar to the compressive strain of the longitudinal reinforcement of the
column. In all cases, the maximum compressive strain does not exceed 0.0018,
the compressive strain at the maximum compressive strength obtained from the
compressive strength test of the concrete, so no crushing in column concrete

occurred until failure.
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Figure 4.43 Load-strain relationship for column concrete (CP series): (a) Case

1; (b) Case 2; (¢) Case 3; (d) Location of CP series
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4.3.3.7 Pier cap concrete

Fig. 4.44 presents the measurement results of the concrete compressive
strain at the central location of the pier cap width showing the largest
compressive strain among CC-B1 and CC-B3, a position corresponding to the

corner of the pier cap bottom.

Until ULS, the compressive strain is below 0.0005 and it is confirmed that
the compression in concrete is sufficiently resistant to the ULS load. The strain
is then increased as the load increases, and the compressive strain at the
maximum load is shown of 0.0018 or so, the compressive strain at the
compressive strength according to the cylinder test. In Case 2 and Case 3,
cracks in horizontal direction occurred and advanced at the bottom of the pier
cap concrete prior to the failure. Therefore, concrete in the cracked area was
not able to transfer the compression properly, and even the strains of the graphs

went back again.

As such, it was possible to identify the load-strain relationship of rebar and
concrete at each location of the members, and the evaluation verified that they
have sufficient load resistance capacities exceeding the ultimate limit state

(ULS) loads in all cases.
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Figure 4.44 Load-strain relationship for pier cap concrete (CC series): (a)
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4.3.4. STM Predictions

The load resistance capacities for experimental cases were compared with
the predictions in the STMs. For the STM predictions, ACI 318-19 was
considered. It is noted that the strength reduction factor was not considered
when the capacities were evaluated by the design code. Also, the material
strengths obtained from the tests were used to evaluate the loads at the

predictions.

As presented in Table 4.21, the capacities of the cases from the STM were
governed by the yielding of the vertical tie, not the yielding of the tensile tie.
Consequently, the predictions in the STMs show failures in shear for three cases.
However, the actual failures were dominated by flexure in the test results,
corresponding to the flexural strengths from the sectional analyses. The STM
predictions for tensile ties, also, well correspond to the maximum loads from
the test with the errors below 11 percent, rather than the predictions for vertical
ties. This phenomenon occurred because the STMs under-estimate the shear
strength of pier caps. For shear strength of RC member, the contribution of
concrete cannot be ignored. The STM design concept in the pier caps, however,
does not consider the role of concrete in shear, assuming that all shear is resisted

by vertical ties in truss mechanism.

In the test, the shear strengths of the pier caps could not be captured
because of the dominant flexural failure mode. For the understanding of shear

in pier cap, additional parametric analyses with FE analysis shall be conducted.
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Table 4.21 Comparison of the test with STM predictions

STM predictions (kN)
Case PMax PSA P'I'en'sile tie P\lenical tie Failure mo de
(kN) (kN) Priax P
P‘I'ensile tie |3Strut |DVer‘tical tie
1 6,086 6,240 5,474 15,868 4,815 0.90 0.79 Flexure
2 7,490 7,304 6,883 14,509 4,815 0.92 0.64 Flexure
3 5,125 5,133 5,684 10,381 4,765 1.11 0.93 Flexure
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4.4. Concluding Remarks

In this chapter, the static loading test of scaled-model specimens with a
length scale factor of 2/5 was performed to verify the validity of the STM
design guidelines for efficient rebar arrangement of bridge pier cap. Through
the experiment, structural behaviors such as load-deflection relationship, crack
propagation patterns, and strains at the elements were measured and analyzed.

Summary of the test results is as follows.

1. Through the load-deflection relationships in all cases, it was confirmed that
the flexural failure mode with ductile behavior was secured, not the sudden
brittle shear failure, in members with shear reinforcement satisfying the
proposed design guidelines. All cases designed with the guidelines exert
load resistance capacities exceeding ULS load. However, in the absence of
the selection of proper sectional depth in pier cap dimension considering
the superstructure and their loading position before STM design, the design

safety factor of each case showed a large discrepancy.

2. For all cases, serviceability for the crack width at SLS was satisfied.
Although, Case 3 failed to properly select the sectional depth taking the
loading position into account prior to the STM design, leading to the
premature cracks. And these flexural cracks considerably propagate until
SLS. The propagation pattern of the crack at each limit state was different
depending on the loading position, but the proper amount of shear
reinforcement resulted in no sudden brittle failure after diagonal shear

cracks and reached flexural failure.
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3. The strains of rebar and concrete at the monitoring locations of the
members were measured and the behaviors of the member were analyzed
more closely. The analysis results confirmed that the shear performance of
the shear rebar arranged based on the guidelines is sufficient until ULS

without the occurrence of shear failure.

4. The load resistance capacities from test results were compared with the
STM predictions. The STMs do not consider the effect of concrete in shear
because of their design concept. Thus, the STM predictions under-estimate
the shear strengths of the pier caps, causing a wrong predictions of failure
mode and the member’s strength. The STM prediction results confirmed
that the shear performance of the pier cap shall be appropriately evaluated

to find out the proper failure in the member.

In conclusion, the pier caps designed with the proposed STM design
guidelines ensure structural safety and can induce more efficient reinforcement
so as to prevent problems such as low constructability and economical
degradation due to the excessive arrangement of rebars in the pier caps.
However, prior to the STM design, it is necessary to ensure consistent design
safety factor. This limit is able to be cleared through the selection of appropriate
pier cap section depth. Proper way to figure out the failure of pier cap in STM

prediction is also needed.
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V. Analytical Study

5.1. Introduction

Scaled-model test in Chapter 4 confirmed the structural feasibility of the
proposed STM design guidelines for efficient reinforcement in bridge pier cap.
Through the experiment, structural feasibility such as shear performance and
load resistance capacity in the design of pier caps with the guidelines was
secured. However, it was also confirmed that variables such as sectional depth
and loading positions may affect design safety factors, crack serviceability in
SLS, and in some cases may be problematic in design. Parametric studies
understanding the shear strength of pier cap are also required. Thus, further
analysis of these variables is required. Due to the constraints in the test, there
is a limit to the analysis of variables with the test alone. To overcome the
constraints of experiment and verify the validity of the test results, verification
of the experiment and parametric analysis were performed through the

commercial finite element analysis programs, DIANA and VECTOR 2.

First, FE models were selected to simulate the scaled-model specimens.
The validity of the FE model was verified by comparing with the test results.
Subsequently, analyses of additional variables such as sectional depth of pier
cap and the amount of reinforcement were conducted using verified FE models.
Chapter 5.2 introduced verification of the FE model, and Chapter 5.3 proposed
revised design guidelines that allow appropriate sectional depth based on the
analysis of variables and results with respect to sectional depth. Also, proper

way to predict shear strength of pier cap in STM design was guided.
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5.2. FE Analysis for Verification of FE Model

5.2.1 Geometry Model

A total of three cases of bridge pier caps were used in the test on scaled
models in Chapter 4. 3-D analyses were performed in DIANA, a commercial
finite element analysis program, for verification of scaled model test.
Additional verification with 2-D analyses by VECTOR 2 was conducted for

increased analytical reliability and ease of parametric analyses.

To simulate the experiment, specimens of bridge pier cap and steel support
bearings were modelled in FE modeling. In DIANA, concrete members and
steel plates were modeled as 8-node solid elements in 3-D, simulating details
such as rebar arrangement intervals to the thickness direction of the pier cap. In
VECTOR 2, the 4-point plane stress rectangle and the 3-point constant strain
triangle in 2-D were modelled and the total amount of rebar to the thickness
direction was assigned in the models. DIANA used the embedded bar element
to simulate separate rebar. Similarly, in VECTOR 2, the 2-node truss bar
element was used to simulate each rebar. Full composite behavior between
concrete and rebar is assumed in all FE models. For DIANA, the specimens
were modeled as quarter models shown in Figure 5.1 (a), considering the
symmetry of pier cap, since the analysis is relatively more time-consuming with
the 3-D higher powered elements. For VECTOR 2, the entire specimens were
fully modelled because the analysis was relatively less time-consuming with a

2-D low powered element. Based on the results of DIANA analysis, the
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basements were not modeled, but were imitated by attaching boundary

conditions at the bottom edge of the column.

(a)
J *'\ . X _ﬁ| T T 'H‘ T T T T il X T ”I |
e = i
= = i 0 Aﬂl = > qﬂ
5= L-{kz = Sk
(b)
Figure 5.1 Geometry model of the finite element analysis: (a) DIANA; (b)
VECTOR 2
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5.2.2 Material Model

5.2.2.1 Concrete

For material model of concrete, smeared crack model and rotating crack
model were selected because it is difficult to predict and model cracks in
advance by simulating the heterogeneity of concrete and cracking patterns
caused by rebar. And total strain-based crack model was used for stable analysis
of three-dimensional solid elements. In VECTOR 2, crack widths were
calculated in the basis of DSFM for the cracked concrete, using a post-

processing program called Augustus.

The compressive model of concrete used the Thorenfeldt model given in
Equation 5.2 that can be simulated with given material properties, and the
tensile model used the linear-ultimate crack strain model considering the effect
of tension stiffening, which is the tensile resistance capability of concrete after
tensile strength. In the case of the compressive model, the coefficients in the
model were adjusted to fit in the s-s curve obtained from the compressive
strength test of concrete. Since concrete tensile strength was not tested
separately, the average tensile strength of concrete presented in KHBDC (2015)
Equation 5.5.6, given in Equation 5.1, was approximated using the concrete
compressive strength obtained with the cylinder tests. The ultimate strain in
tension stiffening model of 0.0002 was obtained from the iterative attempts for

better predicting the initial stiffness and the initial crack in the tests.

f, =0.30(f, )" (5.1)
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—£ = (5.2)

Table 5.1 Coefficients in Thorenfeldt model to fit into the test results

f cu f ct n k gCO

1
Class 1 Case | \1pay | (MPa) (x10%)

1 35 3.21 3.15 1.32 2.10

Pier cap 2 32 3.02 3.10 1.30 2.00

3 36 3.27 3.15 1.32 2.05

5.2.2.2 Reinforcement

In order to verify the strains of rebar at each location of components in the
test, each rebar was simulated using the discrete reinforcement element in FE
model. To model rebar, the embedded reinforcement bar type was used in
DIANA. In VECTOR 2, each bar was modeled using truss bar type. For all
rebar models in FE analysis, a fully composite behavior of concrete and rebar
is assumed. In DIANA, the stress-strain relationships of rebar obtained from
the test were directly represented in Von Mises plasticity model, simulating the
constitutive behavior of elastoplastic material model with hardening. In
VECTOR 2, Elastic Hardening (Curvilinear) model with the test results of
stress-strain relationship was used to simulate the yield and hardening

behaviors.
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Figure 5.2 Plasticity model for reinforcement: (a) Von mises plasticity model;

(b) Elastic hardening(Curvilinear) model (Wong et al. 2013)

5.2.2.3 Steel Plate

In DIANA, the load was applied directly onto the top of the pier cap
without modeling the steel plate, separately. On the other hand, VECTOR 2
simulates a steel plate using a structural steel model to take into account the

thickness of the steel plate in a two-dimensional analysis.

5.2.3 Boundary Conditions

Boundary conditions were assigned to simulate the test environment. In
the case of DIANA, the bottom face of the basement was constrained in all
directions to constraint horizontal and vertical movement. In addition, the
quarter models also imposed constraints in each direction on the boundaries of
the quarter models. For VECTOR 2, the basement was not modeled separately,
so the bottom edge of the column was similarly restrained in all directions to

limit horizontal and vertical movement.
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5.2.4 Analysis Results

The load-deflection relationship, crack propagation, and rebar strain for
each case measured in the experiment were compared with the results obtained

from the FE analysis.

5.2.4.1 Load-deflection relationship

The load-deflection relationship in the FE analysis, comparing with the
experimental results, is shown in Figure 5.3, Table 5.2, Table 5.3 and Table 5.4.
Both results from DIANA and VECTOR 2 tended to be larger in initial stiffness
than experimental results, and generally well predicted the behaviors in the
experiment. Both FE analyses also showed quite similar behavior before the
yield of tensile rebar. In DIANA, the load tends to decrease rapidly without
properly simulating the ductile behavior of the member after the yield of
flexural reinforcement. Due to differences in initial stiffness, the deflection of
the members in the FE analysis varies somewhat from the experimental results,
but the load in each state varies within 10 percent of the test results. Through
the comparisons, the feasibility of the FE analysis results to verify the structural

safety and serviceability of the pier caps was validated.
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Figure 5.3 Load-deflection curve of the FE analyses: (a) Case 1; (b) Case 2;
(c) Case 3
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Table 5.2 Compassion of the test and FE analysis (Case 1)

Total load (kN) Deflection (mm)
State FEA / Test FEA / Test
DIANA | VEC.2 | Test DIANA | VEC.2 Test
DIANA VEC.2 DIANA VEC.2

First crack 2,400 1,224 | 1,190 2.02 1.03 0.8 0.2 0.7 1.14 0.29

SLS 1,480 0.5 0.3 1.0 0.50 0.30

ULS 2,956 2.2 2.1 3.5 0.63 0.60
First yield 5,525 5,168 | 5,050 1.09 1.02 6.6 5.7 8.4 0.79 0.68
Max. load 6,086 5,712 | 6,086 1.00 0.94 7.6 31.7 22.6 0.34 1.40
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Table 5.3 Compassion of the test and FE analysis (Case 2)

Total load (kN) Deflection (mm)
State FEA / Test FEA / Test
DIANA | VEC.2 Test DIANA | VEC.2 Test
DIANA VEC.2 DIANA VEC.2

First crack 2,383 1,156 1,192 2.00 0.97 0.8 0.2 0.7 1.14 0.29

SLS 1,480 - 0.5 0.3 1.0 0.50 0.30

ULS 2,956 - 2.2 1.8 3.5 0.63 0.52
First yield 6,263 5,916 5,943 1.05 1.00 7.2 6.3 9.5 0.76 0.66
Max. load 6,402 6,324 7,490 0.85 0.84 9.0 29.9 41.6 0.22 0.72
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Table 5.4 Compassion of the test and FE analysis (Case 3)

Total load (kN) Deflection (mm)
State FEA / Test FEA / Test
DIANA | VEC.2 Test DIANA | VEC.2 Test
DIANA VEC.2 DIANA VEC.2

First crack 1,500 1,290 1,200 1.25 1.08 1.0 0.4 1.2 0.83 0.33

SLS 2,000 - 1.9 1.6 3.2 0.59 0.50

ULS 3,764 - 4.5 4.0 8.0 0.56 0.50
First yield 4,390 5,190 | 4,680 0.94 1.11 9.0 5.2 11.2 0.80 0.46
Max. load 4,750 5,219 5,125 0.93 1.02 13.1 60.0 50.6 0.26 1.19
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5.2.4.2 Crack propagation

Propagation in cracks obtained from FE analysis was compared with
experimental results. Figure 5.4, Figure 5.5, and Figure 5.6 overlaps the crack
patterns of DIANA and VECTOR 2 to the patterns from the experiment. Cracks
marked with black solid lines are cracks measured in the experiment. The left

half is crack in VECTOR 2 and the right half is crack in DIANA.

Comparing the crack patterns at SLS, ULS, and maximum load in all cases,
FE analyses confirmed that the progress of the crack pattern measured in the
experiment was well predicted. The comparison results ensured the validity of
the FE analyses as verification methods for assessing the serviceability of

cracks.
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(c)
Figure 5.4 Crack in FEA(DIANA) for Case 1: (a) SLS state; (b) ULS state; (c)

At maximum load
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(c)
Figure 5.5 Crack in FEA(DIANA) for Case 2: (a) SLS state; (b) ULS state; (c)

At maximum load
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(c)
Figure 5.6 Crack in FEA(DIANA) for Case 3: (a) SLS state; (b) ULS state; (c)

At maximum load
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5.2.4.3 Strain of reinforcing steel bar and concrete

The load-strain relationship of each location of rebar according to the
DIANA is shown together with the experimental results as follows. As shown
in Figure 5.7, in the case of ST-3, center of tensile reinforcement, FE analysis
results show greater initial stiffness than that of the experimental results. As in
the test, the strain from DIANA shows decrease in the slope after initial crack,

increasing the strain only without increasing the load after yielding.

For SC-4 with the largest compressive strain at the compressive rebar of
the pier cap, the analysis results well illustrate the strain increase tendency in
the experiment shown in Figure 5.8. The concrete strain at the bottom of the
pier cap shown in Figure 5.13 is also good at predicting the test results, and the
compressive strains of rebar and concrete in the adjacent locations such as SC-

4 and CC-B3M show quite similar tendencies, showing composite behavior.

In Figure 5.10 and 5.11, strains of the vertical and horizontal shear rebar
near diagonal cracks, as in the results of experiment, starts to produce tensile
strain after ULS in Case 1 and Case 2, and for Case 3, the strain occurs after

SLS load.

The strain of column longitudinal rebar and column concrete from FE
analysis shown in Figure 5.9 and Figure 5.12, respectively, is similar to the
experimental value. The strains of rebar and concrete in adjacent locations

designated as SP-3B and CP-5 are very similar because of composite behavior.
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Consequently, structural safety of specimen was also verified through the
comparison of test and FE analysis results of steel and concrete strains at the

major locations.
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Figure 5.7 Load-strain relationship for flexural reinforcement (ST-3 series):

(a) Case 1; (b) Case 2; (c) Case 3; (d) Location of ST series
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Figure 5.8 Load-strain relationship for compressive reinforcement (SC-4

series): (a) Case 1; (b) Case 2; (c) Case 3; (d) Location of SC series
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Figure 5.9 Load-strain relationship for column longitudinal reinforcement
(SP-1B and SP-3B): (a) Case 1; (b) Case 2; (c) Case 3; (d) Location of SP

series
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Figure 5.10 Load-strain relationship for vertical shear reinforcement (SV

series): (a) Case 1; (b) Case 2; (c) Case 3; (d) Location of SV series
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Figure 5.11 Load-strain relationship for horizontal shear reinforcement (SH

series): (a) Case 1; (b) Case 2; (¢) Case 3; (d) Location of SH series
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Figure 5.12 Load-strain relationship for column concrete (CP series): (a) Case

1; (b) Case 2; (c) Case 3; (d) Location of CP series
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Figure 5.13 Load-strain relationship for pier cap concrete (CC series): (a)

Case 1; (b) Case 2; (c) Case 3; (d) Location of CC series
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5.3. Analysis for Parametric Study

The experiments and analyses confirmed that the pier caps designed with
the proposed STM design guidelines for bridge pier caps to place more efficient
reinforcement ensure structural safety and prevent problems such as low
constructability and economic degradation due to the over-reinforcement in the
pier cap. However, if an appropriate sectional size is not selected prior to the
STM design, drawbacks may arise in the area of consistency in design safety

factors and the serviceability of cracks at SLS.

In this chapter, the effects of sectional depth on the STM design and
structural behavior of bridge pier caps were identified. Based on these effects
of sectional depth on bridge pier caps, the design method for the appropriate
sectional depth in bridge pier cap was presented and the verification of this

proposal was carried out.
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5.3.1 Effect of Sectional Depth

5.3.1.1 Required amount of reinforcement in STM design

With variation of sectional depths for bridge number 5 and 7, rebar for the
STM designed with the proposed guidelines was analyzed to understand the
effect of the sectional depth on the reinforcement of the pier cap. Table 5.5 and
5.6 show the required rebar ratios in bridge number 5 and 7 according to several
sectional depths, as required in the proposed guidelines. Trends of rebar ratios

with regard to sectional depths are shown in Figure 5.14.

As sectional depth decreases, moment arm that resists moment in the STM
of pier cap decreases, and the element force acting on the tensile tie increases
to resist the equivalent moment. Therefore, as shown in Figure 5.14, the
required flexural rebar ratio increases as the sectional depth decreases. The
vertical tie force, however, is not significantly affected by changes in the depth,

and the required shear rebar ratio is barely affected by the sectional depth.

1.2 ; 12 ; -
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209 : 209 :
,g \ h=3,000 mm g \ h=2,650 mm
e 1 i
é 0.6 : é 0.6 :
s N o
g 'y, g RS
E 0.3 -.’\ E 0.3 +
| :
1 1
0 T L 0 L
1,600 2,400 3,200 4,000 4,800 1,600 2,400 3,200 4,000 4,800
Depth of pier cap, mm Depth of pier cap, mm
(a) (b)

Figure 5.14 Required reinforcement ratio in STM for various sectional depth:

(a) Bridge number 5; (b) Bridge number 7
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Table 5.5 Required rebar ratio for various sectional depth (Bridge # 5)

Flexural reinforcement

Vertical shear reinforcement

h
d s
(mm) (mi}) ) (n?fn) e (m?nz) (erf) (omy | 20
3500 | 20304 | 3,384 | 3,000 | 0.0020 9,003 | 3.94 | 395 | 0.0020
3000 | 22229 | 2,884 | 3,000 | 0.0026 82903 | 3.83 | 418 | 0.0019
2900 | 23,062 | 2,784 | 3,000 | 0.0028 8833 | 3.80 | 421 | 0.0018
2800 23,997 | 2,684 | 3,000  0.0030 | 8833 | 3.80 | 421 | 0.0018
2,700 25010 | 2,584 | 3,000 | 0.0032 | 8833 | 3.80 | 421 | 0.0018
2,600 26113 | 2484 | 3,000 | 0.0035 | 8833 | 3.80 | 421 | 0.0018
2,500 27,317 | 2,384 | 3,000 | 0.0038 | 8822 | 3.80 | 421 | 0.0018
2400 28,638 | 2,284 | 3,000 | 0.0042 | 8834 | 3.80 | 421 | 0.0018
2300 30,093 | 2,184 | 3,000  0.0046 | 8821 | 3.80 | 421 | 0.0018
2200 31,704 | 2,084 | 3,000  0.0051 | 8834 | 3.80 | 421 | 0.0018
2,100 33498 | 1,984 | 3,000  0.0056 | 8834 | 3.80 | 421 | 0.0018
2,000 35506 | 1,884 | 3,000  0.0063 | 8835 | 3.80 | 421 | 0.0018

Table 5.6 Required rebar ratio for various sectional depth (Bridge # 7)

Flexural reinforcement

Vertical shear reinforcement

(n:]m) A d b, o A Tea | Sea | p
(mm?) | (mm) | (mm) “ (mmd) | (NA) | (mm) |
3,800 | 32,968 | 3,680 | 2,700 | 0.0033 | 25,556 | 11.00 = 171 | 0.0050
3,500 | 36,082 | 3,380 | 2,700 | 0.0040 | 25,556 | 11.00 = 171 | 0.0050
3,300 | 38,507 | 3,180 | 2,700 | 0.0045 | 25,556 | 11.00 = 171 | 0.0050
3,200 | 39,846 | 3,080 | 2,700 | 0.0048 | 25,556 | 11.00 = 171 | 0.0050
3,000 | 42,824 | 2,880 | 2,700 | 0.0055 | 25,556 | 11.00 = 171 | 0.0050
2,800 | 46,283 | 2,680 | 2,700 | 0.0064 | 25,556 | 11.00 | 171 | 0.0050
2,650 | 49267 | 2,530 | 2,700 | 0.0072 | 25,556 | 11.00 | 171 | 0.0050
2,400 | 55201 | 2,280 | 2,700 | 0.0090 | 25,556 | 11.00 | 171 | 0.0050
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Meanwhile, KCI (Korea Concrete Institute(KCI) 2012a), KHBDC (Korea
Road Association 2015), and ACI 318 (ACI Committee 318 2014) stipulate that
the minimum flexural reinforcement in general flexural members shall be used

for ductile behavior with the larger value of following Equation 5.3 and 5.4.

For the pier caps with fy, =40 MPa and f, =400 MPa, minimum flexural

reinforcement ratio, O, » 1S 0.0040 based on the codes.

0257,
AE,min _f—

y

b,d (5.3)

14
AS,min - f_

y

h,d (5.4)

However, according to Seguirant et al. (2010) and Kim et al. (2018), these
rules for minimum flexural reinforcement are derived from the flexural strength
and crack moment at the cross section of the member where the Bernoulli’s
assumption is satisfied. Thus, the relationship does not fit in bridge pier