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Seismic design of precast concrete requires the study of the influence of the seismic
forces on the connections. In the context of this thesis, the performance of various
types of connections utilised in precast buildings was evaluated numerically. A six
storey high building was chosen for investigation.
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Figure 1: Various connection types.

The seismic actions on the building were computed on the basis of Eurocode 8. The
capacity design principle was used for design of the building components. Four
different connections of the beams to the columns were designed and evaluated, Fig 1.
Non-linear dynamic analysis with the F.E. code Ruaumoko verified the adequacy of
the design for the emulated monolithic connection. The results of the investigation
have shown that:

with appropriate attention to detail, the connections can be utilised
depending on the location, different connection types may be more appropriate in
terms of their earthquake response and/or cost
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Summary

Objective of the thesis is the study of the influence of the connection characteristics
on the seismic performance of precast concrete structures. To that end a six storey
high building with moment resisting frame was analyzed and designed. The precast
concrete building consists of 3x6m span frames at 7.8m centre-to-centre in the
transverse direction and 7x7.8m span frames in the longitudinal direction. A 350mm
floor spansin the longitudinal direction. The structural system is based on the concept
that the precast units should be as long as possible. In the study different types of
connections are considered:

(1) A monoalithic reinforced concrete connection

(2) A hybrid-fibre concrete connection

(3) A bolted assemblage Dywidag ductile connector DDC.
(4) A post-tension assemblage

The building location is in Greece, zone IlI. Considering the location and building
characteristics, the seismic acceleration Ay is 0.24g. In the calculation and of the
seismic force on the building the equivalent shear method is used, the force is
distributed on each floor of the building depending on the building mass and height.
For the seismic analysis only the frame in the transverse direction is considered most
critical.

The design philosophy followed uses the analysis to obtain relations between the
consequences of the seismic action and the functioning of the structure globally and
locally. That enables the study of the different solutions. The building is considered
in the analysis and the design with the different connection types, and for that a
suitable strategy is followed, taking into the account the concept of the capacity
design where the columns are assumed to be elastic and the yielding occurs in the
beam-ends. That enables using an elastic model using elastic response spectrum with
a behaviour factor according to EU8. The model is used for the structural analysis in
two steps. First an elastic model using redistribution of the bending moments in the
beam ends. The calculation results used to determine the modified stiffness of the
connected beams in the column beam connections. The modified stiffness of a beam
is built as a function of its section dimension, reinforcement, and curvature (Figure
1,and Figure 3).
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Figure 1: The effective stiffness and the structural behaviour in a column beam connection
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Second an elastic model in which the connected beam stiffness is introduced. In
the second step the characteristics of the R/C section is described, it accounts for the
behaviour of the beam-ends under seismic loading. The latter results in a better
response and structural drift estimation. In the elastic model the load combinations are
the serviceability limit state and the seismic combinations. All elements are designed
for the seismic combination and verified for the serviceability limit state. Important
aspects studied are drift of the structure, yield of the beams and the connections,
strength and stiffness continuity, and the degradation at the connection. Each
connection type provides a special solution to fulfill the seismic performance
requirements considering the previous aspects.

The capacity design method is applied in all the solutions; the concrete structure is
verified according to EC8. The principle of weak beam strong column connection is
applied. The bending moment in the column beam connections is calculated through
the analysis model considering the stiffness of the connected members. The
distribution of the seismic loading on the columns is influenced by the connected
beams strength. Capacity design accounts for the connected member’s strength and its
interaction influence during seismic loading. It account for the tolerance in the
material and the dynamic loading. The required seismic design strength in the
columns is verified against the action of the connected beams due to seismic loading
in a direction and its reversal action. It is a function of the connected members
bending moment strength with and overstrength factor and the seismic bending
moment proportion to its bending moment resistance, which accounts for a seismic
magnification factor. According to the analysis, and using the modified stiffnessin the
beam ends (Figure 1), the calculated top and bottom reinforcement in the beams
results in a suitable proportion to resist the seismic loading without high-applied
reversal action on the columns. The minimum reinforcement percentage is applied in
the columns. The design of the concrete elementsis carried out in three steps:

(1) The preliminary design of the columns, for the applied loads and the minimum
required reinforcement in the yield locations.

(2) The design of the beams includes the application of the capacity design for shear
considering the moment resistance of the beam-ends.

(3) The design of the columns with the capacity design, using the moment resistance
of the beams.

The preliminary design of the columns is used as monitoring measure for the design
optimization of the different solutions. In case of a significant change is needed in the
column reinforcement due to the application of the capacity design, modifications in
the column and beam design may be applied. In the design with monolithic and HFC
connections the strength reduction and the over strength factors are applied in the
design of the shear in the beams and the columns and the flexural design of the
columns, while in the design with DDC and the posttension assemblage, the capacity
design principles are applied considering those factors within the design criteria’s. In
the design of the connections the main aspects as yield locations, drift, ductility and
degradation is considered with a specific solution for each type of connection. The
emulated R/C connection is composed of cast in place elements on the column top.
Hybrid-fibre concrete connection composed of precast elements connected on the
column top and connected with interior precast concrete B55 beams The two
connection types provides continuity in the stiffness, stresses, and shear. Theyielding
is relocated from the column faces in the beams where the ductility is provided. The
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required high shear resistance at the column faces is designed with conventional
diagonal shear. In the design with HFC additional reinforcement in the connection
core is applied in order to get a stiff and strong connection while the reduction in the
reinforcement at the yield locations is used to get use of its high ductility. The Ductile
Dywidag connection and the hybrid posttension connection are attached to the
columns with ductile bars passing inside the column core and with posttension
tendons passing inside PVC through the column. The plastic hinges in the beams
normally occur near the beam-ends; the top and bottom beam bars may yield in
tension and compression alternatively at the column faces. The important principle for
the adaptation of this connection for seismic action is the relocating of the causative
actions by relocate the yielding away from the beam toe, within the column where the
confinement of the concrete protect it verse the lateral support action. By posttension
assemblage mild reinforcing provides energy dissipation during a seismic event is
placed at the top and bottom of the beam through the joint and is grouted in place. By
limiting post-yield rotations to the joint, damage to the system is minimized. The
design of the emulated monolithic concrete structure with the elastic model used 20%
reduction of the resultant beams end moment. The drift of the current floors and the
top floor are verified to be less than the permitted drift A/lh<3%. The calculation
with the two steps is used for the other alternatives. The design with monolithic
connections is verified using the non-linear analysis program Ruaumoko using two
records scaled to the design shear force of Ag= 0.249. Both design results are verified
for degradation, using Takeda degrading and plastic hinges at the column bases. The
design results in available ductility in the beams greater than the ductility resulting
from the non-linear analysis. The design with the modified stiffness resulted in
improved moment curvature hysteresis behaviour in the column beam connection
(Figure 2), better distribution of the demand ductility among the members, and better
demand ductility proportion of the top and the bottom reinforcement in each member
end. The resultant forces in the beam-ends indicate that the top and bottom flexural
reinforcement resist with identical stress the seismic action. The moment curvature in
the connection (Figure 2) designed with modified effective stiffness model is more
homogenous, uniform, and curvature range. It indicates that the connection provides
higher available ductility and especially by increasing the confinement reinforcement.

s00.0 S00.0
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Figure 2: Moment curvature diagram in a connection designed with elastic
model and modified effective stiffness model

The design with the modified stiffness results in response increased uniformly in
case of increasing the seismic intensity. The top and bottom reinforcement
proportionality in the section is an important aspect studied and fined its solution
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through the application of the stiffness properties in the elastic model, the flexural
reinforcement design results in improved connection hysteresis response. The design
with the modified stiffness is tested against two seismic records (El Centro 1940, and
Bucharest 1977) scaled to the design ground acceleration Ag=0.24g in one model and
scaled to 1.6x0.24g =0.38g in other model. The ductility demand in the two models
stays within the member design limits. The displacement and drift of the members
exceeds considerably the permitted limits, while the flexural response of the section
has no considerable increment of the design value when increasing the seismic
intensity. The connection possesses stable seismic resistances due to its homogeny
response with the seismic actions. We may conclude that building with homogenous
seismic resistance connections and sufficient ductility achieved by rational design
with accuracy assures the required top and bottom reinforcement proportionality in
the sections and the demand ductility (Figure 3). It add a positive influence to increase
the structure integrity, the structure keeps its integrity till reaching accessin drift. The
accuracy determination of the number of bar and its diameter is important practical
factor influences top and bottom reinforcement proportionality. The required
reinforcement proportion in the sections is decided through the design of the
reinforced concrete element using the structural analysis response and applying the
capacity design requirements. The introduced connection stiffness properties in the
analysis model influence the response. The accuracy needed in the application of the
capacity design and structural analysis considering the possible modifications.
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Figure 3: The structure analysis introducing the connections properties

The top and bottom reinforcement ration, its proportionality, and the sufficient
available ductility in the beam end determine the effective stiffness for a certain
loading level (Figure 3). It influences the response of the structure and the applied
factors in the capacity design. Its accurate application leads to seismic resistance
stability in the connection (Figure 2). The demand ductility and the displacement in
the structure may increase considerably while the connections still possesses
sufficient strength resistance and hysteresis behaviour against the seismic action.

The design and analysis procedure is applied in the solution of the four
connection types, and the analysis of the structure proved its efficiency to obtain the
response, the links with the specific connection requirements. The analysis with the
modified elastic model used the R/C monolithic properties of the beam-ends beyond
yield that governs the determination of the seismic structural behaviour. It provides a
good assessment for the structural displacement and drift with factor incused its
application in the connections region. The solution provides an answer to the required
connection stiffness for the required seismic structura displacement. That enables
using the structural analysis results as a general solution for the different connection
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types. The ductility demand is used in the analysis as a measure for yielding. The
demand ductility is provided by the structural analysisis verified against the available
ductility provided in the connected members for all the connection types. It varies
within the available ductility in the connected members.

The design and the choice of a connection type requires information and
knowledge covering analysis, function, materia properties and its usage, the possible
additional ductile members or posttension rods. The technique and construction
process of the building and its application in the connection is an important factor.
The use of more than one connection type in a building provides the application of
specific needed character in a specific location. It requires the determination of the
needed stiffness, strength, ductility in the connections and the application of the
suitable connection type that provides the better solution. The usage of the ductile
rods in the hybrid connection may be reduced in case of no need for high shear and
bending moment resistance. In a building, for the first second and third floor
construction with Dywidag or posttension assemblage is preferable where high
ductility is required, while the 4th and the 5th floors may be constructed with
emulated monolithic R/c or HFC. The bending moment, and the resistance moment in
the beam-ends is important factor that influences the behaviour of the connection. It
can be performs through the design with reasonable redistribution of the response
considering the postyield behaviour of the reinforced concrete, the variation of the
stiffness and the strength as a function of seismic, and the intervention of the designer
to apply stiffness and flexibility in location that lead to improve the response.

Table 1. Description and comparison of the connection characteristics

Resistance
Connection type Function Shear | Bending | Ductility
moment

Integrity and continuity of the building due to the
R/IC use of the same material and regulations. Possible | +++ +++ ++
mixing with (DDC) and (PT), by adding extra
posttension rods or ductile members to increase the
shear resistance and its ductility. Yield locations are
relocated from the column face.

Provides more ductility, high shear resistance. Yield
Hybrid HFC locations are relocated from the column face. | ++++ | ++++ +++
Possible mixing with (R/C), by using the R/C in the
locations where no high shear resistance or ductility
isrequired.

Ductile members provide high ductility in the
DDC column faces. Extra moment, transfer the acting | ++ ++++ ++++
force inside the column, enables reversal action.
Shear resistance due friction caused by the
pretension of the ductile members

Add pretension force on the column increasing the
Post tension shear resistance due to the friction. Dissipation of | ++ +++ ++++
(PT) the energy is provided by the addition of the ductile
rods, which provides flexural moment also.

+ Is arelative comparison degree of the resistance provided in each connection type

In the design with R/C and HFC yielding is relocated from the column face in the beams. In the design
with DDC and Post tension assemblage yielding occurs in the beams close to the column face in location
protected against degradation.
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Comparison and description of the connection characteristics are given in
Table 1. The design with R/C connection possesses continuity in the mechanical
properties of the materials, and the distribution of the response on the connected
members. The reinforcement is continuing in the core and the beam. The concrete
stresses are extending to the stresses in the core and the beam. The local force actions
can be minimised by suitable calculation, distribution and selection of the
reinforcement. It provides high shear resistance and moment strength. The design for
ductility requires the attention in relocation for the yield locations. Construction with
HFC requires the accurate design of the bending moment reinforcement to reduce the
exerted seismic reversal beams action on the columns. The use of high reinforcement
ratio in the HFC cross-section increases considerably its moment resistance.
According to the capacity design the increase of the strength in the connected beam
end leads to apply high seismic moments on the columns The core of the connection
reguires extra reinforcement to assure its resistance against cracking, and yielding of
the beams away from the column face.
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1 Introduction

The development of the seismic connections is essential in the precast construction.
Most of the precast concrete constructions adopt connections details emulated cast-in-
place concrete structures such that they should have equivalent seismic performance
as monolithic concrete members. While other connection types with using ductile
members is generated. The precast concrete structures are composed of elements
jointed together and form the construction for specific functioning and requirements.
In order to realize such requirements different problems should be solved. The
question how to construct with these elements, is a subject to be study on two major
levels: the building connection system, and the connection of the elements, which are
related together, and it has been studied experimentally and theoretically. The system
of connection may influence the connections type. In the design of the connection the
investigations of the influence of the seismic effect on the joint and the neighboring
regions in the connecting elements is required. The progress in the technical solutions
at the connections and the performance of the connections leads to generate new
building systems, and create real problematic which can’t be separated from the
connection problems and its progress. The connection performance in a structure
should cover the connection joint, the yielding locations, and its relation with the
connecting members and the overall system. In seismic resistance structures, the
behaviour of the end members and the connections due to the seismic action is
important.

1.1 Prefabricated concrete constructionsunder seismic effect

The non-linear behaviour of the reinforced concrete structures, under seismic action
depends essentially on the inelastic deformations and distribution in the structure and
on the behaviour of the member under the influence of the different combined forces
including aternative seismic action. The structural system and the loading are major
factor influences the final response of the structure, and the function of the member.
In the precast structures, the concrete elements are connected at their ends in different
manner. The degree of fixation of these elements varies from free to rigid connection,
which enables to construct considering suitable degree of freedom and rotations in the
elements. The redistribution of the inelastic deformation should be considered in the
analyses and the design of the structure. In seismic analyses it is important to define
the principle aspects such as. drift, ductility, and stiffness of the construction and
assess its range of change especialy in the elements ends. Seismic effect is more
effective in the connection regions of the prefabricated elements, and it is important
that this effect will be limited within the reserve resistance capacity. There are needs
to define criteria’s and to formulate and establish analyses and design methods
governing the resistance capacity and the nonlinear deformations at the elements, and
the structure level. Simple and explicit relations and methods are helpful to take
decisions concerns the building system. In the design and the choice of the
prefabricated elements, the compatibility, the functioning of the elements, the
connection type and dimensions of the different construction elements governs.

In the choice of an element, the resistance capacity varies according to the
reinforcement distribution in the middle spans and in the connection zone, which
influence the elements properties. The erection and execution method plays arole in
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structural modeling and solutions and then on the resultant response of the different
force combinations acting at the connection. An optimum solution is to design
elements possesses properties satisfying the serviceability and ultimate limit state
requirements, and to limit the seismic effect in the elements resistance capacity. The
design of the connections locally is a question to solve with engineering judgment
covering the local details and the general relations in the building system. It requires
the determination of the requirements of the system functioning to resist seismic in
combination with the serviceability of the building, and the distribution of the seismic
influence on the components, the elements and then on the connections. In the
connection different solutions are available, which may influence the whole system.

1.2 Objective

The objective of the thesis is the influence of the connection characteristics on the
seismic performance of the precast concrete structures. The behaviour of the members
in the reinforced concrete studies leads to the conclusion of the major influence of the
members end connections on its total behaviour. In seismic resistance structures, the
non-linear behaviour of the end members due to the seismic action is significant.
There is need to study the performance of the structural elements and especidly its
connection. In this study the characteristic of the connections, the behaviour of the
structure and its response is investigated. The relations between the characteristics of
the connection, the post-yield locations and the response of the structure under
seismic loading are one of the maor points in the study towards solving the
performance questions of the precast concrete structures.

1.3 Scopeof the study

The study objective is the influence of connection characteristic on the seismic
performance of the precast concrete structures is discussed in chapter 1. The
discussion explained that the usage of the precast concrete el ements arise performance
problems, the concrete, the seismic action and the connections are essential parts in
the seismic design where the end members and the connection is an important subject
for study. A study plan and scope of the study is given in the same chapter.

The precast construction is discussed in chapter 2. It includes seismic
resistance building system, different types of connections and solutions. It shows the
use of ductile elements to obtain ductile seismic resistance frame, wall, and
diaphragm. The lateral force resisting system is distinguished in frame, wall, dua
wall, core and inverted pendulum systems. Seismic resistance systems are illustrated
with different solution covers the ductility, detailing for ductility, steel arrangement
and dimensioning in the connections. Solutions involves ductile connections are
discussed for the connections with ductile members and post tension tendons.
Dissipation of the energy is illustrated using of ductile member, mild steel rods in
connections, and dissipation by concrete cracking and steel deformation in hybrid
fibre concrete.

The earthquake phenomena and the seismic effects on the structures are
discussed in chapter 3. The discussion covers the dynamic analysis principles, and the
non-linear analyses methods to quantify the seismic forces on the structures. The
structure behaviour under the hazardous seismic action depends on two basic
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parameters; the intensity of the earthquake, and the quality of the structure. The terms
magnitude, intensity and damage are used as a measure for the earthquake and its
consequences.

Aspects in the design and test of precast concrete seismic resistance structures
are reported in chapter 4. The chapter provides experimental and theoretical
information covering shear resistance, bar anchorages, and stiffness deterioration in
the connections. Different issues are explained as the importance of beam-column
joint detailing in moment resisting frames, the significant increase in flexibility of the
frame due to diagonal shear cracking, the usage of the transverse reinforcement to
limit the maximum tensile stress of the concrete. The plastic hinges formation is
explained as a consequence of yielding and its occurrence near the beam-ends. In
order to create possible plastic hinge location yielding is allowed to take place in
some locations by reducing the flexural reinforcement. The inelastic deformation in
the structure is required without significant loss of strength; the ductility in the R/C
sections covers this requirement, and the ductility of the beams and the columns can
be increased considerably using confinement reinforcement.

The capacity design concept is discussed in chapter 5. The discussion covers
the capacity design method, its principles and its formulation according to EC8. The
capacity design method states that ductile behaviour in a structure requires that the
yield capacity is reached first in ductile response modes rather than in brittle modes.
The chapter illustrates methods to fulfil this requirement using the EC8 code, which
allows designing using three structural ductility levels. A higher the ductility leads to
alower of the design force and thus alower the required strength. EC8 approach aims
defining the global mechanism, through the so called beams sway mechanism, in
which all beams at al stories form plastic hinges, while al columns remain elastic for
their entire height.

The non-linear analysis method is discussed in chapter 6. The discussion
includes degradation of the concrete structures under seismic loading and methods
and rules used in the calculations. It is shown that the different between dynamic
problems are different from static ones in different factors to be considered as. The
inertial force, damping, strain rate effect, and oscillation. Dynamic tests of real
buildings are rather amed toward obtaining data to confirm the validity of
mathematical modelling techniques for a linearly elastic structure, and to obtain
damping characteristics of different types of structures. The energy-dissipating
mechanism in the structures is shown to take the following forms: Inelastic hysteretic
energy dissipation, radiation of kinetic energy through foundation, kinetic friction,
viscosity in materials and aerodynamic effect. And the speed of loading is known to
influence the stiffness and strength of various materias, the strain rate during an
oscillation is highest at low stress levels, and the rate gradually decreases toward a
peak strain. In the chapter it is shown that the hysteretic model is able to provide the
stiffness and resistance under any displacement history, which needs the basic
characteristics definitions of the member geometry and materia properties. Different
hysteresis tests and rules are illustrated to define the flexural, shear and bond cyclic
behaviour of reinforce concrete connections.

A new method for the non-linear behaviour of unconfined reinforced concrete
section isformulated in chapter 7, and it is applied on the reinforced concrete B55 and
the Hybrid-fibre concrete. It includes the definition and mathematically formulation
of the compression and the tension parameters for a rectangular reinforced concrete
sections. Figure and tests are included showing that hybrid fibre concrete (HFC)
possesses high ductility and performs well under cyclic loading. A non-linear
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behaviour model for rectangular R/C cross section is built for concrete B55, and for
hybrid fibre concrete. The compression and tension behaviour of the concrete are
defined by parameters enabling the substitution of the stress strain relations into the
equilibrium equations. For the representation the post yield response of the member’s
properties the complex behaviour of the steel and concrete are considered, such as the
non-linearity of the concrete and steel.

The stiffness factors are formulated for a rectangular reinforced concrete
section in chapter 8. A precast concrete beam model is built. The model shows the
significant influence of the applied moment in the post yield situation on the stiffness
in the member ends, which leads to introduce the structural model with semi rigid
connections applying a new structural analysis model using modified effective
stiffness. The application of the relation load-stiffness-reinforcement ratio-ductility-
enables building model for the precast concrete beam. Introducing that in a concrete
structure subjected to seismic action shows that the use of the effective stiffness
obtained from the local section properties can provides description for the structure
under seismic loading, which may be used in the design as a redistribution method for
the applied bending moment in the beam ends. Description of the stiffness, its
relations, and application are included.

Project of 6 storey precast concrete building is introduced in chapter 9. The
dimensions, the construction requirements, the load calculation, and the premier
design considerations are discussed. Seismic loading is calculated using the
equivalent shear method. The equivalent shear method is applicable to our building
with regular shape and a uniform distribution of mass and stiffness. The chapter
includes the distribution of the lateral forces on the structure elements.

The design with emulated monolith connections is introduced in chapter 10
with three aternatives, the hybrid connection, the DDC connection and the hybrid
fibre concrete connection. It is shown that materials, ductile members, and special
technique are used in the connection to improve its shear, moment resistance and
ductility during the seismic loading. And the connection it self as an intersection
between at least two elements has its problematic to be solve, as the shear, and
moment resistance, the integrity with the supports and the ductility. The connections
are divided in system connection considering factors as moment, shear, dimension to
be considered and member connection where the performance for the previous
mentioned factors may be ssimplified. The design procedure is carried out by splitting
the problem to find economical design in which local properties and solution can be
applied as the use of the ductile members to increase the connection ductility, and the
use of the prestressed elements to produce shear by friction.

Premier design of the building is introduced in chapter 11.The loading on the
building and the calculation of the lateral seismic force on each level isincluded. The
analysis of the structure is applied with two analysis models, the elastic model
considering the serviceability limit state and seismic combinations and introducing the
connection characteristics considering the seismic combinations. According to the
design requirements the drift of the current floors and the drift of the top floor is
considered to be less than the permitted driftA/h<3%. The shear force on the
building is distributed on the interior column and the exterior columns in a manner
lead to decrease the moments at the exterior columns. The decrease the bending
moments at the first floor beams is carried out applying yield locations at the first
floor and the use of different degree of fixation in the columns supports to get more
rigid connection in the interior columns and flexible connection at the exterior
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columns. The design optimisation is illustrated using the modified stiffness model
and the non-linear analysis with Ruaumoko program.

The design of the emulated monolithic concrete structure according to EC8 is
given in chapter 12. Appling the capacity design requirements for the interior and
exterior columns beams connections. In the design of the ductile connections (DDC,
Posttension assemblage) the capacity design isincluded in the design procedure of the
connected elements- the beams and the columns. In the designing of ductile moment
resisting frame subjected to lateral loads, the design for the flexura moment in the
beams includes the design of the yield location locations, the shear, and the control of
the possible plastic hinge formation at the beam-ends. In the first assessment for the
ductility the local curvature ductility in the beams ends are obtained using the q factor
obtained from the design spectrum and apply relations given by the CEB for the
design period T. The design of the concrete structure is optimised using the modified
elastic stiffness, which is built based on the elastic frame model reinforcement. The
resulting bending moment, at the column beam connections with modified stiffness
model is about 80% of that which is obtained with the elastic model results, and the
design reinforcement in the beams and the columns are identical

The design of the connection with Ductile Dywidag Connection DDC, Hybrid
Post Tension Connections and Hybrid Fibre Concrete HFC is introduced in chapter
13. The chapter covers concepts, calculation methods and the design processes. In the
different alternatives design the response used is the structural analysis is carried out
using the eastic stiffness model with 20% reduction of the moments in the beams
ends. Hybrid fibre concrete (HFC) is used in the column beam connections, as a
precast unit supported on the column. In the connection core extra flexura
reinforcement is added to increase its resistance. Accuracy isimportant in the flexural
reinforcement design to limit the influence of the reversal seismic forces exerted by
the beams on the columns. In the design with DDC connection the relocating of the
causative actions is by relocate the yielding element within the column where the
confinement of the concrete protect it verse the lateral support action. The
calculations indicate that nominal moment capacity of ductile member group decided
the transfer load on the column, and the nominal shear capacity in the connectors. It is
shown that the applied force on the ductile connector is unaffected by the preloading
level, and the connecting members should be logically verified for the uncertainties
associated with each of the considered transfer mechanisms. The Hybrid beam system
consists of concentric post-tensioned cables anchored at both ends of the frame, and
the clamping force creates a friction force between the beams and columns, which
transfers the shear demands. Mild reinforcing provides energy dissipation during a
seismic event is placed at the top and bottom of the beam through the joint and is
grouted in place. The calculations shows that the restoring force provided by the
elastic post tensioned and the flexure strength is provided by combination of
unbounded post tensioning strand and bonded mild steel. The chapter shows that
factors should be considered and verified are the strand stress, its nominal moment,
and the flexural moment provided by the mild steel, and the friction due to the
compression force of the tensioned tendons provides the connections shear resistance.

Summary and evaluation of the study is introduced in chapter 14. The
evauation of the study provides description for the different activities, the solutions,
and the main applied concepts. The design summary with the different solution, and
comparisons between the different types of connection are reported. Conclusion is
included it shows that in the design information, knowledge concerns the analysis and
the function of the connection parts is required. The use of different connection types
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in a building enables to control the specific needed characters in a connection, and the
characteristics of one connection type may be used in the a specific design
requirement.
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2 Precast Concrete

Keywords: Precast and prestressed concrete structures, beam column joints, lateral
force resisting system, ductile equivalent monolithic resisting frames, jointed
reinforced concrete resisting frames, ductile hybrid jointed moment resisting frames,
equivalent monolithic reinforced concrete structural walls, jointed reinforced concrete
structural walls of limited ductility, ductile hybrid structural walls, diaphragms.

Lateral force resisting systems can be distinguished in Frame systems, Wall systems,
dual wall systems, core and inverted pendulum systems. Precast concrete built in
equivalent monolithic and jointed system with ductile, and limited ductility
connection system. The development of a specific connection type requires specific
details in the connection as. covers, dimension, connected members arrangement, the
flexural and the shear reinforcement, and the used ductile elements. Design studies
lead to specific ductile equivalent monolithic moment resisting frames for column-to-
column, beam-to-beam, and wall-to-wall connection, and for the column-to-beam,
wall-to-floor connection. The reinforcement at the column ends are used with lap
splits bars that can be protected by capacity design approach to prevent plastic
hinging occurring in the column ends, relatively weak connection achieved mainly by
welding or bolting. Hybrid connection system combined unbounded-tensioned
tendons with longitudinal non-prestressed reinforcing bars. The post-tension tendons
may run directly into the connection core or runs inside a PV C through the center of
the beam and the core. The tendons prestressed so that it will not reach the
proportionality limit during the earthquake. These bars provide energy dissipation by
yielding in tension and in compression over unbounded regions next to the beam-to-
column connection. The system has the advantage of reduced damage during an
earthquake. Bolted assemblage Dywidag ductile connectors were motivated to
improve the post-yield behaviour of the concrete ductile frame. The design with steel
fibre reinforced concrete has not been yet applied in a wide range. The studies
indicate that it perform well in seismic design due to the confinement provided by the
stedl fibre, and hence improve its toughness and ductility. The energy is dissipated by
concrete cracking, steel deformation, steel bending etc. and via progressive fibre
pullout from concrete. Fibre concrete can sustain a portion of its resistance following
cracking to resist more cycles, the fibre concrete joints had better energy dissipation,
ductility, and stiffness, as well as spalling than plain concrete joints. In many part of
the world the precast and prestressed concrete possessed successful applications in
earthquake resisting building and structures.

The construction and the design of earthquake resistance structures in precast and
prestressed concrete required considering important aspects in the connection design.
Due to poorly designed precast and prestressed concrete structures have badly
performance in seismic regions. In major earthquake failure occurs due to brittle
behaviours of poor detailed connections between elements, poor detailed of elements
and poor design concept. Examples of magjor damage to poorly designed and
constructed precast concrete structures as a result of severe earthquakes are shown in
Figure 2-1. This has resulted in the use of precast concrete in earthquake resisting
structures being regarded with suspicion in some countries [11].
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Figure 2-1 Collapse of poorly designed and constructed precast concrete building

Experience has shown that structures incorporating precast concrete elements, which
are well designed and constructed for seismic resistance will perform well in
earthquakes [12]. The designer and erector must possess knowledge of the capabilities
and limitations of precast element processes, and an understanding of how the
structure will be safely assembled.

For the design of precast concrete structures there are several important rules to be
applied as follows: Detail as simple as possible. Design for maximum repetition. The
shape of the elements should be as simple as possible. Design the element as big as
possible. Realize that the elements must be transported from the factory to the site.
Avoid pouring concrete on site; the structure must be stable during erection. Provide
for tolerance. Use standard dimensions, details, cross sections, connections and base
type products [5]. Many codes contain provisions for the design of precast concrete in
seismic regions to various degrees. For example, seismic provisions for precast
concrete are scattered throughout the New Zealand concrete design standard [13]. The
ACI building code in its 2002 edition [14] has seismic provisions for precast concrete
but does not permit the option of non-emulative precast wall structures. The
Architectural Institute of Japan has published draft design guidelines for precast
construction of equivalent monolithic reinforced concrete buildings [15].

2.1 Lateral forceresisting systems

Lateral force resisting system in general can be divided in five systems:

e Frame system: Where the space frame mainly resists both the vertical and lateral
loads.

o Wall system: Where the loads are resisted by wall system coupled or uncoupled
with high shear resistance.

e Dua wall frame system.

e Core system: Composted of wall or frame system without satisfactory torsion
rigidity.

e Inverted pendulum system: Where 50% of its mass is located in the upper height
of the structure.

Precast concrete element in general built in equivalent monolithic or jointed system.
They are distinguished according to the type of connections between there elements.

Theinfluence of the connection characteristics on the seismic performance of the precast concrete 18
structures.



e Equivalent monolithic systems (ductile): The connections in equivalent monolithic
system are designed to emulate the performance of the cast in place concrete
constructions. They are ductile connection that have the required strength and can
yield.

e Equivaent monolithic systems (Limited ductility): They are strong enough but
they are of limited ductility designed to remain in the elastic rang during the
seismic actions, while the building is satisfying the ductility demand imposed by
severe earthquake.

e Jointed system: The connection in jointed system does not emulate the
performance of cast in place concrete constructions.

2.2 Ductile equivalent monolithic R/C moment resisting frames

(@) Arrangement of members:

Equivalent monolithic ductile reinforced concrete construction systems used in Japan,
Architectural Institute of Japan [15] and New Zealand, Centre for advanced
Engineering [16] designed for weak beam-strong column behaviour are shown in
Figure 2-2. In al systems a precast concrete floor system is placed seated on the top
of the precast concrete beam elements and spanning between them.

System 1: The precast concrete beam elements are placed between either precast or
cast-in place concrete columns, seated on the cover concrete below and/ or propped
adjacent to the columns. Reinforcement is then placed in the top of the beams and in
the beam-column joint cores. One approach with this system, typicaly used in New
Zealand, is to splice the beam bottom bars using hooked anchorages in the joint core
(see (a) of System 1). An aternative approach, typicaly used in Japan, is for the
bottom bars to be continuous through the joint (see (b) of System 1). The faces of the
precast beam elements are either keyed or roughened

In System 2: The vertical column bars of the column below the joint protrude up
through vertical corrugated steel ducts in the beam unit where they are grouted and
pass into the column above. The beams are connected using a cast-in-place concrete
joint at mid span.
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Figure 2-2 Ductile equivalent monolithic R/C moment resisting frame system, system 1and system 2

In System 3: T-shaped or cruciform shaped precast concrete elements are connected
vertically by column bars and horizontally by a cast-in-place concrete joint at mid

span.

System 4: is mainly used in New Zealand, pretension prestressed concrete U-beam
and cast in- place reinforced concrete are used refer to Figure 2-3.
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i Ll

Systom 3
Figure 2-3: Ductile equivalent monolithic R/C moment resisting frame system, system 3,and system 4

(b) Column-to-column and beam-to-beam connections:

The precast reinforced concrete elements in Systems 2 and 3 can be spliced either at
the end above the beam or at mid-height either grouted steel sleeves, or non-contact
lap splices involving refer to Figure 2-4, the longitudinal bars protruding from the
precast column bars “G” are grouted into corrugated metal ducts in the mating
column. Adjacent to the ducts there are two smaller diameter bars, bars “L”, of about
the same cross sectiona area as the grouted bar. Those bars are lap spliced a distance
not less than the same time as the ducts. Note that splices at the end of columns can be
protected by a capacity design approach to prevent plastic hinging occurring in the
column there.
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Figure 2-4: Column to column reinforced concrete connection

2.3 Jointed reinfor ced concrete moment resisting frames of limited
ductility

Some jointed reinforced concrete moment resisting frame systems that have relatively
weak connections between precast elements, achieved mainly by welding or bolting
and dry packing, have been attempted. Such systems should be used with caution
since they can have very limited ductility.

2.4 Ductile hybrid and Dywidag jointed moment resisting frames

Hybrid systems are jointed systems, which combine unbounded post-tensioned
tendons with longitudinal non- prestressed reinforcing bars. Hybrid systems were
developed in the United States and adopted in the PRESSS (Precast Seismic
Structural Systems) programme (Priestley et al)
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Figure 2-5: General reinforcing details of hybrid frame system [17]

Figure 2-5 shows an example. The precast concrete beams are connected to multi-
storey columns by unbounded post-tensioned tendons that run through a PV C duct at
the centre of the beam. The gap between the beam and the precast column is filled
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with fibre-reinforced grout. The tendon prestressed, such as to ensure it will not reach
the limit of proportionality during an earthquake. Non- prestressed steel reinforcing
bars are placed in corrugated ducts on the top and bottom of the beam and through the
columns and grouted. These bars provide energy dissipation by yielding in tension
and compression over rebounded regions next to the beam-to-column connection. The
non-linear deformations come from the opening and closing of the crack at the
interface between the precast concrete elements. The system has the advantage of
reduced damage during an earthquake and of been self centring i.e., practically no
residual deflection after an earthquake.

Self-centering Energy dissipaling Hybrid system
Fi F Eh

f o] ﬂ
BL/-"/D D

Unbonded Mild steel or
post-tensioned tendons Energy dissipation devices

Figure 2-6: Idealized flag-shape hysteric rule for hybrid system [12]

Figure 2-6 shows the idealized flag-shape hysteretic rule for a hybrid system
composed of the sum of the self-centring contribution of the unbounded post-
tensioned tendons and the energy dissipation of the mild steel reinforcing bars [12].
Bolted assemblage Dywidag ductile connectors DDC were motivated to improve the
post-yield behaviour of the concrete ductile frame. The DDC system has the ability to
deform for a storey-drift of over 4% without a significant loss of strength (Figure
13-4). They introduce a ductile road or fuse into the path away from the toe of the
beam. These connectors alow post-yield deformation where the members are jointed.
The desired behaviour of the structure achieved through merging the steel technology
with the basic objective of seismic loading limitations.
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Figure 2-7: Bolted assemblage, Dywidag ductile connectors (DDC).
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The important principles for the adaptation of this connection type for the seismic
action is the relocating the causative actions by; Relocate the yielding element to
within the column where the confinement of the concrete protect it verse the lateral
support action, allow the strain in the toe region of the beam to be verified, and
transfer shear force by friction from steel to steel. In the design of the ductile
connectors the capacity design principles are applied trough considering the strength
reduction factor and the over strength factors.

2.5 Seismicjoints of Steel fibrerenforced concrete

The design with steel fibre reinforced concrete has not been yet applied in a wide
range. There are literature studies available over the properties of this material and its
behaviour under cyclic loading. These studies indicate that this material perform well
in seismic design. The main reason is the confinement for the concrete provided by
the steel fibre, and hence improve its toughness and ductility, which is one of the
important concepts in the seismic design. In earthquake loading, in conventional joint
the energy is dissipated by concrete cracking, steel deformation, steel bending etc. In
stedl fibrous joints, the goal is to dissipate such energy via progressive fibre pullout
from concrete. Earthquake causes seismic joints to be subjected to multiple cracking
in reverse cycles of loading. Conventional concrete 100ses its resistance completely
after cracking. However, fibre concrete can sustain a portion of its resistance
following cracking to resist more cycles. It was found that the fibre concrete joints
had better energy dissipation, ductility, and stiffness, as well as spalling than plain
concrete joints.

2.6 Equivalent monaolithic reinforced concrete structural walls

New Zealand practice for horizontal and vertical joints in monolithic structural wall
incorporated precast concrete construction is discussed below. At the horizontal joints
between precast reinforced concrete wall panels or foundation beams the ends the
panels are usually roughened to avoid diding shear failure and the joint made using
mortar or grout. The vertical reinforcement protruding from one end of the panel and
crossing the joint is connected to the adjacent panel or foundation beams by means of
either grouted steel splice sleeves or grouted corrugated metal ducts much as for the
column-to-column connections in Figure 2-5.Vertical joints between precast concrete
wall panels are typically strips of cast-in-place concrete into which horizontal
reinforcement from the ends of the adjacent panels protrude and are lapped. [10]
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Figure 2-8: Vertica joints for equivalent monolithic precast reinforced concrete structural wall
construction type aand b [12]
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Figure 2-8 shows in (@), joint with sufficient width to accommodate the lap splice
length of the straight horizontal bars that protrude from the precast wall panels. In (b)
shows hooked lap splices that enable the width of joint to be reduced.
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Figure 2-9: Vertical joints for equivalent monolithic precast reinforced concrete structural wall
construction typeb and c. [12]

Figure 2-9 shows in (¢) and (d) hairpin splice bars which may not be convenient to
construct since once the lapping bars have been overlapped the ability to lower the
precast panels over starter bars is very restricted. Support for precast floor units at
walls can be achieved in a number of ways.
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Figure 2-10: Examples of precast reinforced concrete exterior wall-to-precast floor connections

Two examples for the exterior wall is shown in Figure 2-10 for the exterior wall. The
figure shows in (@), the precast wall panel is continuous through the connection and
the floor is seated on a steel angle anchored to the precast wall panel. Alternatively a
concrete corbel could be used. In (b), the precast wall panel is segmented and the
floor is seated on arecess in the wall. Hybrid structural walls are jointed walls, which
contain unbounded post-tensioned tendons with longitudinal steel reinforcement and/
or other energy dissipating devices. They were developed in the United States and
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adopted in the PRESSS Programme (Priestley et a [17]). The idealized flag-shaped
hysteretic rule also of the hybrid wall is shown in Figure 2-12.
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Figure 2-11: Hybrid structural wall system developed in the PRESS program (Priestley et al [17]).

2.7 Diaphragms

As well as carrying gravity loading, floors and roofs need to transfer the in- plane
imposed wind and seismic forces to the supporting structures through diaphragm
action. A convenient way to achieve diaphragm action when precast concrete floor
and roof elements are used is to provide a cast-in-place reinforced concrete topping
dab over the precast units. Where precast concrete floor and roof units are used
without an effective cast-in-place concrete topping slab, in-plane force transfer due to
diaphragm action must rely on appropriately reinforced joints between the precast
units. In Italy topping slabs may not be preferred [12].

Adequate support of precast concrete floor and roof units is one of the most basic
requirements for a safe structure. The units should not lose their support. One source
of movements during severe earthquakes, which could cause precast concrete floor
and roof units to become dislodged, is that the beams of ductile moment resisting
frames tend to elongate when forming plastic hinges, which could cause the distances
spanned by precast concrete floor and roof members to increase. This elongation may
be in the order of (2 to 4)% of the beam depth per plastic hinge (Centre for Advanced
Engineering, [16]) as has been observed in tests where expansion was free to occur.
This elongation occurs because of the extension of longitudinal reinforcement in the
beams due to plastic strains. It may cause tearing away of diaphragms in extreme
events[12].

Two possible support types for precast concrete hollow core or solid slab flooring
units seated on precast concrete beams are identified by the New Zealand guidelines
(Figure 2-12). Notice that the connections can be divided into member-to-member
connection; column-to-column, beam-to-beam, or the wall to wall, and to system
connection, where more members are connected of different functions as column
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beams connection or floor walls connection which is required more complicated
detail.
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Figure 2-12: Examples of support and special support reinforcement at ends of precast concrete hollow
core floors (Center for advanced engineering [16]).
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3 Earthquakeresistance structures

The behaviours of the structure under seismic action mainly depend on two basic
parameters. the intensity of the earthquake, and the quality of the structure. The
earthquake is hazardous, stochastic phenomenon and consequently long-term records
are needed to express it. The magnitude of the earthquake is a measure of the ground
motion in terms of the energy. The term earthquake intensity is a measure of the
consequences that this earthquake has on the people and the structures of a certain
area. The damage is usually qualitatively estimated using empirical intensity scales.
An earthquake has only one magnitude but different intensities from place to another.
In Europe an empirical attenuation law for the ground accel eration has been proposed.
Response spectra are used in the seismic analysis and design of the structures due to
the earthquake influence, it present the maximum response of the structure to a given
ground motion. The response of a linear structural system could be evaluated using
the Duhamel integral, which require the use of numerica methods. A very useful
numerical integration technique for problems of structural dynamics is the so-called
step-by-step integration procedure. In this procedure the time history under
consideration is divided into a number of small time increments. During a small time
step, the behaviour of the structure is assumed to be linear. As non-linear behaviour
occurs, the incremental stiffness is modified. In this manner, the response of the non-
linear system is approximated by a series of linear systems having a changing
stiffness. A structure that can vibrate only in one particular mode can be represented
as a single-degree-of freedom system, where the mass, the viscosity, the stiffness and
the applied force are required. The numerical equations required to be evaluated and
the non-linear response can be developed, considering the equation of dynamic
equilibrium. Nonlinear static analyses can use the same solution procedure without
the time related inertia forces and damping forces. The equations of equilibrium are
written in matrix form for a small load increment during which the behaviour is
assumed to be linear elastic.

3.1 Elementsof engineering seismology

3.1.1 Origin of earthquake and itsrecording instruments

Earthquakes are ground vibrations caused mainly by the fracture of the earth crust or
by the sudden movement along an aready existing fault (tectonic earthquake).
According to the elastic rebound theory (Reid 1906), earthquakes are caused by
sudden release of elastic strain energy in the form of kinetic energy along the length
of geological fault. The accumulation of strain energy aong the length of geological
faults can be explained by the theory of motion of lithosphere plates into which the
crust of the earth is divided. These are developed in oceanic rifts and they sink in the
continental trench system (Papazachos, 1986, Strobach and Henk, 1980). There are
two basic categories of the instruments that facilitate the quantitative evaluation of the
earthquake phenomenon.

The seismographs record the displacement of the ground as a function of time and
they operate on the continuous real time basis. Their recordings are of interest mainly
to the seismology. The accelerographs record the acceleration of the ground as a
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function of time. They are adjusted to start operating whenever certain ground
acceleration is exceeded, and used for recording of strong ground motions that are of
interest to the structural engineers, whereit is used for the design of structures.

3.1.2 Earthquake magnitude, intensity, seismicity, and seismic hazard

The magnitude of the earthquake is a measure of the ground motion in terms of the
energy, which is released, in the form of seismic waves, at its point of origin. Its
measure on Richter scale and it is defined zero magnitude earthquake, one which is
recorded wit 1 um amplitude at a distance of 100 km.

The local magnitude M, =log (A) - log (A", (3.1

Where A" is the amplitude of the zero magnitude earthquakes M =0. The magnitude
M, of the earthquake is related to the energy released from the epicentre through the
relation:

log (E) =1224+1.44 -M [Erg] (3.2

The above relation shows that one unit increase in the magnitude of the earthquake;
result in the increase of the energy release of about 28 times. It is generally accepted
that earthquake with magnitude below 5 on the Richter scale are not destructive to
engineering structures [1]. The biggest earthquake since 1900 was M = 8.7. Many
record of known earthquake was registered from that time refer to Table 3-1.

Table 3-1: Known earthquake records

Place Year | Magnitudeon

Richter scale
El Centro 1940 |M=7.1
Alaska 1964 | M =84
Friaul 1976 | M =6.7
Mexico 1985 | M =81
Armenian 1989 | M =6.9
North California 1988 | M=7.1

The term earthquake intensity is a measure of the consequences that this earthquake
has on the people and the structures of a certain area. The damage is usualy
gualitatively estimated using empirical intensity scales. An earthquake has only one
magnitude but different intensities from place to another. The soil conditions have a
significant effect on the distribution of the structural damage. This effect estimated
through the so-called micro-zonation studies. The most common macro seismic scales
used are: Modified Mercalli MM scale Medvedev — Sponheuer - Karnik (MSK) scale
[3] Points of equal intensity are connecting on a map resulting in isoseismic counters,
which divide the effected area into sections of equal intensity. The intensity does not
provide quantitative information about the parameters that are related to the ground
motion. From the structural point of view the ideal way is to estimate the seismic
hazard of an area using long-term records and the statistical processing of their basic
elements. The earthquake is a stochastic phenomenon with random distribution of
magnitude and intensity in time and in space. The seismicity increases with the
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magnitude and the frequency of occurrence of earthquake in an area. Gunterberg law
defined it as:

Log(N)=a-b-M (3.3)

Where N is the frequency of the earthquake, M is the magnitude of the earthquake and
a, b constants that are defined from the statically processing of seismic records. [1]
Seismic hazard in an areais expressed either through the probability of occurrence of
an earthquake with acceleration gy or intensity | larger than a certain value in acertain
period of time, or through the value of the acceleration gy or intensity | for which the
probability of exceeding that valuein a certain period of time is less than a predefined
[imit. In Europe the following empirical attenuation law for ay, has been proposed by
Ambraseys and Bommer (1991).

log (a,) =-0.87 + 0.217- M- log(r) - 0.00117 + 0.26-P (3.9
Where: r =A%+ h? , and Ais the source distance and h is the focal depth.

The value of Pis0 for 50 percentile and 1 for 84 percentile.

The earthquake acceleration record in Mammoth Lakes, May 25 is shown in Figure
3-1. The earthquake is of specia interest for the structural engineer working in
seismic areas. It is hazardous phenomenon primarily when it is considered in relation
with structures. Richter scale is a measure for the magnitude of earthquake. The
destructiveness of an earthquake is a function of its magnitude, the focal depth, the
distance from the epicentre, the soil conditions and the mechanical properties of the
structures. The intensity of the earthquake is a measure of the consequences that the
earthquake has on the people and the structures of a certain area. The earthquake is a
stochastic phenomenon and consequently long-term records are needed. The limited
reliability of the seismic hazard leads to base the safety of the structures in seismic
area on specially designed extra reserves of strength and energy and dissipation
mechanisms at low additional cost, which constitute the basic concept for the design
of earthquake — resistant structures [1].
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Figure 3-1: Accelerograms a (t) /g and elastic response spectrum S(T) /amax : Mammoth Lakes, May
25 1980, Gilroy.
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3.2 Elementsof Structural dynamics

3.2.1 Dynamics analyses methods

A structure that can vibrate only in one particular mode can be represented as a
single-degree-of freedom (SDOF) system. When the geometric shape of the deformed
shape system is known or prescribed then the time dependant amplitude is the only
unknown, which is needed to define the position of each point in the structure in space
and time. That can be idedlized by the schematic SDOF system (Figure 3-2). The
system consist of a mass m, supported by a spring of a constant k and subject to
damping characterized by a dashpot with damping coefficient c. Isolating the mass as
free body. The applied forces must be in equilibrium with the inertial force, where:

0,=0+0, (3.5)

The velocity — proportional damping forceis f_= cl. The spring restoring force and
theinertial forces are given asfollows:

f,=mu",f_=ku (3.6)

The possibility of the some with the external forcing function p(t) is formulated as
follows:

mu, + ¢l + kv = p(t) (3.7)

Ignoring the external forcing function; p(t) = 0, the equation of motion is obtained as
follows:

0+ 2-Eol + o® = -l (3.8)

The natural frequency of the system is obtained as follows:
®=,— (3.9

And the damping ratio expressed as fraction of the critical damping is formulated as
follows:

gz = (3.10)
C

[28] .The equation of motion shows that the most significant factor related to the
seismic excitation for the description of the oscillation is the time-dependent base
acceleration, which is the accelograph record. If during oscillation the exciting force
become zero (0, (0) = 0) the system continues to vibrate freely. In this case and for

zero damping (¢ =0), the following relations are applicable:
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u=ugs n(%t) (3.11)

0

Where T, = zn\/E -2 (3.12)
K ()

The natural period T is the dynamic constant of the system, in which the
characteristics of the system, that is the mass M and the spring constant k, has been
incorporated, and o is the natural circular frequency [rad /sec]. When damping is
different from zero (c0), the following relations are applicable [1]:

U= u,-exp[- (c/2M)t]- (A -sin(yt) + B-cos(yt)) (3.13)

Where y = /%- (ﬁ)z (3.14)

For y=0 (with ¢ =c,=2-vMk ) the above equation becomes as follows:

u=u,-exp="-(A-sin(o,t) + B-cos(m,t)) (3.15)
Where: o =w-/1-& =y and T, = T - (3.16)
(1-£%)2

In the excitation case the particular integral of equation (3.8) should be added in
eguation (3.15). In the transient seismic excitation case the above process of
summation of one general and one particular integral of the differential equation is not
possible. The numerical methods applied by the computer are required. The
integration process describes the time history of the oscillation phenomenon for the
variables:

(u=u(t), = (), b= ()

2 ) ‘_Ef “T

k

Figure 3-2: Schematic representation of elastic single degree of freedom construction
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3.2.2 Earthquake response spectra:

Response spectra are important design tools in the seismic analysis and design of the
structures due to the influence of the earthquake. The response spectra present the
maximum response of the structure to a given ground motion .The response spectrum
introduced by Biot and Housner describes the maximum response of damped SDOF
system oscillated at different frequencies or periods. Newmark and hall have proposed
amethod for constructing an elastic response [29] in which the primary input datum is
the anticipated maximum ground acceleration. The corresponding values for the
maximum ground velocity and the maximum ground displacement are relatively
proportioned to the maximum ground acceleration normalized to 1g (Figure 3-3).

T 4

Pzeudo Velocity [ in fsec)

Figure 3-3: A New mark Hall design spectrum

3.3 Theresponse of nonlinear SDOF systems

The response of a linear structural system can be evaluated using the Duhamel
integral. The approach is limited to linear systems because the Duhamel -integra
approach makes use of the superposition principle in developing the method. The
evaluation of Duhamel integral for earthquake input motions requires the use of
numerical methods. For these reasons it may be more expedient to use numerical
integration procedures directly for the response evaluation of linear systems to
subjected general dynamic loading. These methods have the additional advantage that
with only a slight modification they can be used to evaluate the dynamic response of
non-linear systems. Many structural systems will experience non-linear response
sometime during their life. Any moderate to strong earthquake will drive a structure
designed by conventional methods into the inelastic range, particularly in certain
critical regions. A very useful numerical integration technique for problems of
structural dynamics is the so-called step-by-step integration procedure. In this
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procedure the time history under consideration is divided into a number of small time
increments A t. During a small time step, the behaviour of the structure is assumed to
be linear. As non-linear behaviour occurs, the incremental stiffness is modified. In
this manner, the response of the non-linear system is approximated by a series of
linear systems having a changing stiffness. The velocity and displacement computed
at the end of one time interval become the initial conditions for the next time interval,
and hence the process may be continued step by step.

3.3.1 Theequation of motion in numerical form

For the consideration of the single degree of freedom system (SDOF), the
construction properties as the mass (m), the viscosity (c), the stiffness (k (t)) and the
applied force (p(t)), where the applied force and the stiffness are functions of time are
required. The stiffness is actually a function of the yield condition of the restoring
force, and this in turn is a function of time. The damping coefficient may also be
considered to be a function of time; however, it is convenient to determine the
damping characteristics for the elastic system and to keep these constant throughout
the complete time history. In the inelastic range the principle mechanism for energy
dissipation is through inelastic deformation, and this is considerate through the
hysteretic behaviour of the restoring force. The numerical equation required to
evaluate the non-linear response can be developed, considering the equation of
dynamic equilibrium given previously by Equation (3.7), in terms of the forces, can
be written as:

f. (t+At) + f (t+AL) + f (T +AL) = p(t + At) (3.17)
Where the forces are defined as follows:

f.= ma(t +At)
f = cu'(t +At) (3.18)

f.= 3K, () Aut) =T+ K(0) - At

i=1
And the deformation is defined in as follows:

AU(t) = U'(t+At) - u'(t)

n 3.19
T= YK A (3.19)
i=1
The equations of equilibrium in numeric terms defined as follows:
P(t+At) = P,(t+At) = -mg(t+At)
MU(t+AL) + cU(t+At) +> K Au' = -mg(t+At) (3.20)

For the ground accelerations representation the equilibrium equation is defined as
follow:
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P(t+At) = P,(t+At) = -mg(t+At) (3.20)
That leads to the system equilibrium equation as follows:
MU(t+AL) + cU'(t+At) +>° K Au,' = -mg(t+At) (3.22)

It should be noted that the incremental stiffnessis generally defined by the tangential
stiffness at the beginning of the time interval. And it can be expressed as follows:

K, = af, (3.23)
du'

3.4 Nonlinear response of MDOF systems

The non-linear analysis of buildings modelled as multiple degree of freedom systems
(MDOF) closely parallels the development for single degree of freedom systems
presented earlier. The non-linear dynamic time history analysis of MDOF systems is
currently considered to be too complex for general use. Therefore, recent
developments in the seismic evaluation of buildings have suggested a performance-
based procedure, which requires the determination of the demand and capacity.
Demand is represented by the earthquake ground motion and its effect on a particular
structural system. Capacity is the structure's ability to resist the seismic demand.

In order to estimate the structure's capacity beyond the elastic limit, a static non-
linear (pushover) analysis is recommended. For more demanding investigations of
building response, non-linear dynamic analyses can be conducted. For dynamic
analysis the loading time history is divided into a number of small time increments,
whereas, in the static analysis, the lateral force is divided into a number of small force
increments. During a small time or force increment, the behaviour of the structure is
assumed to be linear elastic. As non-linear behaviour occurs, the incremental stiffness
is modified for the next time-load increment. Hence, the response of the non-linear
system is approximated by the response of a sequential series of linear systems having
varying stiffness.

3.4.1 Static nonlinear analysis

Nonlinear static analyses are a subset of nonlinear dynamic analyses and can use the
same solution procedure without the time related inertia forces and damping forces.
The equations of equilibrium are written in matrix form for a small load increment
during which the behaviour is assumed to be linear elastic.

[K]{Au} = {AP} (3.24)
For computational purposesit is convenient to rewrite this equation as follows:

[K J{Au}+{R,} = {P} (3.25)
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Where K is the tangent stiffness matrix for the current load increment andR,is the
restoring force at the beginning of the load increment, it is defined as follows:

(R1=Y" [K, ]{Au} (3.26)

The lateral force distribution is generally based on the static equivalent lateral forces
specified in building codes, which tend to approximate the first mode of vibration.
These forces are increased in a proportional manner by a specified load factor. The
lateral loading is increased until either the structure becomes unstable or a specified
limit condition is attained. The results from this type of analysis are usually presented
in the form of a graph plotting base shear versus roof displacement. The pushover
curve for a six-story steel building, and the Sequence of plastic hinging formed in the
building is shown in Figure 3-4.

il
e e a s

,.

Basze shear (kips)

Dizplacerment (Inj

Pushower curve Seguence of plastique hinge formation

Figure 3-4: Pushover curve and sequence plastic hinge formation, in six story steel building

The equations of equilibrium for a multiple degree of freedom system subjected to
base excitation can be written in matrix form as:

[M]{ug+[Cl{uj +[K]{u}=-[M T} o) (3.27)

This equation is of the same form as that for the single degree of freedom system.
Vectors containing the additional degrees of freedom have replaced the acceleration,
velocity and displacement. The mass matrix has replaced the mass, which for a
lumped mass system is a diagonal matrix with the translation mass and rotational
mass terms on the main diagonal. The incremental stiffness matrix has replaced the
incremental stiffness and the damping matrix has replaced the damping.
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3.4.2 Dynamic response of structures

A useful way to define the damping matrix for a non-linear system is to assume that it
can be represented as a linear combination of the mass and stiffness matrices of the
initial elastic system

[C] =a-[M]+B-[K] (3.28)
Where o and B are scalar multipliers that may be selected so as to provide a given
percentage of critical damping in any two modes of vibration of the initial elastic

system.

These two multipliers can be evaluated as follows:

®, o
{“} 2.l 1 1| 2% {X‘} (3.29)
B -—— 0)— ®.2-0.2 7\.]-

Where o; and w; are the percent of critical damping in the two specified modes. Once
the coefficients oo and 3 are determined, the damping in the other elastic modes is
obtained from the expression:

a  pB-o
A, = —+ —K 3.30
et (330)
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4 Aspectsin thedesign of reinforce concrete seismic frames.

4.1 Design of reinforced concrete beam column joints.

The detailing of beam-column joints of moment resisting frames was given attention
since 1960. In spite of the improvement of the adjacent beams and column, the lack of
the attention to the shear strength of beam column joints shows severe cracking in
these joints, which observed in many laboratory tests and in many structures during
earthquakes [10]. The consequence of the diagonal tension cracking is a significant
increase in flexibility of the frame, and joint shear failure that has often led to collapse
of the structure due to P-delta effects or loss of gravity load carrying capacity through
the joint when columns have carried heavy axial compressive loads. Seismic design
codes defers in the design approaches to beam-column joints, and this remains the
most controversial aspect of the seismic design of reinforced concrete moment
resisting frames at present [18]. USA/New Zealand/ Japan/ China before about 20
years established a project involving a comparison of code approaches for beam-
column joints and comparison of the results of simulated seismic load tests on
reinforced concrete beam-column joint specimens designed according to those codes
[10]. The detailing of beam-column joints of moment resisting frames is quite
important in the seismic resistance frames design. Severe cracking in the joints is
observed in many laboratories. The diagona tension cracking increase the frame
flexibility, and joint shear failure often led to collapse of the structure due to P-delta
effects or loss of gravity load carrying capacity. The maximum design horizontal and
vertical shear forces acting on the joint core can be calculated from the forces when
the flexural over strength in the adjacent plastic hinges are developed. The nominal
horizontal joint shear stress is calculated from the horizontal joint shear force divided
by the effective horizontal area of the joint, which is normally the area of the column.
The horizontal shear reinforcement is designed often in the form of rectangular hoops
and cross ties or spirals, and the vertical shear reinforcement is already present in the
form of intermediate longitudinal column bars in the side faces between the corner
bars. In Europe the transverse reinforcement is provided in the joint to limit the
maximum diagonal tensile stress of the concrete to the tensile strength of the concrete.
Vertical reinforcement is also required to be present in the joint. The plastic hingesin
the beams normally occur near the beam-ends; the top and the bottom beam bars may
yield in tension and compression alternatively at the column faces. The high bond
stresses on the longitudina bars in the joint core may lead to significant bond
deterioration and some bar dlip through the joint core. Design standards generally
attempt to reduce bar dlip by limiting the bond stresses by specifying maximum
values for the ‘‘beam depth /column depth’’. Note that if the bond deterioration is
significant the bar tension will penetrate through the joint and the bar tensile force
will be anchored in the beam on the other side of the joint, which means that the
“compression” steel there will actually be in tension. Solutions for such problem has
been applied in this study by relocate the yield location to a sufficient distance from
the column face. For most buildings, economy is achieved by allowing yielding to
take place in some critically stressed elements under moderate-to strong earthquakes,
for force levels significantly lower would be required to ensure a linearly elastic
response. Anaysis and experience have shown that structures having adequate
structural redundancy can be designed safely to withstand strong ground motions
allowing inelastic deformations to take place under strong earthquakes with an
additional requirement to insure that yielding elements be capable of sustaining
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adequate inelastic deformations without significant loss of strength, i.e., they must
possess sufficient ductility. The ductility of a section subjected to flexure or combined
flexure and axial load is the ratio of the ultimate curvature attainable without
significant loss of strength. The ductility of the beams and columns can be increased
considerably using confinement reinforcement. In the past years full-scale test on R/C
members and building was undertaken. Full-scale test on a precast building is
included in this chapter; the objective is the developing seismic design
recommendations for precast concrete system, the high performance of the
connections uses ductile members for the seismic requirementsisillustrated.

4.1.1 Nominal horizontal joint shear forces

The maximum design horizontal and vertical shear forces acting on the joint core can
be calculated from the forces when the flexural over strength of the adjacent plastic
hinges are developed. The nomina horizontal joint shear stress is calculated from the
horizontal joint shear force divided by the effective horizontal area of the joint, which
isnormally the area of the column.

The forces from beams and columns during earthquake acting on an interior beam-
column joint and the resulting crack pattern and bond forces after diagonal tension
cracking initiates in the joint core is shown in Figure 4-1
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Figure 4-1: Force acting on areinforced concrete interior beam-column joint during an earthquake.
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4.1.2 Design approachesfor shear

(@) The New Zealand approach

In the New Zealand concrete design standard [4] the joint shear forces are considered
to be resisted by the contributions of the two mechanisms (Figure 4-2): The first
mechanism in (a) consists of a single concrete diagonal compression strut which
transfers both horizontal and vertical shear forces applied to the ends of the strut
mainly by the compression forces in the concrete from the beams and columns. Also
some of the bond forces from the longitudinal bars passing through the joint are
transferred to the ends of the strut. The second mechanism in (b) is a truss mechanism
consisting of a concrete diagonal compression field and the horizontal and vertical
reinforcement in tension needed for equilibrium after diagonal tension cracking. The
truss mechanism transfers mainly the shear induced in the joint core by the bond
forcesin theinterior of the joint from the longitudinal bars passing through the joint.

The New Zealand concrete design standard [13] gives equations for determining the
amount of horizontal and vertical shear reinforcement required. Normaly the
horizontal shear reinforcement is in the form of rectangular hoops and cross ties or
spirals, and the vertical shear reinforcement is aready present in the form of
intermediate longitudina column bars in the side faces between the corner bars. The
New Zedland standard [13] also requires that the quantity of horizontal joint
reinforcement placed for shear should not be less than that required in the end regions
of the column above and below the joint for column ductility. The nominal horizontal
joint shear stress is not permitted to exceed 0.2-f' in order to prevent a diagonal

compression faillure [10].
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(4) Concrete diagonal strut mechanism, (b) Truss mechanism of concrete
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Figure 4-2: The resulting cracking and mechanism of force transfer assumed in New Zealand

(b) USA

The design approach of the building code of the American Concrete Institute [14]
requirements is that the nominal horizontal joint shear stress does not exceed limiting
values, which depend on the degree of confinement of the joint core by beams
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entering the sides of the joint. The limiting nominal horizontal joint shear stresses are
1.7\f *c MPafor joints confined on al four faces, 1.25Vf " MPa or joints confined on
three faces or on two opposite faces, and 1.0Vf *. MPa for other cases. The amount of
horizontal reinforcement in the joint core (area of transverse steel divided by the
spacing) is required not to be less than that given by equations for confinement in the
adjacent ends of the columns specified by the ACI building code [14]. These
equations are based on the consideration that the axial load compressive strength of
the core of the column (i.e., after spalling of the cover concrete) should at least equal
the axial load compressive strength of the gross column section [10].

(c) Europe and Japan

In the design approach for joint shear in Europe [1] transverse reinforcement is
provided in the joint to limit the maximum diagonal tensile stress of the concrete to
the tensile strength of the concrete. Vertical reinforcement is also required to be
present in the joint. On the other hand the Architectural Institute of Japan considers
the joint shear strength not to be affected by the amount of transverse reinforcement in
thejoint [10].

4.1.3 Anchorage of longitudinal barsin interior beam-column joints

The plastic hinges in the beams normally occur near the beam-ends and hence during
seismic loading the top and bottom beam bars may yield in tension and compression
aternatively at the column faces. The high bond stresses on the longitudinal bars in
the joint core may lead to significant bond deterioration and some bar slip through the
joint core. As a result of this slip a beam bar can be close to yield in compression at
one column face and at yield in tension at the other column face. Design standards
generally attempt to reduce bar dip by limiting the bond stresses by specifying
maximum values for the ‘beam depth /column depth (dy / hc ratio) for the joint The
ACI code [14] recommends a single constant maximum permitted value for ‘db/hc’ o
1/20 and hence places less emphasis is on limiting the bar slip. In New Zealand it is
recognized that some bar dlip is inevitable, but significant dlip during a severe
earthquake is considered to be undesirable for three main reasons: (1) It leads to a
considerable reduction in stiffness of the frame which is residual, (2) bond
deterioration is difficult to repair by epoxy resin injection, and (3) It leads to a
reduction in the available curvature ductility factor of the adjacent plastic hinges in
the beams. Note that if the bond deterioration is significant the bar tension will
penetrate through the joint and the bar tensile force will be anchored in the beam on
the other side of the joint. This means that the “compression” steel there will actually
be in tension. The result is that, although the flexural strength of the beam may not be
greatly reduced (except for large steel ratios), the available ultimate curvature at a
specified ultimate concrete compressive strain is very greatly reduced [10].
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4.2 Design for ductility

For most buildings, and particularly those consisting rigidly connected frame
members and other multiply redundant structures, economy is achieved by allowing
yielding to take place in some critically stressed elements under moderate-to strong
earthquakes. This means designing a building for force levels significantly lower than
would be required to ensure a linearly elastic response. Analysis and experience have
shown that structures having adequate structural redundancy can be designed safely to
withstand strong ground motions even if yielding is allowed to take place in some
elements. As a consequence of allowing inelastic deformations to take place under
strong earthquakes in structures designed to such reduced force levels, an additional
requirement has resulted and this is the need to insure that yielding elements be
capable of sustaining adequate inelastic deformations without significant loss of
strength, i.e, they must possess sufficient ductility. The ductility of a section
subjected to flexure or combined flexure and axial load is the ratio of the ultimate
curvature attainable without significant loss of strength, ¢, to the curvature
corresponding to first yield of the tension reinforcement, ¢y. Thus sectional ductility is
formulated as follows:

g="u (4.2)

4.2.1 Theductility in building

e Thedemand ductility in the building varies, according to the height of the building
and the number of storey. (Figure 4-3) illustrates relations between the horizontal
displacement, the ductility and the building level.

T4

Htery Ll

Figure 4-3: Effect on yield level on ductility demand. Note approximately equal maximum
displacements for structures with reasonable yield level

Thetypical relation ductility-height of the building may be obtained as follows:

e The variation of the ductility demand is roughly uniform over the height of two
and five storey building, for taller building, the ductility demand are larger in the
upper and lower stories and decreases in the middle stories.
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e The deviation of story ductility demand from the allowable ductility increases for
the taller building.

e The relative story yields strength, which were chosen in conformance with the
height wise distribution of the earthquake forces specified in the codes do not |ead
to equal ductility demand in all stories, but thisis design objective.

e In most cases the ductility demand in the first storey is larger among all stories.
The ductility variation according to the yield resistance of the building at each
level.

4.2.2 Detailing for ductility

The strength and the ductility of the column is directly dependent on the confinement
and bar dlip details in the plastic hinges locations. Based on the experimental work
done by Priestley, Seible, and Chai (1992), four models, as shown in Figure 4, were
proposed to represent the strength and ductility of different plastic hinge conditions
for column members. The parameter, L, is the displacement ductility, defined as the
ratio of maximum displacement at the top of a column divided by the yield
displacement.Figure 4-4.shows the flexural strength and ductility of sections
(Priestley and Seible 1994) Line (1) represents columns that have a comparatively
well-confined section, in which the nominal moment capacity, M, will be reached at
pna=1 and then strain-hardening of flexural reinforcement and confinement effects will
occur so that the moment reaches an overstrength moment capacity, My, that can be
attained by moment-curvature analysis. Line (2) represents a poorly confined column
without lap splices in the plastic hinge region, for which the maximum strength is
typically equal to the nominal strength.

(17 W ell-confined section, reached My, with py=1
T,

N T
(21 A pootly confined section

(4) Typical sections, lap splices of 20 to 35
longitudinal bar diameters

(3 Degradation section lap splices

and poor confinem ent

1 3 5 i
Figure 4-4: Flexural strength and ductility of sections (Priestley and Seible) 1994)

This model is suitable for the columns designed by pre-1971 design codes. Strength
degradation will occur if the limit for line (1) or line (2) is reached due to crushing of
core concrete and buckling of longitudinal reinforcement. Line (3) represents
degradation of a column with lap splices and poor confinement in the plastic hinge
region, in which the nominal moment capacity will not be achieved. The strength
starts degrading before pu =1 strength, M, which is a function of the magnitude of the
axial load. The cause of the degradation is that the longitudinal bar in the lap splice
region cannot develop its yield force before dlip and/or buckling occurs. Line (4)
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represents degradation of a column with partially confined lap splices, in which the
nominal moment capacity M, can be reached and then a relatively small plastic
plateau can be achieved before degradation begins. The degradation occurs when the
extreme fiber compression strain g is 0.002. This modd indicates that the
longitudinal bar in the lap splice region can develop its yield force before slip and/or
buckling. The line degrades to M,, paralel to line (3).
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Figure 4-5: axial load moment interaction and load curvature for reinforced concrete section with
unconfined and confined core.

An important design consideration assures that the plastic hinge regions of reinforced
concrete members in moment resisting ductile frames is the provision of adequate
longitudinal compression reinforcement as well as tension reinforcement, and the
provision of transverse reinforcement in the form or rectangular hoops with or without
crossties, or circular hoops or spirals (

Figure 4-5 and Figure 4-6). The transverse reinforcement is needed to act as shear
reinforcement, to confine and hence to enhance the ductility of the compressed
concrete, and to prevent premature buckling of the compressed longitudina
reinforcement. According to the New Zealand concrete design standard [13] in order
to confine the compressed concrete of columns in potential plastic hinge regions the
center to - center spacing of transverse reinforcement along the member should not
exceed one-quarter of the least lateral dimension of the cross section or 200 mm,
whichever is greater. Also, the center-to center spacing of transverse reinforcement
along the member in potential plastic hinge regions of beams and columns should not
exceed six longitudinal bar diameters in order to control bar buckling [13]. The
amount of transverse reinforcement necessary in columns to ensure adequate available
ductility to match the imposed ductility can be calculated by moment-curvature
analysisincorporating the stress-strain relations for confined concrete [20,18,21-22].
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Figure 4-6: Reinforcement in column for shear resistance, concrete confinement and prevention of
longitudinal bars buckling

The equation for the amount of transverse reinforcement required confining the
compressed concrete of reinforced concrete columns in potentia plastic hinge regions
recommended by the New Zealand concrete design standard [13], was derived by
Watson et a [23]. The amount is a function of the axial load level N*/f"A4, where N*
is the axial compressive load on the column, f'. is the concrete compressive cylinder
strength and Ag is the area of the column. According to the New Zealand equation the
required amount of confining reinforcement increases with axial load level. Heavily
loaded columns need more confining reinforcement because greater neutral axis depth
c means that a greater extreme fibre concrete compressive strain €. and hence a
greater amount of confinement is needed to achieve a given ultimate curvature (¢, =
gc /C) An example of the quantities of transverse reinforcement required by the New
Zealand concrete design standard [13] for confinement of concrete in the potentia
plastic hinge regions of columns the curvature ductility factor ¢u/dpy of 20 is required
(Figure 4-7), where ¢, is the ultimate curvature and ¢y isthe curvature at first yield.

E
5 - 300MPa f, = 430MPa
4 = 30MPa  py = D02
= 1.0 s, = 100mm
Covaer to hoops = 40mm Mata: 1
A =211 + = A
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{mm® concrete requiremeant— | = 34148,

| where

. Ay, = area of
ACI 318-02 b
JI ﬂ s i transverse bar

*_NZS 3101:1995 |
“Antibuckling requirement | |
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] 01 02 03 04 05 06 OF 048

N*if Ag

Figure 4-7: Example of transverse reinforcement required in ductile column.
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Note that the requirement for concrete confinement in the New Zealand standard
governs at higher axia loads and the requirement for preventing buckling of the
longitudinal reinforcement governs at lower axial loads. Also in some cases transverse
reinforcement required for shear resistance may govern. By comparison the ACI
building code [14] amount, required for confinement, as it has been shown in Figure
4-7, is a single constant value regardless of the axial load level. The EC8 [24]
requirements are also dependent on the axial load level and generaly lead to greater
quantities of transverse reinforcement than the New Zealand requirements [22]. The
design with CEB for beams ductility requires taking into the account the span- depth
relation, and the hoop spacing in the member, where the clear span should be greater
than four times the member depth (for flexure response to prevail). Hoops should be
provided for a distance of twice the member depth at each end, maximum hoop
spacing not exceeding d/4 or 8 times the smallest bar diameter of longitudinal
reinforcement.

4.3 Full -scaletest on building

In the past years full-scale test on R/C members and building was undertaken .The
objective is the developing seismic design recommendations for precast concrete
system. Here is an overview of one of these tests on five storey-precast building,
which simulated under seismic loading, according the press (Precast Seismic
Structural Systems) program [25].

4.3.1 Buildingtest

The five storey prototype building of (100x200 ft%) per floor, the story height of 12 ft
and 6 in, the bay length of 25 ft, the test building was modelled at 60% scale of the
resized prototype building, to fit with the lab height.

In one direction of the building, seismic resistance system is provided by precast
frame system, with a precast wall system and gravity frames in the orthogonal
direction (Figure 4-10). It was used four different beam-to-column connections
details, used at the different levels as it is shown in Figure 4-8 and Figure 4-9. They
are: Hybrid frame connections (Figure 4-8a), Pretension frame connection (Figure 4-8
TCY gap connection (Figure 4-9), TCY frame connection (Figure 4-9).

Figure 4-8 a Hybrid frame connection — Beam-to-column frame connection is
established with unbounded post tensioning through the centre of joint and field
placement of mild steel reinforcement in ducts across the joint interface closer to the
top and bottom beam surfaces. These ducts are grouted to ensure adequate bond for
the reinforcement prior to post-tensioning.

Figure 4-8 b: Pretension frame connection — Continuous partially bonded pretension
beams are connected to column segments extending from the top of beam at one floor
level to the bottom of beam at the level above. The moment connection between the
beam and column is established by extending the column mild steel reinforcement
below the beam through sleeves located in the joint. The extended reinforcement is
spliced to the column longitudinal reinforcement at the next level adjacent to the joint.
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Figure 4-9: Tcy gape, and Tcy frame connections

Notation for Figure 4-8 and Figure 4-9 are as follows:

(1) 0.5” ¢ unbounded post-tensioned strandsin PV C sleeve W/No grout

(2) Warp rebar (unbounded).

(3) Additional reinforcing not in sleeve per beam sections.

(4) ¥2 joint-fill w/grout prior to stressing.

(5) Mild reinforcing top and bottom in metal corrugated sleeves solid grouted
(6) Column longitudinal reinforcing

(7) Unbounded post-tensioning using Dywidag thread bars.

(8) 0.5”¢ bonded prestressing strands.

(9) Mildreinforcing at top in metal corrugated sleeves solid grouted in beam and column.
(10) Warp rebar in seeves.

(11) 1 joint-fill bottom6” of joint w/ fibre grout prior to stressing.

(12) Backer roos around PV C sleeves at joint to keep joint free of grout

(13) Mild reinforcing top and bottom in metal corrugated sleeves and grout.
(14) Terminal #5 filler bars at top of NMB splice sleeve.

(15) Main beam reinforcing top and bottom w/90° hooks at column face.

(16)# 5 filler bars terminated 1” clear from top of column.

(17)0.5”¢ prestressing strands (unbounded in beams).

Figure 4-9 c: TCY gap connection — Mild steel reinforcing bars placed in grouted
sleeves at the top of the beam and unbounded post-tensioning at the bottom of the
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beam provide the necessary moment resistance at beam-ends. Beams and columns are
separated by a small gap to avoid elongation of the beam due to seismic 1299 3
action. This gap is partially grouted at the interface over 6” at the bottom of the beam
with the post tensioning force acting at the centre of grout.

Figure 4-9 d: TCY connection - Behaviour of monolithic reinforced concrete
connections is emulated in this connection with top and bottom mild steel
reinforcement in grouted sleeves across the beam-to-column interface.

Wall connection with special energy dissipating connectors located in a vertical
construction joint between elements model is shown in Figure 4-10. The model
includes two precast floor systems:

e Thefirst three floors with pre-toped double tees.
¢ Hollow-core panelsin the upper floors, with a cast in place topping.
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Figure 4-10: Jointed precast wall system

4.3.2 Design methodology

The PRESS building was designed using the direct displacement base design DBD
[Priestley, 1998], to sustain maximum drift of 2% under adesign level (EQ zone
4,s0il type Sc acceleration spectrum UBC).
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The reason for using (DBD) approach, for the designing was that force-based design
does not sufficiently account for behaviour of jointed precast system. Furthermore,
the R factors given in design codes as part of the force based design are also intended
for precast systems emulating monolithic concrete connections, rather than for some
of the connections incorporated in the PRESSS building.

4.3.3 Seismictest plan

Seismic testing are in two directions, with three different test schemes:
a) The stiffens measurement test

The stiffness measure test is a quasi-static loading test through which the stiffness
matrix of thetest building is formulated. That will be useful in

e Determining the appropriate integration time steps when explicit schemes are used
in solving the equation of motion in the pseudo dynamic test procedure.

e Improving convergence of implicit integration schemes

e Characterizing structural behaviour consistent with the direct-displacement based
approach

e Monitoring damage levels using stiffness as a damage indicator.

b) Pseudo dynamic test

Pseudo dynamic test in two directions was applied. The external dynamic load is
applied—quasi-statically through ten on line controlled hydraulics actors. The
numerical computation process, the experimental measurements, and the test concept
isshown in Figure 4-11.
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Figure 4-11: Pseudo dynamic test concepts.
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Using the triangular load test, the building is subjected to full load reversal using a set
of lateral forces distributed in an inverse triangular fashions, causing the structure to
deform approximately to its first mode shape. The advantages of this procedure are
the following:

e Response of the building from inverse triangular load test can be directly
compared to the response assumed in the design procedure.
e The equivalent viscous damping of the building can be quantified.

4.3.4 Selection of the earthquake motion

The firs step in seismic testing is to formulate the stiffness matrix in the un-cracked
state through a stiffness measure test, and then it follows by pseudo dynamic test,
inverse load test, and stiffness measurement test. The sequence is repeated severa
times with intensity of input motion for the pseudo dynamic test increasing from EQ |
to EQ IV refer to Table 4-1. These four levels represent, respectively, frequent,
occasional, rare, and maximum credible earthquake.

The inverse triangular load test is performed for one cycle with full reversal at each
level of input motion, such that the resulting maximum positive and negative roof
drifts equal the maximum recorded drift in the preceding pseudo dynamic test. The
first test is the Parallel to the jointed wall system and then in the orthogonal direction
to examine the behaviour of seismic frames.

Table 4-1: Details of the original input record.

EQ Leve Record Magnitude | PGA

EQ-I Gilroy Array #1 ML=5.2 0149
EQ-II Hollywood Storage Mw=6.6 0.21g
EQ-1II El Centro Mw=6.9 0.35g
EQ-Iva Sylmar Mw=6.7 0.84g
EQ-Ivb Tabas Mw=7.4 0.94g

CONCLUSIONS
The following summarizes the response and conclusions available at the first stage.

(1) Damage to the building in the wall direction was minimal, despite being subjected
to seismic intensities, 50 percent above the design level. Only minor spalling at the
wall base, and fine cracking in floor slabs, and near the column bases were
observed. The wall was essentially un-cracked except at the base during wall
direction response. The wall showed additional flexural cracking when subjected to
the 4.5 percent out-of-plane drift in the frame direction of response. However,
these cracks closed up to be invisible to the naked eye at the end of testing.

(2) Damage to the building in the frame direction of response was much less than
could be expected for an equivalent reinforced concrete structure, subjected to the
same drift levels. The performance of the prestressed frame was particularly good,
with damage being limited to minor spalling of cover concrete in the beams
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immediately adjacent to the columns and some crushing of the fiber grout pads at
the beam-column interfaces. Crack levels in the beam to- column joints due to
shear were extremely small, and it was evident that the amount of joint shear
reinforcement provided, which conformed to current code levels, could have been
substantially reduced.

(3) Although the non-prestressed frame also performed well, the TCY gap
connections showed more damage, occurring at an earlier stage, than the other
connection types. This was due to the inadequate clamping force provided by the
bottom post-tensioning, resulting in upward dlip at the beam-column interface
under seismic shear forces. Minor changes to the design criteria would correct this
problem, but some attention will also be needed to improve detailing at the beam-
ends to reduce the tendency for premature spalling of concrete cover.

(4) At high levels of response displacements, beam rotation about the longitudinal
axis was noted, caused by the high torsion moment induced by the vertical load
from the eccentrically supported double-tee floor members, and the reduced torsion
resistance in the beam-end plastic hinges. Modified support details should be
developed transferring the double-tee reaction closer to the support beam
centerline.

(5) As anticipated, residual drift after the design level excitation was very low. In the
wall direction, the residual drift was 0.06 percent after sustaining a peak drift of 1.8
percent. This corresponds to only 3 percent of the maximum drift. The low residual
drift is a characteristic of the unbounded prestressing system used to provide
strength in the wall direction, and is a significant advantage over conventional cast-
in-place reinforced concrete construction, where very high residual drifts are
possible. The low residual drift was also apparent in the prestressed frame, which
was based on the same unbounded prestressed philosophy. The non-prestressed
frame dissipated more energy, but suffered higher residual drifts and somewhat
higher damage levels.
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Figure 4-12: Condition of frame connection after being subjected to drift levels more than twice design
level

(6) The test provided an excellent confirmation of the direct displacement-based
design approach used to determine the required strength of the building. The
structure was designed to achieve drifts of 2 percent under the design leve
earthquake (Zone 4, UBC intensity), and actually sustained average drifts of 1.8
and 2.2 percent in the wall and frame directions, respectively. This drift is within
the accuracy of spectrum matching for the test accelerograms. The required base-
shear strength using direct displacement based design was only 45 and 60 percent
of the strength required by conventional force-based design using UBC provisions
for wall and frame directions, reactions, respectively.2

(7) In the pseudo dynamic tests, much higher floor forces were experienced than
anticipated. These high force levels were confirmed by analytical studies and were
the result of higher mode effects. These high floor force levels represent diaphragm
force levelsthat are significantly higher than currently considered in design and are
a consequence of the comparative insensitivity of the higher mode force levels to
ductility. Current designs, where force reduction factors are applied equally to
higher modes as well as the fundamental mode result in a critical underestimation
of the diaphragm force levels. The influence of higher mode floor forces is aso
trandated into story shear force levels, and moment distributions that are more
severe than currently considered in American designs using an inverted triangular
distribution of the base shear force.
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(8) Simple analytical models, suitable for the design office, were used to predict the
response of the building. These were found to provide very good simulation of
response, with excellent correlation between predicted and observed
displacements, story shears, and overturning moments.

The hybrid prestressed connectionsis shown in Figure 4-12 aiis performing extremely
well at this stage, with only minor damage in the form of cover spalling, and some
crushing and incipient break-down of the fibre grout pads between the beams and
columns. No significant increase in width of the joint shear cracks above that
sustained at the design level was observed. It is probable that the joint strain gauge
results will show that substantial reductions in joint reinforcement will be possible
with this detail. The performance of the pretension connections in the upper floors of
the prestressed frame was a so excellent (Figure 4-12 b). Damage in these connections
was aso limited to superficial cover spalling at, or adjacent to the beam-column
interface.

Sliding of the TCY-gap connections had continued during testing levels above the
design level. As a consequence of the high tension strains from the seismic response
coupled with the dowel bending caused by the interface dliding, a few of the mild
stedl reinforcing bars crossing the interfaces fractured in the latter stages of testing. It
is clear that dliding of the TCY-gap beams could have been avoided if the clamping
force provided by the post-tensioned threaded bars at the base of the beams had been
higher. It was also observed that early crushing of the cover concrete might be
inevitable with this design detail because of the high compressive force across the
grout pad when the top bars are in tension. Strengthening the beam-ends or some
other detail to inhibit crushing may be advisable in future designs.

Figure 4-12 ¢ shows the condition of atypical TCY -gap interior-column connection at
the end of testing. Damage is still much less than would be expected from a
conventiona reinforced concrete beam-to-column joint at this level of drift. Design
recommendations for improving this detail will follow in a subsequent paper. Damage
to the TCY connections in the upper levels of the reinforced concrete frame was not
significantly different from that at the design level. A small amount of interface
sliding continued to occur at these higher levels of response, but crack patterns and
spalling did not noticeably change. Some loss of bond between the top-level
reinforcing bars in the grout ducts was noted at the exterior connections, with the
headed reinforcing bar, which were exposed at the ends of the connection being
pushed out by up to 1 in. (25 mm). There did not appear to be any significant strength
reduction associated with this action.

The condition of the upper TCY connections was good, asillustrated in Figure 4-12 d,
this despite the observation that incipient sliding was occurring at the interface. It
should be emphasized that this sliding or shear deformation in the plastic hinge region
has been commonly observed in tests of reinforced concrete beam-to-column
connections at moderate ductility levels.
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5 Capacity design

The capacity design method states that the ductile behaviour in a structure requires
that the yield capacity reached first in ductile response modes rather than in brittle
modes (chapter 5), and that can be achieved by suitable analysis to check the presence
of the required strength in the members. The simple representation of the capacity
linked a structure to a chain, in which each link represent a possible failure
mechanism in an individual or group members with allowance for the designed
material strength to be greater than the minimum specified strength, considering the
over-strength factor. EC8 allows designing using three structural ductility classes in
the frames; the high ductile class, the middie ductile class and the low ductile class.
The higher the ductility leads to the lowering of the design force and then the required
strength. The design spectrum is obtained by dividing the elastic spectrum by the
behavior. Its approach aims at a well defined global mechanism, the so called beams
sway mechanism, in which all beams at al storeys form plastic hinges, while all
columns remain elastic for their entire height, with the exception of their base section
at the ground storey. Weak beam strong column connection concept is applied and
formulated for the seismic action performance.

In according to the New Zealand concrete code for assessing these allowance the
chain of foundations, shear in columns, flexure in columns, flexure in beams, shear in
beams, beam column joint, should be designed for the seismic action up to the
ultimate limit state considering strength reduction factor of all elements. And for the
capacity requirement the required strength for the other elements in the chain should
be greater than magnification factor multiply by the effected force with a
magnification factor as the following.

S=F
Szw-¢-F

(5.1
Where ¢ is srength reduction factor, ¢, is overstrength factor, and
1S dynamic manification fact

The EC8 allows designing using three different balances between the strength and the
ductility of the structure. The three levels, labeled as the high ductile class DCH, the
middle ductile class DCM and the low ductile class DCL frame respectively. The
higher the ductility leads to the lowering of the design force and then the required
strength The design spectrum is obtained by dividing the elastic spectrum by the
behavior g. In this study we consider the EC8 for the capacity design of the building.

The essential principles of the capacity design lead to the conclusion that, for this
requirement a reasonable analyses procedure should be used for the structure that
results in enough details of the loading on the member in the critical locations. In
order to get controlled structure behaviour according to the analyses principles and
results, the design of the member should include the tolerance in the material and the
dynamic loading. The location that assumed to yield should be verified in strength
that insures the continuity of the applied loadings and stiffness in a proportion
sufficient for the distribution of the forces and deformation. In the reinforced concrete
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the flexure ultimate limit state of the cross section and the shear resistance is the
effective measure for the strength factor, and the yield moment is the measure for the
stiffness.

5.1 Capacity design of the frames

For the moment requirements, the action effects are those, which obtained from the
analyses of the structure from the seismic force combinations. The ductile behaviour
is insured by detailing rules, and especially concerning the maximum and minimum
reinforcement ratio, the concrete confinement in the critical regions, the adopted
length for such regions to be taken 2hw, 1.5hw, 1hw (hw; is the beam height) for
DCH, DCM and the DCL frame respectively. For the shear requirements at least for
DCH should not be that resulting from the analysis, but the shear corresponding to the
equilibrium of the beam. That describes the actual bending of the cross section. EC8
specifies that every connection in the beam should be designed for a tension or
compression normal force equal to the largest shear that the column should carry. The
probability of the plastic hinge formation in the columns should be decreases. That
should by achieve by satisfying the condition that at each beam-column joint the sum
of the bending resistances of the columns end sections is larger than the
corresponding one in the beams. The reason for these requirements is that, Columns
have les available ductility than beams, avoiding columns failure is much more
crucial for overal safety of the structure than the beam and the formation of the
plastic hinges in the columns may leads to significant inter-story drift which leads to
increase the second order effect and my cause the collapse of the structure. Therefore
the equilibrium equations for the moments and shear includes inequalities with factors
that accounts for the variability of the yield stress f, and the probability of strain
hardening effects in the reinforcement, the overstrength factor.

5.2 Capacity control according to EC8

The capacity design approach for EC8 aims at a well defined global mechanism, the
so caled beams sway mechanism, in which al beams at all storeys form plastic
hinges, while all columns remain elastic for their entire height, with the exception of
their base section at the ground storey. In this mechanism the global inelastic drift
(plastic displacement at the top divided by the height of the frame) equals the plastic
rotations at the end regions of a the beams, which corresponds to the most uniform
possible spreading of inelasticity in the structure. The strength and the loading on the
connection members are considered in two directions (Figure 5-1). In direction 1 the
top of the right beam and the bottom of the left beam, are the resisting tension faces
.The right side of the top column and the left side of the down columns side at the
connections are the tension resistance faces. And the inverse will be applicable for the
direction 2. The flexural strength of the beams in any section have the minimum
resistance moment is never less than half the maximum with the opposite sign.
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Figure 5-1: Interior connection details

The capacity design is satisfied if the columns are designed for the moments
according to the equation (5.4), where:

M Rl M RLR
M sio¥ M SLU
M roLt M R2_R
M 2ot M s2. U

Indirection1l oy =Ygy

(5.2
Indirection2 oy, =Ygy

Where Ms is the applied moment, which satisfies the seismic combinations, and Mgis
the corresponding resistance moment asit isillustrated in Figure 5-1.

The relative importance of the gravitational with respect to seismic load is measured
through the so-called moment reversal factor 6, which is given asfollows:

‘M sar’ M SLL ‘

In direction 1 SlZ‘M ‘+‘M ‘
R1 R R1 L

(5.3)
‘M 2R +M 2L ‘

In direction 2 SZZ‘M ‘+‘M ‘
R2 R R2 L

The design bending moment in the columns to be calculated separately for the two
sign of the seismic action, is given as follows:

For direction 1 Mgy, oy = Min([1+ (agy- 1)-8,- Mgy, 9-Mgy) 54
For direction 2 Mgy, 4 = Min(1+ (¢ep-1) - 6,]- Mgy, 4-Mgy,) '

The strength of the beams in the top face and in the bottom face is considered for the
reversal seismic actions i.e. the direction 2. The same described procedure used for
the interior and the exterior column beam connections. For the exterior connections
the values of the resistance moment of the beams to be consider for one side. It is
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convenient to notice that the column compatibility for the capacity design
requirements needs more verifications and modifications for the beams
reinforcements and the columns. There is a significant difference in the response of
the exterior columns for the seismic actions in the two directions.

The capacity design shear forces at the columns assuming plastic hinges form at both
ends, by means of the expression:

M RC1+ M Rc2

- (5.5)

V = Yrqg

The capacity design for shear considering possible plastic hinge formation at the
beam-endsis as follows:

M, +M_, W )
Shear strengthzyx%+ > .With W=(DL+0.15-LL) - L, (5.6)

p

Where Mg 2 are the flexural capacities of the end sections. yrq =1.35 and 1.2 for
DCH and DCM, respectively.
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6 Nonlinear characteristics of R/C members

Dynamic response of a structure may be caused by different loading conditions such
as. earthquake, ground motion, wind pressure; wave action; blast; machine vibration
and traffic movement. The dynamic problems are different from static one in, the
inertial force; damping; strain rate effect; and oscillation (stress reversals). Dynamic
characteristics up to failure cannot be identified solely through a dynamic test or area
structure because it is difficult to understand the behaviour due to complex
interactions of various parameters, it is expensive, and the capacity of loading devices
insufficient to cause failure. Dynamic tests of real buildings are rather aimed toward
obtaining data to: Confirm the validity of mathematical modelling techniques for a
linearly elastic structure, and to obtain damping characteristics of different types of
structures. The energy-dissipating mechanisms (Damping) in the structures are in the
following forms. Inelastic hysteretic energy dissipation, radiation of kinetic energy
through foundation, kinetic friction, viscosity in materials and aerodynamic effect.
The speed of loading is known to influence the stiffness and strength of various
materials, the strain rate during an oscillation is highest at low stress levels, and that
the rate gradually decreases toward a peak strain. Cracking and yielding of a
reinforced concrete member reduce the stiffness, elongating the period of oscillation.
Furthermore, such damage is normally caused by the lower modes of vibration having
long periods. Hysteretic model are able to provide the stiffness and resistance under
any displacement history, which needs the definition of the basic characteristics of the
member geometry and material properties in chapter 6 different hysteresis tests and
rules are illustrated to define the flexural, shear and bond cyclic behaviour of
reinforce concrete connections. Some of the available rules used in Ruaumoko
program to solve the non-linear behaviour and the degrading of the building designed
in this study.

Research on the subject of non-linear structural behaviour has been carried out in
relation to earthquake problems. The dynamic problems are different from static one
in the following factors: inertial force; damping; strain rate effect; and oscillation
(stress reversals). These factors need to be clarified in order to analyse a structure
under dynamic loading. Dynamic characteristics up to failure cannot be identified
solely through a dynamic test or a real structure for the following reasons: It is
difficult to understand the behaviour due to complex interactions of various
parameters; It is expensive to build a structure, as a specimen, for destructive testing;
and the capacity of loading devices insufficient to cause failure. Consequently,
dynamic tests of real buildings are rather aimed toward obtaining data for the two
main issues:

() To confirm the validity of mathematical modelling techniques for alinearly elastic
structure.

(b) To obtain damping characteristics of different types of structures. A specifically
designed laboratory test becomes inevitable in order to complement the weakness
of full-scale tests and to study the effect of individual parameters.
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6.1 Damping
Any mechanical system possesses some energy-dissipating mechanisms as follows:

(a) Inelastic hysteretic energy dissipation.

(b) Radiation of kinetic energy through foundation.
(c) Kinetic friction.

(d) Viscosity in materials.

(e) Aerodynamic effect.

Such capacity or energy dissipation is T ' ! !
vaguely termed “damping,” and is most

often assumed to be of viscous type N | i ]
because of its mathematical simplicity. g !

Damping capacity is often determined £ __corgrqfactor |
by the bandwidth of the response curve 3 =

during a sinusoidal steady-state test. g T \ I
Figure 6-1 shows such acceleration ; A% i
response curves for a reinforced 5*‘ l \ S ooman et |
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Figure 6-1: Observed acceleration amplitude from
steady state test (Iennings and Kuroiwa)

6.2 Strainrate effect

It is technically difficult to test structural members under dynamic conditions in a
laboratory. Before force-deformation relations already obtained from thousands of
static tests can be studied for use in adynamic analysis, the effect of strain rate on the
force-deformation relation needs to be examined. The speed of loading is known to
influence the stiffness and strength of various materials (Cowell 1965, 1966). Some
member test results are available (Mahin and Bertero 1972). Important findings from
these investigations are as follows:

(a) High strain rates increased the initial yield resistance, but caused small differences
in either stiffness or resistance in subsequent cycles at the same displacement
amplitudes.

(b) Strain rate effect on resistance diminished with increased deformation in a strain-
hardening range.

(c) No substantial changes were observed in ductility and overall energy absorption
capacity.

Note that strain rate (velocity) during an oscillation is highest at low stress levels, and
that the rate gradually decreases toward a peak strain. Cracking and yielding of a
reinforced concrete member reduce the stiffness, elongating the period of oscillation.
Furthermore, such damage is normally caused by the lower modes of vibration having
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long periods. Therefore, the strain rate is small in the case of earthquake response, and
its effect on the response is small. Consequently, the static hysteretic behavior
observed can be utilized in a nonlinear dynamic analysis of reinforced concrete
structures.

6.3 Stiffness propertiesof reinforced concrete members

It is not feasible to analyse an entire structure using microscopic material models. It is
more important to study the behaviour of isolated members and their subassemblies
(beam-column, slab-column, and dlab-wall connections) so that their analytical
models can be developed for use in the analysis of a complete structure. A typical
force-deflection curve of a cantilever column is shown in Figure 6-2. Otani et al.
(1979) noted the following observations:

(a) Tensile cracking of concrete and yielding of longitudinal reinforcement reduced
the stiffness.

(b) When a deflection reversal was repeated at the same newly attained maximum
amplitude (for example, cycles 3 and 4) the loading stiffness in the second cycle
was lower than that in the first cycle, although the resistances at the peak
displacement were almost identical.

(c) Average stiffness (peak-to-peak) of a complete cycle decreased with a maximum
displacement amplitude. For example, the peak -to-peak stiffness of cycle 5, after
large amplitude displacement reversals, was significantly reduced from that of
cycle 2 at comparable displacement amplitude. Therefore, the hysteretic behavior
of the reinforced concrete is sensitive to loading history.

Applied Load, Fips

Spocimen §P=5 1

[
1 1 ] L ] |
-3 -1 a ! 2

Column T op Displacement, itich

Figure 6-2: Hysteric characteristic of reinforced concrete member (Otani et al.1979)

6.4 Flexural characteristics

The flexura deformation index (average curvature) is obtained from longitudinal
strain measurements at two levels assuming that a plane section remains plane. This
flexural deformation index does not represent the flexural deformation in a strict sense
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because a plane section does not remain plane in a region where an extensive shear
deformation occurs.
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Figure 6-3: Flexural deformation characteristics (Celebi and Penzien 1973).

However, the index is useful for understanding flexural deformation characteristics
gualitatively. A typical moment-flexural deformation index curve obtained from a
simply supported beam test (Celebi and Penzien 1973) is shown in Figure 6-3. Note
that the stiffness during loading gradually decreases with load, forming a fat
hysteretic loop, and absorbing a large amount of hysteretic energy. The hysteretic
loops remain almost identical even after several load reversads at the same
displacement amplitude beyond yielding. Consequently, vibration energy can be
efficiently dissipated through flexural hysteretic loops without a reduction in
resistance.

The increase in axial force decreases the flexural ductility of a reinforced concrete
member, but increases force levels corresponding to main two factors as follows:

(&) Tensile cracking of concrete.
(b) Tensileyielding of longitudinal reinforcement.

6.5 Shear characteristics

Similar to the flexural deformation index, a shear deformation index is defined from
strain measurements in the two diagona directions. Again, this index does not
represent the true shear deformation because the interference of shear and flexure
exists. A typical lateral |oad-shear deformation index curve (Celebi and Penzien 1973)
is shown in Figure 6-4. Unlike what occurs in flexure, the stiffness during loading
gradually increases with load, exhibiting a “pinching” in the curve. The hysteretic
energy dissipation is smaller. The hysteretic loop decays with the number of load
reversals, resulting in a smaller resistance at the same peak displacement in each
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repeated loading cycle. Although the curve shows a “yielding” phenomenon, it is
important to recognize that the shear force of the member was limited by flexural
yielding at the critical section rather than by yielding in shear. This yielding clearly
indicates the interaction of shear and bending.
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Figure 6-4: Shear deformation characteristics (Celebi and Penzien 1973).

The pinching in the force-deformation curve is obviously less desirable. The shear
span to effective depth ratio is the most significant parameter. Decreasing the shear
span to depth ratio causes a more pronounced pinching in the curve, and a faster
degradation of the hysteretic energy-dissipating capacity. Considerable improvements
in delaying and reducing the degrading effects can be accomplished by using closely
spaced ties. Existence of axial force tends to retard the decrease in stiffness and
resistance with cycles. However, it is hard to eliminate this undesirable effect when
high shear stress exists. Consequently, it becomes important to include this degrading
behavior in a behavioral model for a short, deep reinforced concrete member. The
current state of knowledge is not sufficient to define the stiffness degrading
parameters on the basis of the member geometry and material properties.

6.6 Bar dip and bond deterioration

When a structural element is framed into another element, some deformation is
initiated within the other element. Consider a beam-column subassembly. Bertero and
Popov (1977) reported a significant rotation at a beam end caused by the dlippage
(pullout) of the beam's main longitudinal reinforcement within the beam-column joint
(Figure 6-5). The general shape of the moment-bar dlip rotation curveis similar to that
shown in Figure 6-3, demonstrating a pronounced pinching of a hysteresis loop. The
contribution of bar dip to total deformation cannot be neglected, especialy in a stiff
member (short or deep).
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Figure 6-5: Rotation due to the bar slip (Bertero and Popov 1977).

6.7 Biaxial lateral load reversal

During an earthquake, columns of a framed structure must resist lateral forces
simultaneously in longitudinal and transverse directions. Recent tests at the University
of Toronto (Otani et al.1979) on reinforced concrete columns showed that the
columns under lateral load reversals in two perpendicular directions exhibited the
decay of resistance and stiffness at a faster rate than those under uniaxial lateral load
reversals.

6.8 Hysteretic system

Most materials exhibit an hysteretic type of behavior when it strained beyond there
elastic limit, so that system made of such material evolve as functions not just of the
present values of state variables: displacement and velocity, but on the past history as
well. Severa laws of differential type for the modeling of hysteretic behavior are
available; the most originally proposed by Bouc, and later generalized by Wen, Baber
and Noor in conjunction with stochastic linearization. If u is the displacement and h
the force, thislaw can be expressed as follows:

H =K [o-u+(1a)-Z] (6.1)
Where o is a parameter defining the relative importance of the elastic term, and of the

hysteric one; z, this latter being the solution of the differential equation (6.2).
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Where A, v, B and n are parameters governing the shape of the hysteretic cycle. The
last equation has been further extending in different directions: to describe material
degradation, to cover vector stress state, and to include asymmetry of behaviour with
inversion of sign of the sign of force [23].

6.9 Hysteretic Modelsfor Reinforced Concrete

Nonlinear dynamic analysis of a reinforced concrete structure requires two types of
mathematical modeling:

(@) Modelling for the distribution of stiffness along a member.
(b) Modelling for the force-deformation relationship under stress reversals.

A hysteretic model must be able to provide the stiffness and resistance under any
displacement history. At the same time, the basic characteristics need to be defined by
the member geometry and material properties. The current state of knowledge is
sufficient to define flexural hysteretic models. However, it is not sufficient to
determine the degree of stiffness degradation due to the deterioration of shear-
resisting and rebar-concrete bond mechanisms.

6.9.1 Bilinear Model

Many investigators used the elastic- perfectly plastic hysteretic model because the
model was simple. The maximum displacement of an elasto-plastic simple system
was found (Veletsos and Newmark 1960) to be practicaly the same as that of an
elastic system having the same initial period of vibration as long as the period was
longer than 0.5 s. A finite positive slope was assigned to the post yield stiffness to
account for the strain-hardening characteristic, and the model was called a bilinear
model. The bilinear model (Figure 6-6) does not represent the degradation of loading
and unloading stiffness with increasing displacement amplitude reversals, and the
model is not suited for arefined non-linear analysis of areinforced concrete structure.
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Figure 6-6: Bilinear hysteresis model
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6.9.2 Degradation and hysteresisrules

Degradation rules and criteria are used for the modelling of the reinforced concrete
member behaviour. Many of the rules alow for degradation of the strength of the
members. The Yield Forces or Yield Moments may degrade as a function of the
member ductility or the number of cycles of inelastic action. This is independent of
the stiffness degradation associated with a hysteretic rule itself. There are, however,
some hysterics rules that have their own built-in degradation of strength [27]. The
degradation of the strength model is shown in Figure 6-7. The coefficients used in
these models depend on the material concrete and steel types and the details of the
cross sections, the confinement of the core.

Some of the available rules used in Ruaumoko program are shown in Figure 6-8 .For
more information about these rules and its parameters refer to Ruaumoko manual.
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Figure 6-7: Degradation of the strength model
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Figure 6-8: Linear elastic behaviour, no hysteretic behavior occurs. And Elastic-plastic hysteretic, the
simplest hysteretic model with no stiffness shown after yielding
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7 Nonlinear rectangular-section behavior of R/C members

For the seismic performance of the connections deferent materials required to be
investigated, the conventional concrete and the Hybrid fibre concrete, which posses
high ductility and performs good under cyclic loading. The behaviour definition of the
R/C section is required in the solution of the strength, stiffness, and ductility. To
represent the properties of the post yield response of the members, the complex
behaviour of the steel and concrete must be considered, such as the no linearity of the
concrete and steel, crushing and cracking of the concrete, and bond bar slip between
concrete and bars. A non-linear behaviour model for rectangular R/C cross section is
built for concrete B55, and for hybrid fibre concrete. The compression and tension
behaviour of the concrete are defined by parameters enables the substitution of the
stress strain relations into the equilibrium equations

The non-linear continuum modelling of reinforced concrete includes models
applicable in structural engineering for problems that can be simplified into
assemblage of beams and bars. To represent the properties of the post yield response
of the members, the complex behaviour of the steel and concrete must be considered,
such as the no linearity of the concrete and steel, crushing and cracking of the
concrete, and bond bar slip between concrete and bars.

For the design of the concrete elementsin our study, a non-linear behaviour model for
rectangular R/C cross section is built. This model is based on the non-linear behaviour
of the concrete and the steel materials. The concrete stress strain relation is
represented with Hogenstad’s parabola. Other model for the stress strain relations for
ultra high performance concrete, hybrid fibre concrete HFC has been developed.
These models are given in the following pages and they are considered as the
consistent relations for the non-linear analysis.

In our model the compression and tension behaviour of the concrete and steel are
studied separately. That enables not the identification of the compression and tension
only, but it also enables to apply factors concerns the crushing, cracks and bar dlip.
The formulation of the compression and tension zone is addressed in parameters.
These parameters are solved for rectangular section the solution can be extended for
other shapes of conventional reinforced concrete, or HFC sections.

The concrete material is B55 and the steel of grade 50 is used in the analysis. The
method used in the non-linear analysis, is a general method for monotonic loading. It
is applicable for the different concrete types and for the HFC, The solutions of the
parameters are also general and it is solved in our study for the specific type of
concrete B55, and for the hybrid fibre concrete (HFC).

7.1 Nonlinear analyses of therectangular R/C sections

The non-linear analyses use the equilibrium equations applied on transverse cross
section under moment and normal force. The stress stain relations and material
parameters are substituted in the equilibrium equations. The material parameters a
and 3 are solved and defined locally for the given materials, this solution includes the
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limitations at yield, and ultimate limit state for a typical rectangular section. The
parameters are given at the end of the results as a function of the concrete strain at the
top and the bottom face of the element section. The representations of these
parameters as a function of the strain enables not only use it directly in the
equilibrium equations in the static cases, but it enables to solve the dynamic problems.
In the following sections a brief description of this method. The equilibrium equations
can be formulated recognizing the acting forces on the R/C section (Figure 7-1).
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Figure 7-1: Stress strain diagram for rectangular reinforced concrete cross section subjected to moment
and axial force.

The force and the moment equilibrium equations may be built as follows:

Neo+Ng-Nc-Ng=0 7.1)

h ~(h AN
Md_NSl(E_C)_NC'(E_a)_NSZ(E_C)_O (7.2)

From the strain diagram the neutral axis from the top concrete compression face may
be formulated as follows:

e ¢ - (h-0)
:—| 'C| = ky (h-0)
|8 C1| +& g (73)
And with:
., X-C €'c1
€s1 = €cl K=

(7.4)

The acting forces on the cross section may be given as follows:
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Nc=a-b-X-c'g
Ns1 = As1-0g

NSZ = ASZ O
(7.5)
With o is the compression intensity factor. And B is the eccentric compression
parameter.

Substitute the values of the normal forces, equations (7.5) in the equilibrium
equations (7.1) and (7.2) .We obtain the following relations:

Nd Ag-cg+a-b-x-c'yq--Ag-cg
b-h-fo b-h-f (7.6)
Define the steel contribution factors as follows:
Ag1 Ao o01-fs 0y fs
W1 = —— Wy = —— Y= Yo =
-h -h " "
b b ¢ ¢ (7.7)

Substitute for the steel area Ag and Ay of the equations (7.6) and (7.7) in equation
(7.6), the moment and the normal force parameters nqy and myq may be obtained. They
are expressed in equation (7.8) and (7.9). These equations are applicable for the
rectangular reinforced concrete suctions subjected to bending moment and axial force.
The intensity and eccentric compression parameters a, and  can be solved for non-
linear behaviour indicated as (onon, @Nd Pron). These parameters are solved in
paragraph (7.3.2), and they are given as afunction of the strain (Figure 7-5).

c fs (7.9)
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Equation (7.8) and (7.9), can be built in interaction diagram, and in this study it have
been solved through an iteration process after the substitute for the values of the
concrete and steel stresses in terms of the strain. While the non-linear compression

(7.9)
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factors are given as a functions of the strain. The solution of the compression
parametersis given in section 7.3.

7.2 Nonlinear analyses of rec. cross-section of hybrid fiber concrete
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Figure 7-2: Stress strain diagram for (HFC) rectangular cross section subjected to moment and axial
force.

The tension force of the fibre concrete works in the same direction of the tension
reinforcement force. In the solution of the equilibrium equations we consider in this
situation the tension parameters a2 and 32 rather than the compression parameters o1
and B1. The equations (7.1) and (7.2) can be extended to represent the equilibrium for
moment and forces acting on the HFC cross section (Figure 7-2). The equations
(7.10) and (7.11) are obtained.

Aswe see therelations in these equations, leads to use of the same procedure asin the
conventional reinforced concrete which enables not only to solve the specific problem
but to the benefit from the progress that have been made in the former concrete works,
definitions, tables, procedures. The solution for HFC is a specific application, of this
general formulation, and after taking in the considerations the material properties, and
the strain limitations. The compression parameter (o1 and Py and the tension
parameters (a2, f2) are solved in section (7.4). They are shown as a function of the
strainin Figure 7-12

The force and the moment equilibrium equations can be built recognizing the acting

forces on the HFC section (Figure 7-2) as the follows

(No+Ng) +Ng-N¢-Ng=0 (7.10)

Md—Nsl‘(g‘C)‘N'b‘(g‘a)‘st'(g‘c)"\'ft(g_ﬁz’x):0 (7.12)

From the stress and strain diagram (Figure 7-2) the relations in equations (7.3) and
(7.4) are obtained. Consider the compression parameters (a1,81), and the tension
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parameters (a2, f2) and the acting force on the cross section may be obtained as
follows:

al =pB1-x a2 =p2-(h-x (7.12)
N¢=oal-b-X-c'

Ns1 = As1-0g

Nft = ap-b-(h-X) - o

N = Ao 0g (7.13)

Substitute the values of forces in equations (7.13) in the equilibrium equations (7.10)
and (7.11), the following relation can be obtained:

N 4 Ag-cg+albXxoc g -Ag co-—arb(h-X- cg
b-h-fo b-h-f¢ (7.14)
And
Mg Ag-o Sl~zsl+al-b~x-c‘cl~(2—a)+A52~552~252+a2~b~(h—x)~csft-zft
b-tffo b-1-f ¢ (7.15)

The definitions of the steel ratio and steel ration and the steel contribution factors y in
equation (7.7) are applicable also for the HFC concrete. Substitute for these values in
eguation (7.14) and (7.15). We obtain equation (7.16), (7.17), which expressed the
compression and the moment equilibrium relations for the HFC cross-section. These
eguations are applicable for the rectangular HFC cross suctions subjected to bending
moment and axial force. The compression and tension parameters al1,f1,02,32 are
solved to describe the non-linear behaviour of the steel and the HFC in section 7.4,
Equation.(7.16) And (7.17), can be built in interaction diagram, and in this study it
have been solved through an iteration process after the substitute for the stress and of
the concrete and the steel in terms of the strain. While the non-linear compression
factors are given as a function of the strain. The solution of these equations can be
carried out smply by direct substitution of the compression and the tension
parameters after obtaining its valuesin Figure 7-12.

N g Os

1 c) °a O s2 c O ft
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b-h-f¢ fs h) f¢ fs h f'c (7.16)
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7.3 Model for the concrete type B55

7.3.1 Unconfined stressstrain relation

The concrete stress model is built using the stress strain relations based on
Hogenstad's parabola. This formula describes the stress strain relations for confined
concrete. And it can be calibrated for various degree of confinement. In our study the
purpose of this model is to study the non-linear behaviour at the yield locations of the
members ends. The Hogenstad’s parabola is given in equation (7.18) and Figure 7-3.
It have been applied for concrete type B55 for the strength calculations using the
cylinder concrete strength f. = 45 N/mm? and based on the CEB requirements. And it
have been calibrated for unconfined concrete using the average stress of the concrete
f.= 55 N/mm?, and the average elasticity of B55 for the stiffness calculations.

2E E. |
GC(fC,E,:l,E,:) i i N CEBE 1993
Brl Brl

fe

With (£, Eco) = E-E_n Where £, i the concrete cylinder strength
C

1

QJE Suggested by CEB
Ecg(f:) = 215 m*-[ﬁ

I N
1Tl 1Tl

The strain carresponding to the stress o = fC

M M .
Ect 45 . , 35500 o= 2835w 103 For strength calculations
11Tl iyl

g1 55 N , 36000 N = 3056 % 10”3 For stiffhess calewlations
II]III2 IT].'I:I]2

(7.18)
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Figure 7-3: Stress strain diagram according to Hogenstad’s parabola for B55

The stress strain relations are applied for the reinforced concrete section (Figure 7-4).
The aim of this application is to obtain the compression parameters of the R/C
rectangular concrete cross section for the non-linear analyses.
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' I
cross section strain diagram stress diagram

Figure 7-4: Stress strain diagrams at rectangular reinforced concrete cross-section

7.3.2 Compression parameters

The stress strain relations are applied for the reinforced concrete rectangular section
(Figure 7-4) .The aim of this application is to obtain the compression and the tension
parameters. To obtain the compression force of the concrete block apply the stress
integration over the section as follows:

2

c
2
N _ (ﬁ _ e dx € cmax

and with €. = X-
€cl €c1 ¢ c
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2
N 2e €
cmax X cmax ) X2 dX

b-fe €c1°C €c1°C
0 (7.19)

Where gqmax 1S the maximum strain of the concrete and c is the depth of concrete
compression block.

The compression o parameter may be defined as the proportion of the average stress
to the maximum concrete stress; it is given in as non-linear parameter as follows:

2
€ cmax

2
cl

N € cmax

1
= C——- 'C:C'anon
b-fc €c1 3 €

(7.20)
And to obtain the distance of the concrete compression force N, from the neutral axis

apply the momentum integration on the compression stresses of the concrete
compression block and divided by the value of compression force N

2 ]
_ 1 . £ emax . £ omax o
Boon = - x- ¥ |'udx
£ ‘G £ '
£ omax 1 Fomax cl cl
'C_E' = ' 1]

Eel |

C (E'Ecma}:_gl‘gcl)
Bpon = =

. [:—3'5,:1 + Ecmax)

For the concrete B55the strain €. _— 735354 {3  For strength calculations

el = 3056 ¢ 10 ¢ For stiffness caloculations
Summary:

The Compression stress parameter in the rectangular concrete cross section can be
given as a function of the maximum compression strain, using ym =1.2, and substitute
for the strain g¢;, asfollows:

For strength calculations:

2
} (E )_ i E comax 1 Eomax
nony Temaxs —oy 2 | 0002335 3 gogzsas?

P [E ) = 1_1_ (B'Ecmu_lﬂign.m-ﬂ)
nond ~ cmax/ 4 I:—[?.lﬁl:lﬁ 10 + € cmm{:l

(7.21)
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And for stiffness calculations

2
o [E )_ 1 T omar 1 T omar
nern Femak, oy 3 | 000305 3 gonmgses
[3 T8 oy — 2448 - 10'3:1

-3
[ (9162 10%) + € e |

1
Bnnn[gcma}:) = 1- a4
(7.22)
With:

T N
And f aon = ——

bef,c c (7.23)

X non =

The parameters (o and B) are given as afunction of the maximum compression strain,
and can be used for the solutions of the reinforced concrete cross sections. They can
be introduced in the moment and the normal force equilibrium equations. Figure 7-5
shows the parameters (o and ) for reinforced concrete B55

0.z

a - Zomaze
1] 710 00014 0002l 0.0028 0.0035

Figure 7-5: Compression parameters for confined concrete B55

7.4 Model for the hybrid fiber concrete, HFC

7.4.1 Stressstrainrelations

The stress parameters o and 3 are defined as a function of the strain in the tension and
the compression block. In this paragraph the stress strain relations of the hybrid fibre
concrete are defined. The data of the stress strain are laboratory test results on HFC
(Figure 7-6 though Figure 7-7).
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Figure 7-6: Tension stress strain relation of the HFC, stress [N/mm?], strain in [mm/m]
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Figure 7-8: Compression stress strain relation of the HFC, stress [N/mm?], strain [mm/m]
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The stress strain relations as it is seen in the figure are continuous between each two
points. The change of the slope of the lines between each two lines that intersect in an
inflection point is a sudden change and for a given stress we get different values of
strain that means that the concrete stress undergoes sudden change in the strain for a

given loading level. Exceeding the tension strength at point 2 of (6.35N/mm?). The
stress decrease rapidly, that may occur by repeating |oading inside the section .for that
the stress of the point of inflection 1 is considered as the maximum tension stress that
will insure that the design tension stress value are bellow the material test values
according to the AFGC group regulations for the ultra high performance fibre
reinforced concrete UHPRC. The maximum compression strain is 3.5 mm/m, and the
yield strain is 2 mm/m.

7.4.2 Tension and compression parameters

For the description of this behaviour the interpolation of the stress strain values is
used, the limitations for the inflection points are required and it is applied as follows:

For the calculation of the parameters (o and B) it is needs to fix the stress and strain
values at the inflection points and define its limitations, which can be recognized in
the stress strain curves. Based on this information the parameters are calculated as a
function of the strain through the internal relations in the compression stress block for
the compression parameters and the tension stress block for the tension parameters,
using the information provided in Figure 7-9 through Figure 7-11) as follows:

- ki =
Th1 —
_I €' fomay - M=0g
[ & T
Bl : P 1%
X fist - -
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hec h Cg10RT g2 +
-
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Figure 7-9: Stress and strain diagrams at the hybrid fiber concrete section exerted to bending moment
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Figure 7-10: Stress and strain diagrams at the hybrid fiber concrete section exerted to bending moment

In order to define the parameters (o and B) in the tension part, integrate the stress at
the tension area and divided it by the maximum stress multiplied by the tension the
area (Figure 7-11), the parameters a2 and B2 in the tension zone are defined in (7.24)
to (7.30) using the stress strain relations in Figure 7-11 as follows:

£ Fromax
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Figure 7-11: Stress and strain diagram at the tension zone

a2 =
Xp- O ft
Or ( )
1 Cn+1t O
a2 = Z '(Xn+1— Xn)
. 2
oo n (7.24)
2 Mn
p2=—

n (7.25)
The strain and the stress coordinate can be obtained from the strain diagram is defined
asfollows:
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€n €n+1
Xp=— X And X, = .
€p €p

Xp
(7.26)

Introduce x in the above equations. That leads to define the parameters o and 3 as a
function of the stresses and the strain at any distance x, which can be read from the
stress strain diagram. And the strain at the bottom face

Apply that also for the compression zone. That leads to the relations and the
limitations as follows:

The compression parameters are:

1= |05 iy < [Efcjrield)
Hfryield
1- .; otherwize
" femax (7.27)

ﬁ]_ = (033 1if Elﬂ:l‘t‘l.a.}{< [Ef'c}"j.elqi

£ .
_ 4 ] , B “foyeld
Djl:EIﬂ:max Eﬂ:yie]:} +[033Efn:yie]::1+ IIEﬂ:max Ef'-::.rie].&] 2 ther
[n] narse
‘ wlﬂ
I R _ K]
|- £ frmax Ll o J J
frmax
(7.28)
The tension parameters are given as follows:
w2= fos if sp< (Ef’tl‘L n.zzq
MEE+U—W+UFt 1—E feEpi<En<s
Ten on Joq in ft1 = 5ft Efi2
1Tl Ta1tOA2| A Gml| TatOp Eaal | .
nf——tF— | — - — |+ — | 1-— =gz sp;
iff Tf E-Gﬂ Efi Eft E-Uﬁ Eft ( )
7.29
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The parameters (oo and B) are given as a function of the strain at the cross section
exerted to bending moment. a1 and B1 are given as a function of the top compression
strain, while (a2 and $2) are given as a function of the bottom tension strain  They
are independent of the axial force while the relations are obtained according to the
stain relations, considering the rotation of the plane and do not consider the
equilibrium condition at the cross section. These parameters may use for the flexure
moment and normal forces equilibrium equations. Their values can be obtained as a
function of the strain and introduced into these equations. And they can be obtained
directly from the curves and used in simple formulas to solve the bending moment
problem for reinforced hybrid fibre concrete cross section.

The compression and tension parameters for the hybrid fibre concrete oo and § are
shown in Figure 7-12. Those are constant until the top strain at the section reaches
2mm/m and it grows rapidly up to a constant value when the strain reaches 10mm/m.
The compression parameters at the yielding of concrete are as follows: al = 0.50, 1
= 0.33 up to the strain of 2mm/m, a1 grouse up to 0.85 at strain of 10 mm/m, while
the value of B1 gross with asmall increment up to 0.42 at strain of 10 mm/m.

The compression parameters at the yielding of concrete are as follows. a2 = 0.5, 2 =
0.33 up to the cracking bottom tension strain of 2mm/m, a2 gross up to 1 at strain of

5 mm/m, while the value of B1 gross with a small increment up to 0.49 at tension
strain of 4.7 mm/m.
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Figure 7-12: The tension and the compression parameters of the hybrid fiber concrete versus the strain

7.5 Mode for the steel grade 50, stress strain relations

A simplified stress strain model is adopted for both tensile and compressive loads.
The stress strain relations are described in Figure 7-13. The monotonic stress strain
relation for the reinforced concrete is described through a suitable set of equations
(7.31) asfollows:

The stedl stress is given as a function of the strain. The steel elasticity of Es=200000
N/mm? and yield stress of 435 N/mm?, the strain hardening e, = 0.02, and the yield
strain ey = 0.002175,

Gs(ss) =

. 435
(Es(—ZOOOO(j'SS if eg< (Sy(—m)

(Es(_zoooo().gy.|:1+m

if ey <eg< (Esh <—0.02)
Egh < 002— €y

012-¢gg _
(fye < 435) | 15—05-| ———— | | otherwise
0.112

200 T T T

(7.31)
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Figure 7-13; Stress strain diagram for steel grade 50
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8 Analysesmethod approaching the nonlinear structural behavior

The stiffness of the concrete members is a factor influence the distribution of the
applied loads on the structure, and it is subjected to the change under the loading and
the degradation influence during the seismic action. The stiffness of the R/C section
increased with the increase of the reinforcement ratio. The demand influence the
stiffness of the cross section, and in the member ends that influence is high under
seismic action. The application of the relation load-stiffness-reinforcement ratio-
ductility- enables building model for the precast concrete beam. Introducing that in a
concrete structure subjected to seismic action shows that the use of the effective
stiffness obtained from the local section properties can provides description for the
structure under seismic loading, and may be used in the design as a redistribution
method for the applied bending moment in the beam ends. The redistribution of the
seismic force varies between 20% for the post yielding condition up to 35% when the
degradation is considered. Description for the stiffness, its relations, and use are given
in this chapter. The non-linear analyses are applied for the most significant moments
in the beams at each level of the building structure in this study. The analyses results
are given in interactive tables information, which enables for the design and control at
the yield moment and at the ultimate limit state for the reinforced concrete cross
sections. These results are given in figures. This application provides the relation
between the stiffness and the reinforcement ratio, which enables in building a model
for a typical beam for the precast use. Structural analysis model with modified
stiffnessis introduced.

8.1 Theultimate and yield moment

For the control of the yield location, the behaviour of the beams needed to be defined.
The most needed information is the ultimate and the yield moments. In our study we
have a precast concrete building. It has three typical beams cross-sections. One of the
applications for the non-linear analysis (chapter 7) is to built curves for the moment
and the reinforcement ratio for the different cross section. In the seismic design we
have minimum reinforcement ratio of 50% of the tension reinforcement in the
compression zone. Thisanalysisis curried out for B55 r/c sections.

The ultimate and the yield moments (My, My) verse the reinforcement ratio (o) are
shown in Figure 8-1 for three beams types with the dimensions as follows:
700x500mm, 600x500mm and 600x400mm.
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Figure 8-1: The ultimate and yield moment verse reinforcement ratio for the B55, rectangular R/C
section

8.2 Theeffective stiffness

In order to build representative model link the linear solutions, for the non-linear
analyses, the definition of the effective stiffness of the members (K«¢) isrequired. Kes
may be obtained through the moment curvature relations (Figure 8-2).
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Figure 8-2: Typical beam moment curvature response
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The relation between the initia stiffness and the post yield stiffness shown in Figure
8-2 are expressed in equation (8.1).

Eleff — Elcr(1+ r(ub_l)) (81)

My

Where:

u, isthe expected beam rotation ductility.
El, isthe cracked section stiffness at the effective yield.
r istheratio of postyield to preyield stiffness.

The internal relations in the moment curvature diagram (Figure 8-2) enable defining
the relations of the moment, curvature, stiffness and the ductility in equations (8.2)
through (8.9). The difference between the ultimate and the yield curvature is given as
follows:

Ap= ¢~ 9, (82)

And for a certain local maximum moment, M. the effective stiffness is calculated
asfollows:

AM =M, - M, (8.3)
AM =M - M, (8.4)

The curvature as a function of the maximum moment isformulated as follows;

AM
AM

u

Prex = By + A,

(8.5)

The demand curvature ductility is defined as the required curvature ductility in the
section so that the section reaches certain curvature ¢pmax COrresponds to the moment
Mmax. The ultimate curvature ductility is defined as the available ductility in the
section so that the curvature reaches the ultimate curvature ¢, corresponds to the
ultimate moment M,; those are formulated in equation (8.6) and (8.7) asfollows:

mm=©“ And Mzﬂ (8.6) and (8.7)
y

Consider that the stiffnessis given as follows: K= C.EI

With:
-AM
M, (88)
I\/Iy'A¢u

The effective stiffness may be formulated as follows:
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El, (1+r(n,-1))
El, = —
Hp
Or (8.9

Elgy =K, For g, p1

FOr 440 =1

Using the relations in (8.6) through (8.9), remember that the ultimate and the yield
moments are functions of the reinforcement ratio the ductility can be built as a
function of the reinforcement ratio, the loading level and the effective stiffness can be
built as afunction of the reinforcement ratio.

Beyond the post yield of the members, the effective stiffness is increased rapidly with
the increase of reinforcement ratio, and the demand ductility decreases as the
reinforcement ratio increased. The demand ductility for certain reinforcement ratio
increased as the loading on the member increase. These relations are shown in Figure
8-3; the effective stiffness versus the reinforcement ratio, and the ductility versus the
applied moment, for a certain local ductility the design load level can be obtained.
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Figure 8-3: The effective stiffness versus the reinforcement ratio, and the ductility verse the loading
level

8.3 Thesgtiffnessof therectangular R/C section, and the ductility

The relations of the stiffness factor in this section are applied for the reinforced
concrete sections using the most explicit relations and limitations of the reinforced
concrete sections, the rotation, curvature and ductility.

The behaviour of the reinforced concrete section at its yield and post yield are build
with the curvature and the ductility for different reinforcement ratio. The significant
influence of the reinforcement ratio is built in curve according to the loading levels.
This relation is extended to the behaviour of the members beyond the crack section to
define the general relations of the stiffness.

The effective stiffness, ductility, material property for a rectangular R/C section are
given asfollows:
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Figure 8-4: B55, R/C cross-section

The section dimension isthe following: b=0.5m, d = 0.6 m and d'=0.05 m,

N

B,=0.85-5x0.04, f,=0.65and f' ;= 35—
mm

The neutral axis depth factor k and the arm Z are calculated as follows:

k= \/(p+p‘)2-n2+2n-(p+ p('jd )-n-(p+p) (8.10)
z=o|-k—:'3OI (8.11)
The steel area: A,=p-b-d And A, =p-b-d.
fy
E
M=A-f -Z And = S 8.12) and (8.13
y S y (Py d(l-k) ( ) ( )

Assume that both the tension and compression reinforcement has reached the yield
strength, the compression zone depth "C" and the depth of the compression zone from

the top face (@) can be obtained as follows:

c= g
14
CACADA, (8.14)
~085-f,-b
The ultimate moment and the ultimate curvature will be as follows:
Mu=O.85-fc‘-a-b-(d-a)+AS-fy-(d-d‘) And ¢u:% (8.15) (8.16)

Theinfluence of the connection characteristics on the seismic performance of the precast concrete 84
structures.



The incremental moment and curvature beyond the yield moment up to the ultimate
moment are formulated as follows:

AM,=M,-M,  And Ag =4, -4, (8.17) (8.18)

The yield and the ultimate stiffness are calculated as follows:

K,=— And K,= M,
é, &,
Definethat rK = AM, (8.19)

u

For a given moment M., the curvature and the effective stiffness may be expressed
asfollows:

¢max: ¢y+ % (820)
M
Ka= 7 (8.21)

Where C; is a coefficient depends on the structural member fixation. With C = 1.The
maximum ductility due to the applied moment M. and the available ductility p, due
to the ultimate moments are:

s = ";—a* And 41, = f;— (8.22)

For the crack stiffness calculations the cracking section properties definition is
required asfollows:

The area and the moment of inertia of the section are calculated as follows;

3
A=Db-d and| = b-d

The gross section area and the section moments are formulated as follows:

Ag=A-d-(1+ n-(p+p)
d . N (8.23)
Agy:A-§+ n-A-(p-d+n-A-(p-d+p-(d-d))

3
The gross section inertiais I = (n-1)- A - (p- (y,-d")*+p - (d-y,-d")*)+ % (8.24)

The cracking moments, the cracking curvature, the cracking stiffness and the ductility
are calculated as follows:
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cr yt E -I

Ko= e And u, =%

“ 4.-C. 8,

(8.25) (8.26)

(8.27) (8.28)

8.4 Thestiffness and the ductility of the rectangular R/C section

The stiffness and the ductility discussed in paragraph (8.1) are applied for R/C section
in this section with different reinforcement ratio and loading levels. A simple
computer program is used to solve equation (8.10) through (8.28). As a result it is
recognised that the effective stiffness decreases with the increase of the applied
moment and increases with the increase of the reinforcement ratio (Figure 8-5) and
the demand ductility is increased significantly with the increase of the applied
moment from the yield to the ultimate moment (Figure 8-5), it decreases with the

reinforcement ration.
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Figure 8-5: The effective stiffness (A), and the demand ductility (B) versus the reinforcement ration
For rectangular B55 R/C

Conclusion

When the load on the connection lays beyond the yield point the stiffness of the
connection is reduced and that reduce the load exerted on the structure applied due to
the redistribution of the loads on the connection, the ductile joint equilibrium required
to design the connection so that the design moment is less than the ultimate moment
and more than the yield moment, taking into the considerations the capacity
requirements. The effective stiffness will be justified through the choice of the
adequate reinforcement ratio, and the ductility demand is lays within the available
ultimate ductility. Careful study of the relations given in this chapter leads to the

following conclusion:

(1) The moment resistance, the ductility, the stiffness at the beams ends depends on
the reinforcement. The continuity of the previous properties of the concrete cross
section depends on its extension in the column beam connection. The connection in
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this case is considered as the column beam connection and the member ends. As
we have seen in the previous sections (6.4) through (6.8) and (8.1) trough (8.4) the
stiffness, and the reinforcement is highly dependent on the reinforcement ratio at
the column core.

(2) Thus the reinforcement and its continuity in the column core, has significant
influence on the effective stiffness of the concrete structure, and then on it's the
response.

(3) The stiffness in the beam end is highly dependent on the loading level and
especially near the column beam intersection region.

(4) The stiffness, strength at the column beam connection reduces during the time and
it may be regards as material softening and deterioration causes rotation at the
beam-ends. Rotation occurs or allowed during the erection process of the precast
concrete elements. This rotation should be considered in connecting members’
behaviour and its stiffness.

(5) Premier estimation of the effective stiffness can be carried out for certain member,
which needs enough information for its cross section at its ends and aong its
length. As the dimensions the reinforcement ratio. The material properties; the
elasticity, strength. The information may be given in two ways as follows:

(8) Using the analysis methods as it discussed in section (8.2) through (8.4), using the
relations between the reinforcement ratio, the ductility, the loading level and the
stiffness (section (8-3), and (8.5)).

(b) Using experimental results of the R/C productions, data test available or can be
built for the desired r/c elements, for sections of various dimension and
reinforcement ratio. The information concern the stiffness may be given as a
function for the loading level and the ductility. It takes in the considerations the
detail of the connections, and the properties of the ductile or the connecting
members used.

(6) The estimation of the effective stiffness may be carried out with the following
steps:

(@) Chose reinforcement ratio level for the external, and interna connections for the
structure. That may be obtaining considering the structural analyses result for the
moment and shear at the connection region using the elastic method and
considering certain distribution factor for the forces at the connection. Code of
practice enables the premier dimensioning and the choice for distribution factor
and the reinforcement ratio.

(b) Estimate the local ductility of the members. That can be done through the relations
of the global ductility and the interna the structure geometry relations, Using
structural program or geometrical relations, considering that the global ductility
provides general description for the non-linear behaviour of the structure.

(c) The effective stiffness can be estimated from the standard moment curvature
diagrams of the members. Using the loading level find the demand ductility for
that load (Figure 8-5), then use this ductility value and find the effective stiffness.
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(d) Apply the structural analysis, after the substitution of the obtained effective
stiffness in the model and examine that the demand ductility of the member lies
within the available ductility. The demand ductility is a function of the structure
geometry, the degree of the member fixation, and the loading. While the available
ductility of the member is a function of the member properties; the dimensions,
and the reinforcement ratio. The application of the effective stiffness required trial
and prior estimation for the structural elements (Figure 8-13).

(e) Inthe Asit isrecognized in connections, which uses ductile members the stiffness
depends on the unbounded length of the ductile member, by which the stiffness can
be justify and control. That may be used for the DDC connections, which used
unbounded lengths at the ductile members that enable control the rotation at the
section according the applied loading.

8.5 Thestiffness, the ductility, of a model with ssmple fixed end
beams

The stiffness of a simple R/C beam loaded with a uniform load, and it is connected to
fixed end supports model is built in this section. The fixed end moment and loading
can be modified to alow the representation of simple beams with different dynamic
loadings. The beam allows different value of loading in the middle region part in
order to represent a precast beam unit with different effective loadings. It may
represent the real behaviour by changing the end moment’s fixation degree. The
model reflects the behaviour of the concrete sections according to the loading levels
and the concrete material properties. Takizawa (1973) developed a model that
assumed a prescribed distribution pattern of the cross-sectional flexura flexibility
along the member length, instead of dividing a member into short segments. The
model recognized the influence of the stress in the cross sections .Our model
properties (Figure 8-6) are given asfollows:

a
Wepq — wans | Dirans? o 4o
Lo 2 Opiddel
e il i reinforcement
%1 X2
@endt a2 . Pend2
M, | a1 | M,
] — 1.
é Ptrans | @ middel Ptrans2 é
& B
L L . L_____ Lb______l_La__I
I I L I
r- - = I
Figure 8-6: Simple precast concrete beam subjected to fixed end moment and uniformly distributed
load

e Themodel represents the actual loading that obtained from the structural analyses.
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e The model represents the actual fixation moments and the connection with the
total structure.

e The mode represents the connection place and the degree of fixation of the
precast unit.

e Themodel describes the location and connection properties of the precast unit and
it allow for the choice of the preferable situation.

e The dynamic loading effect is included and its high influence is recognized
especialy in the critical connection region.

e The material properties of the reinforced concrete are included, and that is for
concrete and for the reinforcement, as strength, stiffness and reinforcement ratio.

e The model can describe the influence of the reinforcement ratio and it's variation
aong the element, and that allows for the choice of the preferable yielding
location and describes explicit the variation of the flexibility according to the
dynamic loading.

e The gtiffness along the member is divided into three categories. First the stiffness
beyond the yield moment, second the stiffness beyond the cracked moment, and
third the stiffness in the non-cracked section.

e The model can be used for the capacity design for the choice of the yielding
locations and the description of the stiffness along the member

e The model is applicable for the representation of the behaviour of the concrete
element under dynamic loadings, in which the materia properties and the dynamic
loading are considered.

In order to build this model, we should define the beam reinforcement. The
distribution of the flexure reinforcement is defined along the beam, considering the
top reinforcement in both ends and the bottom reinforcement in the middle of the
beam asfollows:

Consider that the reinforcement ratio at the end is wenq WOrks up to the distance x3, the
reinforcement ratio at the middle of the beam iS ®miage WOrks from the distance xa.
The reinforcement between the ends and the middle of the beam iS wyas. The
reinforcement ratio works at between the ends and the middle area, the transmission,
varies linearly according to the distance x from the supports, the reinforcement ratio
may be expressed as a function of it’s distance from the support x as .The distance x;
and X, is the distance of the beginning and end of the steel reinforcement work in the
transmission zone from the support, these distances to be considered by the designer
depends on the bars diameters and the encrage length.
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In case that the bending moment  M;,>0, the reinforcement ratio is formulated as
follows:

A2 = K1) + [0 gy + Opya i — x1)
¥ —xl

pidde] I [X 2 @ x 2({L-xd)]
462 = 31 + [0 oy + oy (L - x - x1)
-zl

topd I (X Exl)wixz L-xl)

if {x Z x1) and iz =

mlix =

if (x=L-xl)and(xz L-x

Dpars othenarise (8.29)
And in case that M, [10, then, the reinforcement ratio is formulated as follows:

O gndX2- X1 + (‘“)end+ “’trang(x_ x1)

if (x=xD)A (X< x2
Xl ( ) A ( )

»2(X) =
O middel if [x=x2AXx< (L-X%2)]

O engAX2-x1) + (’(Dend2+ (Dtransz)(l- —-X-Xx1)

if (X< L-XxXDA((X>L-x2
N~ ( ) A ( )

Oeng If (X< X1

Oend2 If (X=L-x1 (8.30)

The reinforcement ratio along the beam is defined as follows:

0 = |0l(®) if M=o

02(X) otherwise (8.31)

The influence of the fixed end moments on the member is calculated as follows:

Mf(X) = (l— E)Mfl-’_ szZ
L L (8.32)
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The bending moment due to the dead and the live load can be described as follows:

Thereaction at point A is calculated as follows:

Q2(L-2Ly)
R.= ——~ 7
a 2 (8.33)
The moment at the region near the support is calculated as follows:
Ma) = Rax (8.34)
The moment at the middle region is calculated as follows:
Q2:(x~Ly)*
Mp(¥) = Rax- 2 (8.35)
The moment at the region near the other end support is calculated as follows:
Mc(¥) = Ry(L-X) (8.36)
The free static moment of the load on the middle beam is formulated as follows:
-Q2-Ly, x—Lg)?
Ma(9 = — { (x—Lg) - {(L—)
b (8.37)
The bending moment due to the middle load is calculated as follows:
Mpo(X) = |Mg(¥) if x< Lg
Mp(®) + My(x) if (x> Lg) A[x< (L-Ly)]
Mq(X) otherwise (8.39)
The total bending moment due to the uniform load is calculated as follws:
M =M M
b(¥) = Mp1(¥) + Mpa(X) (8.39)

The bending moment along the beam is calculated as a function of the distance x from
the support as follows:

M(X) = Mp(x) — M¢(x) (8.40)

The bending moment and the reinforcement ratio of the beam for a beam with 6 m
length are shown in Figure 8-7, the effective stiffness that is stated by the equation are
applied for this beam. The results of the effective stiffness along the beam are shown
in Figure 8-8, where a significant reduction of the effective stiffness at the support
due to the applied fixed end moment. In this model the cracked stiffness was not
considered.
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Figure 8-7: Bending moment diagram and reinforcement ratio
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Figure 8-8: The effective stiffness along the precast R/C beam

Using the similar method used in section (8.2), which covers the relations between the
yield and the ultimate moment. And apply it for the cracking and the yield moment.
The slope of the line between the cracked moment M, and the yield moment My is
r<Ke (Figure 8-9).

The effective stiffness is built as a function of the distance x from the support in
equation (8.41) through equation (8.46). By this concept the properties of the member
can be defined due to the cross section area, the reinforcement ratio, the end fixation,
and the loading taking into the considerations the un cracked, the cracked, and post
yield situation .The beam can be divided in three regions, the end fixation of post
yield section behaviour with high loading level, which depends on the degree of
fixation and dynamic loading, the transition zone with un cracked section and low
loading level varies from positive to negative moment, and the middle zone with
cracked section and positive moment level .The beam as it is idealized may behave as
rectangular section, while in the reality at the middle region the contribution of the
floor can’t be avoided. As the stresses at the middle span of the beams increased the
compression area of the concrete extended for and the width of the compression
concrete increases. And that leads to more stable stiffness at the middle of the beam
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than in the supports, rather than it will be increased due to more contribution of the
floor in case of increase in the positive moment. The stiffness in the support will be
reduced due to the increase in the loading level.

Thus the ideadlization of the structure using general factor multiplied by the inertia
forces is farther to describe the behaviour of the structura members, and for that a
local definition of the stiffness is needed for better approach for the non-linear
behaviour of the structure. From this point of view is the advantage of our beam
model and the structural analysis method used the study with redistribution of the
loading by using semi rigid connections model and a spring constant (Figure 8-9).

Figure 8-9: Typical beam moment curvature response detailed for the crack

Formulation of the moment curvature at the cracked region
The increment of the moment up to the yield moment may be calculated as follows:

AM =M - M, (8.41)

The increment in the curvature beyond the crack moment up to the yield moment is
calculated as follows:

A¢ycr = ¢y - ¢cr
The slope line between My and M, is calculated as follows:
AM (X
rK,(X) = ¢ (8.42)
Adye (X)
The incremental moment beyond the crack is calculated as follows:
AM ,(x) = [M()|- M, (X) (843)
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The incremental curvature beyond the crack is calculated as follows:

A¢crm (X) = %m()(();)

For a given moment the curvature along the beam may be formulated as follows:

(8.44)

Brrex X) = hrn () FOrM =M and M <M,

Bomac (X) = B (X) + [Ad (X)) ForM =M  andMp M, (845

Summary:

The general effective stiffness is applicable for the beam, includes the cracked the
untracked and the post yield stiffness can be formulated as follows:

Kyt ) =K FOrM =M,

K et (X) _ MG ForM <M, andM =M, (8.46)

crmax ’ s

kgeff (X) = Kcr

The application of the above equation in a 6m span beam (Figure 8-10) in a structure
shows that the moment distribution at the beams by semi rigid connection in
comparison with rigid connection; results in les negative moments at the supports and
more positive moments at the middle of the beam members (Figure 8-10). It may be
concluded that the behaviour of the beams using rigid connection and semi rigid
connection can be described as follows:

[ o .
H C2ms risia Ml f _,_-'. T2 Iy i
fefié;w 3 - ”}“:17 S1lA N -c-T—ﬂWé
- “f:;. H_J—I_ L Y1 l_-L ; |—;’.-'r g _\,_ii-’L e :rla"’
g . = =
f? Clomirga Mo lj ;7 = lr'gE::i.MEl f
' (A) ‘ - (B)

C 1 semi g™ © 1Lign |:.I} M, i rien ™ Mg and Mop; g = Mgy

Figure 8-10: B.M. diagram at a beam in a structure with rigid and with semi rigid end fixation

(1) Beam with semi rigid connection:

The static moment dueto DL + LL = Mg

The fixed end and at the middle of the span may be formulated as follows:

C1_semirigiaxMo, C2_semirigiaxMO.

(2) Beam with rigid connection:
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The static moment dueto DL + LL = M.
The fixed end moment and at the middle of the span may be formulated as follows:
C1 rigiaxMo, C2_jigiaxMo

Due to the flexibility in the semi rigid connection the following conclusion may be
obtained:

©1 semi reit® © 1 e |::> Moo riein ™ M 808 Moo g = Mgz (8.47)

Seismic load exerted on the connection is distributed on the members according to the
stiffness proportion of the connecting members. As the load increase, the beam
stiffness decrease more than that in the column where the beams are in the yield
situation and that leads to the decrease of the seismic bending moment due to the
decrease of the beams stiffness proportion in the connection. As the seismic load
increase the end beam stiffness reduced and that |eads to increase the positive bending
moment in the beam middle span and decrease the negative bending moment in the
beams end due to the DL+LL according to equation (8.47) Figure 8-11. Then
introduce this member into a structure leads to semi rigid structural model (Figure
8-12). This model is closer to the real behaviour of the structure under seismic
loading. The reduction of therigidity under dynamic loading in the beam-ends and the
degradation in the yielding locations leads to redistribution of the loading on the
structural members. The model with semi rigid connection is used in this study as a
link approach to the non-linear behaviour of the structure. It is applied as an elastic
model with modified elastic stiffness connections. These modified stiffness used at
the connections are obtained for the different R/C cross-section relations as a function
of the reinforcement ratio and the loading level (The bending moment- at the
connecting beam end).
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8.6 Theconnection stiffness

The dtiffness of the connections in the precast constructions is decided by many
factors. The factors cover the concrete and the steel material properties, the section
dimensions, and the member geometrical relations. The use of the ductile bars in the
connections enables designing for stiffness in the connection: Determine the
development bar length, the unbounded bar length, describe the yield length, and the
angel of rotation. The use of the prestressed enables the reversal resistance at the
connection. In the knee connections and the outside columns beams connection. The
detail of the reinforcements influences the connection stiffness. The attention should
be made to prevent sharp changes in the stiffness, by recognizing the moment
curvature diagrams. And that isto prevent brittle behaviour at the connection.

In our model (Figure 8-11), the emulated monolithic connections may take use of the
monolithic structures model, for the precast construction with the following
considerations:

e The degree of fixation of the precast units, and the percentage of the initial
permanent load of the members.

e The properties and the dimensions of the used installation elements

In the structural analysis the solution should be carried out for the elastic and the
modified stiffness model as follows:

(1) The structura analysis for the building with elastic stiffness connections, using the

linear analysis. The loadings are the dead, live, and wind load, and the
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combinations should full fill the serviceability and the ultimate limit stat as it is
shown in Figure 12-3

(2) The structural analyses with modified stiffness connection, the loading are, the
dead, live, and seismic loads. The combinations may be carried out according to
the EC8 or other regulations. In the decision of the degree of fixation at the mode;
the stiffness of the connection, the attention should be made for the following
considerations:

e Choice of mechanism so that the yield locations should be mobilized. Models
from another analysis and from pushover analysis can be used to help in this
choice.

e The degree of rotation of the members should be tolerated to permit the initial
loading of the members

e The design of the element used the ultimate limit state for the member’s
resistance, and the results of the seismic combinations. Then the absolute value of
the moment at the end fixation of the beams, and at it” span in (Figure 12-4) should
be grater that that which are obtained from the analysis with rigid connections in
(Figure 12-3).

e The resultant applied moment at the end fixations should lays between the yield,
and the ultimate moments of the members. The premier decision may be taken
considering reinforcement ration for the members.

e The choice of local ductility level and the stiffness of the members can be
obtained using (Figure 8-13). These curves may be built in structural analysis
program .The local ductility may be obtained through the global ductility of the
structure.

For a given member and certain ductility the applied load will be decided, using the
relations between the curvature, the applied load and the demand ductility in equation
(8.1) to (8.9). The dtiffness factor can be obtained using the relations between the
applied load and the stiffness and as it is shown in Figure 8.12. The effective stiffness
isafunction of the reinforcement ratio and the applied load (Figure 8.5).

The effective stiffness a reinforced concrete (B55) member is given in Figure 8-13
through Figure 8-14. The effective stiffness in these figures are a function of the R/c
sections dimensions, the reinforcement ratio, and they are independent of the location
x from the supports.
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Figure 8-13: Stiffness versus the applied moment for B55 R/C section with h = 700mm, b =500 mm
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Figure 8-15: Stiffness versus the applied moment for R/C section of h = 600mm, b = 400 mm

The above figures are built for beam length of L = 6m and its value Keff = Elg: In
order to obtain the stiffness in a member, use the stiffness moment figures to find the
plastic angle with the following relation 6p = (pu-py) /Lp. Where ou and ¢y are the
values obtained from the diagrams for the ultimate and the yield moment. Use the
above curvesto find ou and @y and apply the member effective stiffness. Asit is seen
the effective stiffness may be verified in a member using different plastic lengths, and

by cut the reinforcement in proportion at the yield locations.
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8.7 Modified effective stiffness structural model

Due to the flexibility in the semi rigid connection the bending moment at the end
member fixation reduces and increase the positive moment at the span as follows:

C 1 semi g™ © 1 riga oy Mlmiren™ Mg a8 Mg g < Mgy (8.48)

The bending moments due to the seismic loading exerted on the connection are
distributed over the connected members according to their rigidity thus their stiffness
proportion. As the load increases the stiffness of the beams decreases more than that
in the columns where the beams are in the yield situation and that leads to decrease
the bending moment of the seismic force due to the decrease of the beams stiffness
proportion in the connection. As the seismic load increase the end beam stiffness
reduced and that leads to the increase of the positive moment at the middlie span and
decrease of the negative moment at the beams end due to the applied dead, live and
the seismic load, DL+LL+S (equation(8.48) and Figure 8-18). Introducing this
member into a structure leads to semi rigid structural model. This model is closer to
the real behaviour of the reinforced concrete structure under seismic loading. The
increase of the bending moment at the beam-ends decreases its stiffness (Figure 8-19).
As the loading level increased on a certain reinforced concrete section the effective
stiffness decreases. When apply that on a beam the effective stiffness at the beam
ends decreases and especially under the seismic loading due the yield at the top beams
ends, and especialy in the precast concrete constructions, where the floor is
constructed with partially rigid. Thisinfluenceis limited at the middle span where the
top compression zone width increases as the load increase.
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The reduction of the rigidity under dynamic loading at the beam-ends, and the
degradation at the yielding locations leads to the decrease of the moments in the
member ends and the redistribution of the loading in the structural members. The
model with semi rigid connection is used in this study .as a link approach to the non-
linear behaviour of the structure. It is applied as elastic model with modified elastic
stiffness connections. The modified stiffness is obtained for the different R/C cross-
section as a function of the reinforcement ratio and the bending moment at the

connecting beam ends (Figure 8-19).
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Figure 8-18: B.M. diagram at abeam in a structure with rigid and semi rigid end fixation
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8.8 Themodified elastic stiffness and the seismic performance

Members incorporated with precast concrete elements and subjected to gravity load
shall satisfy the following two criteria

¢ Demand performance for serviceability limit state subjected to gravity load.
e Demand performance for ultimate limit state subjected to gravity load.

The member incorporating precast concrete elements subjected to seismic load should
satisfy in addition the followings performance requirements:

(1) Demand performance for ultimate limit state subjected to seismic load.

(2) The entire member incorporating precast concrete elements should satisfy the
following criteria, Demand performance for durability and fire resistance and
Redundancy.

The equivalence in performance may be verified on rational basis using mathematical
models with ensured reliability and investigation including correlation studies
between tests and analyses. In other case, newly developed connection detail may be
evaluated by test under simulated earthquake load of specimen. Such as building
model with different types of connections subjected to simulated earthquake loading.

When the load on the connection lays beyond the yield point the stiffness of the
connection is reduced and that reduces the load exerted on the structure applied due to
the redistribution of the loads on the connection, the ductile joint equilibrium required
to design the connection so that the design moment is less than the ultimate moment
and more than the yield moment, taking into the consideration the capacity
requirements. The effective stiffness will be justified through the choice of the
adequate reinforcement ratio, so that the ductility demand lies within the available
ductility of the member. We may conclude that:

(1) Thereinforcement in the member’s end -including the connections- has significant
influence on the effective stiffness of the concrete structure, and then on its
response.

(2) The effect is high in the region of the connections while it depends on the loading
level.

(3) First estimation of the effective stiffness can be carried out for certain R/C section
that have enough information, concerns the moment curvature behaviour, ductility
and strength as follows:

e Chose reinforcement ratio level for the connections; premier reinforcement design
for the applied moment.

e Estimate the local ductility rotational demand of the members. That can be done
for the structure through the global ductility and the internal the structure
geometry relations.

e The effective stiffness (Kef) of the member ends can be estimated using standard
moment curvature diagrams.

e Apply the structura analysis, and examine that the demand ductility of the
member lies within the available ductility of the member. The demand ductility of
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the member is obtained from the structural analysis, while the available ductility is
afunction of the reinforced concrete section property.

e When using ductile members, the unbounded length on the ductile bars may be
used for the control the elongation of the bars in the unbounded places, which
cause rotation and influences the stiffness of the member. Thus in a controlled
design the stiffness at the connection can be justified and verified.

8.9 Analysiswith modified elastic stiffness model

The analysis of a structure for seismic loading may be carried out using linear
program. This analysis used the modified elastic stiffness, in a model describes the
characteristics and the behavior of its members, such as the material properties,
dimensions, degree of fixation at the connections, continuity and discontinuity of its
members. This approach may be built in two main models (Figure 8-19), the elastic
model, and the modified stiffness mode.

8.9.1 Monolithic construction with modified elastic stiffness model

Modified elastic stiffness model may be applied on monolithic constructions; in this
case the attention should be made for the sharing of the transverse beams, its torsions
effect on the columns and the successive yielding of the concrete floor surrounding
the connections. When the yield locations lays at a considerable distances from the
connection faces the floor reinforcement will yield, other than the reinforcement
belonging to the beams. This reinforcement may be taken in account for the stiffness
calculations. In precast concrete constructions the influence of the transverse beam is
limited where the precast concrete elements do not function in flexure bending
strength with the supporting transverse beams. The use of this method as intervention
procedure in the anaysis and the design of the monolithic construction required
various solution that links between the loading, yielding material and technical
solutions. The technical solutions in the monolithic constructions are limited when it
is compared with the precast construction; such solution used in the floor yield
locations considering technical solutions and details as follows:

e Using special arrangement of the reinforcement in the floor at the connection and
yield region, an equivalent steel bundles works as hidden beams outside the yield
locations, relocate the yield lines by using unbounded spaces to create tension
softening at some suitable places.

e Using special details for the floor connections of the floor with the transverse
beams. Some details in the floor used as shear resistance, and limiting moment
resistance while the principle steel at the yield situation work as traction force.

e Use moment limiting joints consist of areas of reduced effective depth achieved
by the artificial discontinuity of the compression zone. Three main issues need to
be considered in the design of elements incorporating pined or limiting joints as
follows:

(1) Shear transfer: Detailed reinforcement to transmit shear.
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(2) Kinematics. Insure that the shear force does not increase due to kinematical
incompatibility resulting from the primary lateral force resisting system.

(3) Fatigue: Some attention to be paid to fatigue because such joints often yield under
serviceability limit state.

e Proportional dimensioning of the floor, beams and columns.

8.9.2 Factorsinfluences monolithic seismic design

The application of the modified effective stiffness model on the monolithic reinforced
concrete, may consider the influence of three major factors distinguish it from the
precast construction:

e Distribution of the loads of the floor diaphragm on the supporting beams. In the
precast concrete the load transfer to one direction in the most preferable cases,
using precast elements of standard width. The supporting beams and the columns
work as frame which take the loading of the diaphragm the DL+LL and the
seismic load, while in the monolithic constructions these loads are distributed on
the surrounding beams according to the diaphragm dimensions, its degree of
fixation on the supporting beams, and the continuity of the floor on the two sides
of the beam.

e The diaphragm stresses of the monolithic are different than the precast floor, and
accordingly the reinforcements. In most cases in the monolithic concrete
constructions the use of the top reinforcement is at the corners of the floor
elements, as for the two-way slabs, and that mean the high-stiffened region
surrounding the columns. In cases of extreme loading the proposed yield locations
at the beams, will be extended to the floor and as the loading increase increased
the steel area, which shares the beam to resist the loading. The externa
surrounding beams bears torsion moments due to the floor action.

e In the precast concrete the dead load of the beams and some times apart of the
floor may be considered supported by the simply supported beam. While in the
monolithic constructions the total load is used for the design of the end fixation
according to its degree of fixation.

Considering the above-mentioned factors we may take into account the following
considerations in the application of the monolithic construction.

(1) Distribute the floor load on the beams according to an analysis method, or tables.
Considering the dimension of the included floor units. And estimate the floor
reinforcement and especially the reinforcement at the columns location.

(2) Definetheyield location in the beams; typically they are at a distance of the beam
depth d to d/2 from the column face.

(3) For the calculation of the beams effective tiffness take into account the
reinforcement of the floor, in the locations where they are subjected to yielding.

(4) The attention should be made that the supposed yield location can be verified; it
should be mobilized for the yielding and the demand ductility.
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(a) Interior (11 Exterior () Corner

Figure 8-20: Jointsin monoalithic R/C structures (@) interior, (b) exterior, () corner.

8.9.3 Theeffect of transver se beams and floor slabs

In the forgoing discussion no explicit account has been taken place for the presence of
transverse beams in the joint (Figure 8-20). Meinheit and Jirsa found the shear
resistance of the core increase. The transverse beams are part of the seismic system
and in this case it is quit possible that plastic hinges form at their ends close to the
joint face. The presence of a slab monolithic with the rest of the members was found
to affect favourably the behaviour of the joint by increasing both its strength and
stiffness. According to tests Pauly and Park noted that the contribution of the slab
reinforcement is effected by the level of inelasticity induced at the joint, the maximum
strength, may be the minimum of the following limits:

e Onequarter of the beam span at each side from the beam centreline.
e One half or one quarter of the distance between adjacent beams, at each side of the
beam centreline, at interior or exterior columns, respectively.

Durrani and Zerbe, based on results from tests of exterior joint floor slab have
suggested effective slab width equal to one depth of transverse beam at each side of
the column face. Durrani and Zerbe found that transverse beams were initialy
effective in confining the joint, but once they reached their (tensional) cracking
strength, the effeteness was drastically reduced. In the design of column beam
connection for the precast and the monolithic construction, the core is considered
confined with the transverse beams. And the reduction due to the tensional cracking
may considered.
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9 Theproject of prefabricated building structure

For the study of the precast connections, a precast concrete of 6-storey building is
designed with reinforced concrete type B55 (chapter 9). The column beam
connections are designed as emulated monolithic R/C B55, Hybrid-fibre concrete
HFC, Dywidag ductile connectors DDC, and Post-Tension assemblage. In the
analysis of the building structure a modified elastic model is used as an approach for
the non-linear behaviour of the reinforced concrete structure. A model for rectangular
reinforced concrete in non-linear behaviour is used in the design to control the yield
locations at the columns and the beams. The connection design performs the seismic
requirements, the different material and connection types. Capacity design control is
carried out for the connecting elements according to EC8.The building provides a
representative structure to be studied and different seismic performance problematic
to be applied. The building is of flexible and permits the choice of different types of
column beams connection. The height of the building is enough to investigate the
influence of the seismic effects on each level. The precast concrete building consist
frames o (3x6m span) beams, at 7.8m centre to centre. The frames support floor of
350mm thick, and 7.8m spans. The structural system concept in principle based on
that the precast units should be as long as possible, the short spans (6m) frames
supports seismic and service load, while the beams the long beams of (7.8m) span
supports partially the service loads and the seismic force. Load and materia
characteristic of the R/C are considered according to EC8. Hybrid fibre concrete
properties are obtained of laboratory test, and the stress strain relations are described
in chapter 7. The building location is in zone |11 in Greece with seismic acceleration
Ay =0.24g. In the calculation and distribution of the seismic force on the building the
equivalent shear method is used. The seismic and wind loads are distributed on the
transverse frames. The floor system serve as rigid diaphragm (18m deep) between the
vertical elements of the lateral force resisting system, the columns with equal inertia
and lengths undergo the same drift, these frames are considered resist equal seismic
forces, the resulted seismic force is reported for one transverse frame.

9.1 Work plan

The work on the project considers main principle activities as follows:

(1) Study and apply analyses procedures in the precast concrete constructions.

(2) Investigate factors affecting the characteristic of the connection, apply and define
the regulation for the choice of the different types of the connection.

(3) Collect some standard experimental hysteresis for connections that can be
compared with the prefabricated. The project can build in models, which represent
the resistance, the rotation capacity, and the ductility.

(4) Study the possibility for using the different types of concrete materials in the
connection.

(5) Model typical system connections, use it in structure and verify its response; the
model will be built in efficient program as MathCAD to obtain coefficient and
explicit calculations. And in Ruaumoko to control the response as follows:

e After changing the degree of fixation, which leads for redistribution of the seismic
effects
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e Change the fixation position, lump the non-linear members behaviour as flexible
joint near the system joint
e Thejoints can be distinguished in two main categories

(1) The system connection: connection between members and direct influence in the
system as the column beams, wall floors-diaphragms-

(2) The connection between the elements as column-column connection, beam-beam
connection, floor-floor connections.

The target of the study will be to obtain the response, ductility, and degradation due to
the change of the degree of fixation, stiffness, and strength, Verify using different
type of connectionsin the system for obtaining inherent dampers due to the varying of
the propagated waves.

And for that the choice of one structure will be more useful. After the collection of the
information, the Items in the work plan loops parallel. The building of the models
with the different tools as MathCAD, Ruaumoko program is associated with the
verification and the choice of the connection types and elements.

9.2 Project: Six story precast concrete building

The project includes the design of 6 stories building in precast concrete. The building
forms of 8 transverse frames at 7.8 m each frame consist of three 6 m spans, and of 6
floors at 4.8 m for the first floor and 3.6m other storey floors. The design of the
building is given in chapter 9 through chapter 13, a schema for the design process is
illustrated in Figure 9-3.

9.2.1 Conceptsobtained from the monolith building.

The monolith building provides useful information as follows:

e Mass. Lumped |loads for the dynamic analyses of the building,

e Frequencies. The fundamental frequencies of the building in the transverse and
longitudinal directions

e The study of the building as precast resistance frame with different possible
solutions for the connection types.

9.2.2 Form of the building

The plan of the 6-story building and the vertical transverse cross section are givenin
Figure 9-1 and Figure 9-2 respectively. The building of length = 7 x 7.8 = 54.6 m, and
width = 3x6 = 18m.The interior column are of 700x700 mm, the exterior columns of
600x600 mm. The floor is a one-way hollow core precast unit of 350 mm thick, with
7.8 m span, which is supported on the transverse beams.
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Table 9-1 Reinforced concrete structure dimensions

Storey Outer Inner Beams Precast h. c.
level columns columns type
[m] [m] [m]
1 0.6x0.6 0.6x0.6 0.5x0.7 1
2 0.5x0.5 0.6x0.6 0.5x0.6 1
3 0.5x0.5 0.5x0.5 0.5x0.6 1
4,5 0.5x0.5 0.5x0.5 0.4x0.6 1
6 0.5x0.5 0.5x0.5 0.4x0.6 2

9.2.3 Requirements

The load and the material properties are reported in Table 9-2 and

Table 9-3

Table 9-2 Superimposed dead load, and live loads on the building wind and seismic load

Dead load and live load | Seismic and wind load
Locations DL[KN.m] | LL[KN/m] | Seismic load Wind load
Basic 24 Considered in
Allow for corridor 12 subsoil soil class
Superimposed dead load 1 B, zonelll in 0.8[kN/m?]
Ceiling 0.5 Greece.
Total Ayg=024¢
Current floor 15 3.6
Roof 0.5 1

Table 9-3 Material properties [N/mm?].

Concrete Stress

fek fe Elasticity
B55 55 33 36000
HFC 75 50000
Reinforcement £y Es
Fe B 500 435 200000
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9.2.4 Design process.

The design of the building has been carried out in chapter (9) through chapter (13).
The design process chart is given in Figure 9-3.
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Figure 9-3: The building design process.
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10 The connection alter natives of the precast building

Precast concrete elements in general built in equivalent monolithic or jointed system.
Special materials, ductile members, and special technique are used in the connection
to improve its shear, moment resistance and ductility during the seismic loading. The
connection it self as an intersection between at least two elements has its specific
problematic to be solved. Solutions are involved in shear, and moment resistance, the
integrity with the supports and the ductility. It may be studied in related with the
member ends and the connection core. The connections can be divided into system
connection, in which factors as moment, shear, dimension to be considered and
member connection where the performance for the previous mentioned factors may
simplify. Splitting the problem enables finding economical solution, where local
solution can be applied as the use of the ductile membersis to increase the connection
ductility, and the use of the prestressed elements is to solve the shear problem. The
analysis of the building structure provides important information for the design of the
column beams connections. The negative bending moment in the beams ends extends
a distance from the columns faces. That enables the choice in the design for
aternatives alowing the usage of stiff connections at the column beams intersection.
While the dissipated zone (yield locations) can be extend some distance from the
columns. This distance can be estimated as 0.3 m. The reverse moments at these
locations ensures the compression of the already tensioned steel in the previous cycle.
The dissipating zone can be chosen some distance of 0.6 m from the centre of the
columns. For the further discussion the definition the system and member connections
isrequired as follows (Figure 10-1):

System connection: These are the connection of the column and beams. They have
direct influence of the structure. The problems to be solved here is the shear, the
bending moment. The diagonal shear in the core of the connection is an important
problem to be solved.

Member connection: These are the connection between members as column-to-
column connection or beam-to-beam connection. The problem to be solved is the
shear force.

member connection

o~

‘ !f_/_Eystem connectionl mbmber connection

Figure 10-1: System and member connection
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10.1 Design Alternative

The design of the seismic connection may be carried out in different alternatives. The
connections should perform the seismic requirements as the shear resistance, bending
moment, ductility and the rotation capacity. Splitting the functions and the
problematic of the members in the connection can help in finding different solutions
for the performance according to these requirements. The choice for the yield
locations in places outside the column face enables suitable solution for the bar slips
and stress penetration in the core of the connection. The choice of the beam
connections (The column strip beam and the interiour beam) in a distance from the
column, solve the shear problematic in the column face where high moment and shear
OCCUrS.

For the realisation of the above-mentioned design considerations there are different
aternatives. Each of them has its particular advantage and usage as we have seen in
chapter 2. Design alternatives are introduced as follows:

(3) Columns beams connections:

e Emulated monolith R/C connection: The columns and the beams are of B55, using
continuous bottom reinforcement in the beams (Figure 10-2).

e Connection type emulated monolith R/C, B55 columns and HFC beams with wet
members connection (Figure 10-3)

e Hybrid post tension assemblage or ductile rod Dewadig assemblage (Figure 10-5).

(2) Columns foundation connections

e Column foundation connection type column base plate connection (Figure 10-6)
e Column foundation connection type pocket connection (Figure 10-7).

Cast in place concrete
and top reinforcement

\‘

rJ .1 Castin place concrete
Halft precast or precast column
beam unit

Figure 10-2: Connection, type emulated monolith R/C, using continuous bottom reinforcement
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Figure 10-4: Connection type hybrid post tension assemblage or ductile rod Dywidag assemblage
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11 Preliminary design and analysis of the building

The design of the building addresses two major items, Preliminary design and
analyses of the building structure, and the design of the reinforced and precast
concrete elements of the building. The building designed according to the EC8
requirement. The premier design of the building for the seismic is curried out using
simplifying response analyses .The analyses of the building and the response of the
concrete members used the equivalent base shear method.

The premier design and analysis can be summarizes in the following steps: Find the
action of the dead and the live loads. Design seismic actions. Determine the latera
forces, due to the seismic forces, and the wind loads, the design Loads and
combinations. Structural analyses.

In the structural analysis two models are used (chapterll); the elastic model
considering the serviceability limit state (wind, dead, live load) and seismic
combinations (Dead, live, and seismic load), and the elastic with modified stiffness
connection model considering the seismic combinations. The effective stiffness used
in the later model are obtained after the design of the concrete structure with the
elastic model with 20% reduction of the resultant beams end moment, where the
stiffness of the beams end varies according to the reinforcements and the applied load.
According to the design requirements the drift of the current floors and the drift of the
top floor is less than the permitted drift A/h<3%. The shear force on the building is
distributed on the interior column and the exterior columns in a manner lead to
decrease the moments at the exterior columns. The yield location at the first floor
beam provides flexibility in the structure. The bending moments at the first floor
beams are high and in order to get suitable beams depth at the different floors, yield
locations at the first floor are applied. The design of the reinforced concrete elements
is carried out using the elastic model with 20% reduction of bending moments in the
beam-ends. The design optimisation is carried out using the modified stiffness model
results and the non-linear analysis with Ruaumoko program. All the elements, beams,
columns, floor, and the connections should perform the seismic design requirements.
In the design with emulated monolithic R/C as a basic solution and with HFC
connection. The design of the columns and the beams end should be followed by the
capacity control, while the design with the ductile member connections. And the
capacity design requirements are applied through the design requirements and
formulation.

11.1 Load calculation

Dead live and wind load may be calculated according to the used material properties.
Seismic load is required for the building seismic design. The equivalent shear method
is applicable to regular constructions possessing a uniform distribution of mass and
stiffness, and without irregular feature that produce a concentration of torsion. The
distribution of the lateral forces on the structure elements passes among the system
level and the individual elements. The nonlinear behavior of the concrete element in
the connections regions where the high influence of the seismic actions can be
recognized through the study of the connecting elements properties.
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11.1.1 Thedead and thelive load

The dead and the live load on the building are calculated and the results are
summarized in Table 11-3.The caculations are carried out using the following
considerations: The transverse beams are the principle loads carrying elements. The
transverse elements carry the effect of the seismic and wind loads in the transverse
direction and the longitudinal elements caries the seismic and wind load effect in the
longitudinal direction. The floor of precast, its weight = 0.20 x 24 = 4.8 kN/m?* The
arrangement of the precast units is shown in Figure 11-1. The floor is one-way sab
supported on the transverse beams .the longitudinal beams caries strip of 1.2 m width.
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Figure 11-1: Floor of longitudinal, transverse beams and precast units floor

11.1.2 Loads on the beams and the columns

The load on the beams and columns are calculated for the total building in two types.
The first is for shear and moment calculation; the loads are used in the elastic
analysis. The second type is the mass calculation where they are used for the non-
linear analysis. Summary of the load calculation isreported in Table 11-1

11.1.3 Loads and lumped massfor the dynamic analyses

The non-linear analysis of the structure required the information concerns the load
and masses on the structure for the use of Ruaumoko program. The loads are
distributed according the loading area on each column strip. Figure 11-1 shows the
inside and outside column strip areas. In the vertical direction the outside column strip
holds 1/6 of the load, while the inside column carries 1/3 of the load. In the horizontal
direction x and y the loading is on the columns lines at the intermediate column strip
will be; in x and in y direction is calculated using equation (11.1). The Results are
summariesin Table 11-2.

W, = floor weigth
8x4

(11.2)
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Table 11-1 Summary and description of the load calculation

Location Dead load Liveload Description
[KN/m] [kN/m]
Floor 1.2x (48+15)+06x06 | 1.2 x (36) = | 0.6 x 0.6 m beams
x 24=16.2 4.32 [KN/m] caries 1.2 m width of the
Longitudinal floor.
beams Roof 12x(48+05+06x06 |12 x (10) .
x (24) =15 =1.2 [KN/m] The concrete weight:
=24 kN/m®
Transverse | Sh, 78x56x(48+15+06 |78 x 56 x| (06 x0.7mbeams
beams Floor | x 0.7 x (24) =51.03 (3.6)=234 caries 7.8 m span of
RoOf | = 7.8 x 5/6 x (48 + 05) + | 7.8 x 5/6 x t?,,eg Iocfar,hmftlh ratio of
0.6x07x (24)=4453 | (L0) =65 | (5/6) of thefloor area
for shear and assumed
Mom. | Floor Z)g X 0575/6 >2<4(4_85; ]]-.25) + (7386)><_ 525?/764X UnIfOI’m|y distributed
607> (24) = 85. =21 0ad of (5.5/6) of the
Roof | 7.8 x 5.5/6 x (4.8 + 05) + | 7.8 x 55/6 | {l00r areafor the
0.6 x 0.7 x (24) = 47.98 (L0)=7.15 moment calculations.
Columns 05x05%x3.6x%x24=216 Columns dimension:
[kN/ column] 0.5x0.50 x 3.6 m
Load calculation for seismic analysis using Ruaumoko program
The weight of each floor
982.8 x 6.3 + | =982.8x 3.6= | The tota area of the
Floor Floor | 144 x 8.64 + | 3538kN /floor | building: 54.6 x 18= 982.8
2184 x 10.08 m*
+32x 337 = weight:
10715kN/floor = 6.3 kN/m" floor
= 5.3 kN/m? roof
=983 x1=
The total length of the
Roof | 982.8 x 5.3 + | 983kN /roof transverse beams:
Mass. 144 x 864 + =8x 18=144m
2184 x 10.08 Weight = 8.64 kN/m
+ 32 x 33.7 =
9732 kN/roof

The total length of the
longitudinal beams:

=4 x 54.6= 218.4m,
Weight =10.08 KN/m

The number of floor
columns= 32 column,
weight = 33.7 kN/floor
column

The seismic load combination, should take into the account the dead, and the live load. With G is the dead
load, and Q isthe live, the dead and the live load on the structure are calculated as follows: G+y.Q ,

ye=0.30 for the roof, and g = 0.15 for the current floors
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For the non-linear analysis, the member end fixation are calculated as follows:
The fixed end moments
1. Thecurrent floor

The load combination; E1 = G+0.15 Q+ H (11.2)

Where H isthe seismic load, G the dead load and Q isthelive load
For shear calculation

DL+0.15LL =51.03+0.15x23.4 = 54.54 KN/m
Shear force S= 3x54.54=163.62k N

For moment calculation

DL + 0.15LL =55.12+0.15x25.74 = 58.83 KN/m

2
The fixed end moment; M; :-%, M, =-58.83x36/14 = -151.3 kN.m (11.3)
2. The Roof
Load combination; E1 = G+0.3 Q+ H (11.9)

Shear calculation; DL+0.3LL = 44.53 + 0.3x6.5 = 46.48 KN/m
Shear force S=3x54.54=139.5k N

Moment calculation

DL +0.3LL =47.98 + 0.3x7.15=50.12 kN/m
Fixed end moment; M = -58.83x36/14 = -128.9 kN.m Using equation. (11.3)

Table 11-2: Loads on the exterior and interior columns for lumped mass cal culations

Location Loads[kN]
X direction Y direction Z direction
Floor Exterior column. 352 352 268
Interior column. 352 352 536
Roof Exterior column. 313 313 239
Interior column. 313 313 478

11.1.4 Thewind load

The effect of the wind load whileit is not significant in comparison with the seismic
effects, it is calculated based on average distribution of the wind load on the area of
the building. With Q, = 0.8 kN/m?
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(a) The current floor: Each current floor is exposed to alateral wind force as follows:
In the longitudinal direction: H,, = 0.8 x 3.6 x18 =51.8 kN
In the transverse direction: Hy, = 0.8 x 3.6 x 54.6= 157.25 kN.
(b) Thefirst floor: The first floor is exposed to lateral wind force as follows:
In the longitudinal direction: H,, = 0.8x(3.6+4.8)/2 18 = 60.5 kN
In the transverse direction: Hy, = 0.8(3.6+4.8)/2*54.6 =183.46 kN
(c) Theroof: Theroof is exposed to lateral force as the follows:

In the longitudinal direction: H,, = 0.8 x 3.6/2 x 18 =25.9 kN
In the transverse direction: H,, = 0.8 x 3.6/2 x 54.6= 78.63 kKN

Summary of the acting forces due to dead, live, and wind loads on the buildings
structure are reported in Table 11-3

Table 11-3: The dead live load and wind loads on the buildings structure, in [kN].

Floor Story Story Wind load Hw Seismic Wind shear force
level DL LL Long. Trans. Load
G+ywQ Long. Tarns.

Roof 9732 983 259 78.63 10027 259 78.63
5th 10715 3538 51.8 157.25 11246 77.7 235.88
4th 10715 3538. 51.8 157.25 11246 129.5 393.13
3rd 10715 3538 51.8 157.25 11246 181.3 550.38
2nd 10715 3538 51.8 157.25 11246 233.1 707.63
1st 10715 3538 51.8 157.25 11246 284.9 864.88

0 51.8 157.25 336.7 1022.13

11.2 Deter mination of the seismic actions

The mainframe in the transverse direction is considered for the purpose of the seismic
calculations. The seismic responseis calculated as follows:

For T,<T<T,; S§,= ag.S%(%) (11.5)

For ground group type B; Thelelastic response spectrum factor is obtained as follows:

S$S=12,T,=015T=05T,=2 (11.6)
The behaviour factor q, for frame equivalent system may be obtained as follows:

q=0q,.k, ; Withky=1 (11.7)
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The seismic area is considered in Greece, zone 111, according to the Greek Code for
earthquake resistant structures.

The base acceleration is obtained as: a4 =0.24 g.

The fundamental period is carried out as follows:
3

T,= C.H* (11.8)

For moment resistance concrete frame C; = 0.075, the period T1= 0.783 second and
the response of the building structure Syis obtained as follows:

Sy =1.156 Using equation (11.5)
The base shear force Fy, is calculated as follows:

Fo=Ss.mA (11.9)
The correction factor A for T1< T, is calculated as follows:

For buildings with more than two storeys A = 0.85.

The mass of the building M=W/g , M=66257/g (11.10)
The total base shear force is obtained as follows:

Fb = 6639 kN Using equation (11.9)

11.2.1 Thelateral seismic forces

The Lateral seismic forces may be obtained as follows:
3

The fundamental period is T,=0.075h* using equation (11.8)
The lateral shear force F,=S, <) W (11.11)
g5

Fb=0.1) W= 6626 kN

The distribution factor of the lateral seismic force on the floor is calculated using
equation(11.12), and (11.13) asfollows:

2 W

A=wer"— (11.12)
> (W.z)
The lateral force acting on each floor is calculated as follows:
z-W.
[ e B 11.13
i b Z(VV,Z,) ( )
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The building consist of 8 frames, each frame resist one eighth of the total seismic
shear force The distribution of the lateral seismic force on the building are obtained
using computer program. The calculation results are illustrated in 11.2.2

11.2.2 Thelateral forces, results

The seismic effect on the building is calculated using a ssmple computer solve the
eguations (11.8) through (11.13). The input values of each floor weight are given in
Table 11-3.

The fundamental period T1 and the total lateral force Fy, are obtained as follows:
T1=0.783s, Fb = 6.626 10° kN

Summary of the calculations results; the lateral seismic and the shear forces are

shown in Table 11-4. It is recognized that the lateral seismic shear force are high at
the first floor and it decreases at the higher floor.

Table 11-4: The acting forces on the transverse frame

Floor numbe W A F_Building F_munframe  Shear manframe
] 1.003-104 0.253 1.677-103 208.594 209.594
4] 1.125-104 0.239 1.584-103 197.958 407 552
4 1.125104 0194 1.287-103 160841 S568.393
3 1125104 0149 989.789 123724 692116
2 1.125-104 0105 692.852 86607 778.723
1 1.125104 D.06 395.916 45 484 g828.212

The total force onthe main freme = 828 713 N

& G
5 5
g
]
b 4 4
]
3 = 3
: §

"
b2
[y
b2

023 50 73100 125 150 173 200 225 250 Y00 220 360 #40 520 600 a0 760 940 920 100C

Lateral seismic force 17 Lateral seistric shear force 1]

Figure 11-2: the lateral seismic and shear force acting on each floor at the transverse frame
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11.3 Design load combinations

The design loads combinations are carried out according to EC8 includes two
combinations; Ed1, Ed2 are the first and the second earthquake, as follows:

The service limit state; dead |oads and Live loads are given as follows:
Ed1=E(1.35G+15Q) (11.14)

The seismic combination; dead loads, live loads, and seismic actions are give as
follows:

E2=EG+ Y w:Q+H) (11.15)

With ye=0.3; ye= ¢.yx, for thelast floor ¢ = 1, and for every other floor ¢ = 0.5

11.4 The structural analyses

The building structure is modelled as frame as follows:

e Thefirst is the elastic model. In this model we consider two combinations. The
first combination is for the serviceability limit state; dead load, the live load and
the wind load (Figure 11-4), The second series of combination are the seismic
combinations (Figure 11-5 through Figure 11-9).

e The second model uses modified stiffness at the column beam connections. In this
model dead and seismic loads are considered using the seismic combinations. The
anaysisresults are reported in Figure 11-11 through Figure 11-12.

The lateral forces, the wind load, and the seismic load are used each of them
separately in the load combinations. While the dead and live loads share both types of
the load combinations (Figure 11-4). For the numbers of the beams and the column
beam connections refer to Figure 11-3.

Table 11-5: Dead and live load

Dead load Liveload
Location [KN /m] [KN] Location [KN/m] [KN]
M25,M30,M47 55.12 M25,M30,M47 25.74
M50 M50
M40-M42 47.98 M40-M42 7.15
N1-N28 33.17 N1-N28 15
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Table 11-6: Lateral forces, seismic and wind load

Location Horizontal Horizontal wind
seismic load [kN] load [KN]
N5 50 22.49
N9 87 22.46
N13 124 22.46
N17 161 22.46
N21 198 22.46
N25 209 11.23

Table 11-7: Load combinations (A) includes seismic load

Load case Description L oad combination.

L.C1 [LC2 |[LC3 [LC4
(A) DL+LL+WL
Load casel Dead L oad 1 1.2 1.2 1.2
Load case2 Liveload 1 15 15
Load case3 Live Load 1 15
Load cased Wind load 15 15
(B) DL+LL+S
Load casel Dead Load 1.35 1.35 1
Load case2 Liveload 15 0.15
Load case3 Live Load 15
Load cased Seismic 1.0

11.5 Analysesresults

The structure shows more proper redistribution of the forces on the structural
members and especialy at the ground columns and the first floor beams. And that is
after the consideration of the yield locations at the first floor beams. Different manner
of the forces redistribution on the structure can be obtained, considering the member
ends behaviours, according to their geometry, material dimensions, and the rotation
capacity. The question to be solved is to insure the joint connection behaves within a

range suitable for the seismic actions.

The structure analyses model; the geometry, the bending moment diagram, the shear
diagram, and detailed bending moment diagram at the first and second floor are
illustrated. The analyses results, loads and load combinations are shown in Figure

11-4 through Figure 11-13.
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e Thedastic model
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Figure 11-3: The structural model - geometry
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Figure 11-4: Bending moment diagram at the building, considering dead load, live load and wind |oad
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Load case Description L oad combination
L.ci L.c2 L.c3
L.cl Dead load 1.35 1.35 1
L.c2 Liveload 15 0.15
L.c3 Liveload 15
L.c4 Seismic 1.0

Figure 11-5: Bending moment diagram considering seismic action with elastic stiffness.

Figure 11-6: Bending moment at the first floor, with elastic stiffness

The yield locations in the beams may be defined after reading the bending moment
diagram. They may be located in places where the reversal moment can be occurred.
Theyield locations indicated in Figure 11-6 are subjected to reversal action; the lower
face of the beam isin tension in one seismic direction and it will be in compression as
the seismic action works in the reverse direction.
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e The modified stiffness model
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Figure 11-11: Bending moment diagram in the transverse frame, using modified stiffness column beam
connections, considering seismic action
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Figure 11-12: Bending moment diagram at the lower floors

Theinfluence of the connection characteristics on the seismic performance of the precast concrete 130
structures.



102.10 113.3 12271
[Trre-.

5.09 %
TTTTTENTT

T

T

l=k=s

Eg
T

i1l

3

2267

E

2
74187
Ml

100 .0101.01 105280525 g0 26 22 26 24 67 3467

:
5

257 3340780 2

154 GEASEBE 154 56
161 046004 4

2556 L25E61

Figure 11-13: Shear diagram in the transverse frame, with modified stiffness columns beams
connections, considering seismic actions

Theinfluence of the connection characteristics on the seismic performance of the precast concrete 131
structures.



12 Design of reinforced concrete structure

The design of the building is carried out for the four connection types: the design with
emulated monolithic construction (chapter12), the design with HFC, DDC, and hybrid
post-tension assemblage (chapter13). Summary of the design for al the connection
typesis reported in chapter14.

The design of the emulated reinforced concrete is carried out as follows:

e The premier design of the columns

The columns design is applicable for the different variant and the design optimization

required monitoring the change in the columns reinforcement due to the capacity

design requirements.

e The design of the beams with emulated monolithic R/C and hybrid-fibre
connection.

e The capacity design of the columns

In the designing of ductile moment resisting frame subjected to lateral loads; it is
desirable to prevent the formation of flexure higher in columns. Plastic hinges in
columns not only resulting in irreparable permanent sway in the structure, but may
cause large overturning moment on the structure. The yield locations are assumed at
the column bases. In the other floors additional light reinforcement added to the
connection core, so that the yield location should be deviated from the columns beam
connection faces. The design for the flexural moment in the beams includes the design
of the yield location locations, and the design for shear in the beams includes the
control of the possible plastic hinge formation at the beam-ends, which is an
application for the capacity design requirements. The selection of the reinforcement
and should fulfill the details requirements according to EC8. The members are
verified to full fill the required strength and the ductility. In the first assessment for
the ductility the local curvature ductility in the beams ends are obtained using the g
factor obtained from the design spectrum and apply relations given by the CEB for the
design period T. In the capacity design application the strength required in the
columns for the seismic actions of the beams should be insured, in one direction and
in the reversed direction. The capacity design application leads to the conclusion that,
in case of the proper design for the beams, as the necessary dimensioning, the
reinforcement, and the proportionality of the columns beams inertia. The beams may
not exert high moments on the columns, which leads to full fill the capacity
requirements without significant modifications in the columns reinforcement. In our
building the minimum design reinforcement of the columns in the critical regions is
applicable. The most important factors are the sum of the moment ratio factor o, and
the moment reversal factor 8, both of them are function of the loading and the section
properties. The design of the concrete structure is optimized using the modified elastic
stiffness, in which the effective stiffness of the connections is obtained based on the
design with the elastic frame model. The resulting bending moment, in the column
beam connections with modified stiffness model is about 80% of that which is
obtained with the elastic model results, and the design reinforcement in the beams and
the columns are identical. Further modification for the columns dimensions within
this model leads to a reduction in the ground and first floor columns so that all the
column dimensions in the building are 500mmx500mm. The reinforcement of the
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elastic model is used for the estimation of the modified stiffness to build the modified
elastic stiffness model, and the reinforcement in the members is designed according to
new model. The design concrete structures of both models are verified using the non-
linear analysis program Ruaumoko. The design with the modified stiffness resulted in
better distribution of the ductility among the members, and better ductility proportion
of the top and the bottom faces in each member end. The top and the flexural
reinforcement share the seismic moment resistance. Both design models are verified
for degradation, using Takeda degrading and plastic hinges at the columns bases. Both
design concrete structure have ductility and strength resistance within the nonlinear
analysisresults.

This chapter covers the design of the reinforced concrete structure. The columns and
the beams are designed with B55 R/C according to EC8. The column beam
connections are verified according to the capacity requirements. Two main parts in
the design are carried out:

(A)Design the concrete structure using the elastic stiffness model, considering the
serviceability and the seismic combinations with a reduction of 20% of the
moments at the column beam connections.

(B) Optimise the design using the effective stiffness model. In the design the non-
linear behaviour of the concrete is applied at the yield locations. And the effective
stiffness at the connections is applied according to the R/C section properties.

The dimensioning of the beams is carried out in proportionality to the seismic action
on the structure; at each floor using procedure (A) for the first estimation the
dimensions are modified using procedure (B). Finally the design is carried out for the
structure using (A) then (B). The application of the elastic model uses a reduction of
20% of the moments at column-beam connections. The application of the effective
stiffness model is carried out using the design results of the elastic model. In a
building with tall ground floor columns the bending moment at the first floor beams
are high. That leads to construct with high beam girders, which is not recommended
in precast constructions precast construction. The precast elements and the connection
elements are produced in typical limited in dimensions, strength and types of ductile
members. The solution for that is to apply a mechanism reducing the seismic bending
moments in the girders. This problem is solved by construction with semi rigid beams
in the first floor, shortening the columns moment arm. That needs to control that the
beams yield occurs in locations away from the column faces.

In the design of the precast concrete element, the decision of reinforcement differs
from that in the monolith construction. The reinforcement detail isimportant. The rise
the bending moment diagram point of inflection from the column base may provides a
solution to decrease the bending moments on the first floor beams. That costs high
and it is difficult to control in the monolith constructions. And it is easy to realize in
precast constructions.
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Figure 12-1: Structural model of the building, M is the member numbers and N is the node number

Table 12-1: Column and beam dimension

Column bxd [mm] Column bxd [mm]
M1, M7-9, M13- 500500 M2-6, M20-24 500500
15, M19, M43-46

M10-12 500500 M16-18 500500

Beam bxd[mm] Column bxd [mm]

M25-27 500x700 M28-30 500x600

M31-42 400%x600

12.1 Design with elastic model

The design of the concrete structure is carried out for the elastic model. In this model
two types of load combinations are used, the seismic combinations, and the
serviceability combinations. The design of the concrete structure includes the premier
design of the columns, the design of the beams, and the capacity design.

12.1.1 The strength design of the columns

The columns are designed with emulated monolithic reinforced concrete using the
interaction diagram CEB 1982. The critical regions of the columns near the column
beam connections are verified for the minimal reinforcement ratio. The capacity
design principles are applied for the seismic beam action, where it was applied for the
most sever columns actions at the exterior and the interior connections. In the
followings the design of the interior and the exterior ground floor columns is
introduced. For the structure geometry, and member dimension refer to Figure 12-1
and to Table 12-1.
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Theinterior column beam connection at N6
The flexural reinforcement

The flexural reinforcement is obtained using CEB 1982 coefficients for bending
moment and normal forces as follows:

My N,
b-h2f, ' b-h-f,

L= (12.1), (12.2)

With moment and normal force on the columns of 500x500 mm the required
reinforcement is obtained as follows:

Mg = 540 kN.m, Ng= 2322 kN —> ©=0131.10",v=0.201

The required reinforcement at the critical region according to CEB 1982, is the
minimum reinforcement of = 0.13, with fys = 435 N/mm?. The required
reinforcement As = 2¢16 +2$20 mm each side. The corresponding resi stance moment
of the column in both directions are obtained as follows:

My = 608 kN.m, and My =557 kN. m Using equations (7.9) and (7.10)
The transverse reinforcement

The nominal shear on the column is calculated using equation (12.3) with the
followings: Mg u=Mgr 0= M, =608 kN, the column length Lc =3.0m, and y,,=1.2

MR

+M
Vo= Yo —

o _ 4, 608+608

= 486 kN (12.3)

C

The shear reinforcement in the critical length L is carried out as follows:

V=D, -d- {14, (1.6- d)-(1.2+ 40-p,+ 0.15-c,, |

C

(12.4)
with o= N, and pl= A
" b,h b, -h
And with er=O.5% , b,=0.5m , h=0.5m, N,=507kN .

The concrete shear resistance is V= 296 kN.
The required transverse reinforcement shear resistance is calculated as follows:
Vwd = Vg-Veg = 486-278 = 208 KN

The transverse reinforcement is calculated as follows:
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_A,-09-d-f, (2+\/§)-50.2-0.9-500-435-10’3
wd s 150

=223kN  (12.5)

The critical region in the column base is calculated for the possible maximum
horizontal shear seismic force occurs in the situation where the building columns
yield. The base columns are subjected to maximum shear force due to the building
weight accompany with seismic action (Figure 2-1). The design shear force should be
calculated as follows:

MRu+ MR_O U Fb

<~ VRd L c n,

Cc C

with the maximum displacement of the building, column weignt,base shear force as follows:
U — Z M column

Wframe
N.= ¥ = 8280 o760 kN, F,=828 KN
n, 3
= 2528 _0255m
8280
V= 1.2—645;’ 0 . 2760-—0'255+%8= 943 kN

The shear resistance of the column section should be greater than the design seismic
force:

VRrd= 2500 kN > Vg = 1011 kN. OK.
The spacing of the hoops in the critical region (Le = 750mm) should not exceed the

following limits:
S, = min( b/3, 150mm, 7d,;) = (min 500/3, 150mm, 7x16mm) = 112 mm

Use double hoop transverse reinforcement 2x(268@110mm) in the critical region and
2x(2$p8@150mm) outside the critical region.

The exterior column beam connection at N5
The flexural reinforcement

Following the same procedure used for N6 the flexural reinforcement may be
obtained as follows:

Mqg=428 KN.m, and Ng = 1524 kN, ——=> 4 =0.1 and v=0.128

The minimum reinforcement of 3¢16mm is required in the critical region at each side
of the column. The distance between consecutive restrained longitudinal bars should
not exceed 250 mm that required using double hoop transverse reinforcement.
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The shear reinforcement

The flexural resistance of the exterior columns are the similar to the interior columns.
The shear resistance of the concrete is V= 296 kN. Use double hoop 2¢8 @150mm.
In al columns the minimum flexural reinforcement is applicable in the critical regions
of 0.75m lengths, and it may be used outside the critical regions.
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Figure 12-2: The building under collapse

Figure 12-2 shows the situation of the building where the maximum horizontal shear
force on the column base occurs due to the building self-weight.

12.1.2 Strength design of the beams

The calculations of the flexure and shear resistance reinforcement have been carried
out using equations (12.6) through (12.8). The members are verified for the ductility.
In the first assessment for the ductility, we may obtain the local ductility of the
structure, which is obtained from the global ductility. The global ductility of the
structure in generd is for the top sway displacement in the case of aframe, evaluated
at the ultimate and the yield conditions. It has been noted that the ductility itself does
not represent a sufficient parameter to estimate the structures damage. Therefore a
more complete characteristic of the inelastic response of the structure requires the
introduction of the damage parameters, such as the cyclic ductility, hysteresis ductility
that obtained from the seismic simulations. The local curvature demand ductility has
been carried out using equation (12.6) according to EC8 and it is verified finaly,
using the nonlinear dynamic analysis program Ruaumoko. The beams and the column
should be verified according to the capacity requirementsin section (12.1.3).

n,=2q-1 if T,>T,
u,=1+2-(q-1) - T/T, if T,<T, (12.6)
Based on the following relations:

B,=2p;-1 and py=q if T, =T,
He=1+(q-1)-TJ/T, if T,<T,
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Where T; is the fundamental period of the structure building; T; =0.783 s. using
equation (11.7), T, is the parameter of the elastic response spectrum it is depends on
the soil class, and according to the EC8, and for soil class B, where our building is
assumed, T, =0.5,and g =3.9

Thelocal demand curvature ductility is: u, =2-3.9-1=6.8 Using equation(12.6)

The flexure and the shear reinforcement are calculated using equation (12.7)and(12.8)

M
ASZ Og(jf , VRd: Vcd+ de (127) And (128)

S

Where V y is the concrete shear resistance and V « is the shear resistance by the web
reinforcement.

The design shear of the beams considered is carried out considering possible plastic
hinge formation at the beam-ends using the following relation

M,+M_, W _
Shear strength > y-%+ > .With W=(DL +0.15LL) L, (5.6)

p

Where Mp: M,, and Myaregivenin Table 12-2 for each beam end.

The minimum spacing of the transverse reinforcement in the critical region is
calculated according to EC8 as follows:

S, = min(h,/4, 24d,,, 7d,, 200mm)

S, = min(600/4, 24x8, 7x16, 200mm)

The transverse reinforcement is 2 hoop: (12.9)
#8 mm @S, = 112 mm in the critical region.

#8 mm @S, = 150 mm outside the critical region.

H e
— 5l :Fl_‘f
) N, X
d-x
A N
- ___ ¥
a o]

Figure 12-3: Beam section with stress strain diagram at yield and ultimate state
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Table 12-2: Summary of the beams reinforcement with emulated monolith B55 R/C elements, using the
elastic model.

Loading Flexure reinforcement Moment -
Type: Member - [KN.m] [KN.m] Ductility
Node My -My
1 80%x (1) Ag As My My Ly
Typel: M25-N5 | -761 +491 -609 +393 4@20+39p16 | 220+39p16 | -596 | -460 | 9.74
+396 | +329 | 94
+ +210 +335 3916 6016+3910
Typel: M47,M48 | -342 +422 -273 +352 516 6016 -316 -262 | 9.50
N33 +387 | +315
N6,N7 -742 +390 | -579 +312 3¢16+4¢20 516 -596 | -460
+318 | +262
Typel: M26-N34 | -406/-362 -324/-290 4p16+2¢12 | 3p16+3p12 | -324 | -269 | 9.3
6016 +300 | +247
+ +206 +283 3016 6016
Type2: M28-N9 | -635 +282 -505 +226 2¢20+5¢16 4616 -505 | -423
6016 +215 | +180 9.32
+ +201 +293
Type2: M29-N10 | -635 +282 -508 +226 10416 516 -523 | -437 |93
+265 | +222 10
+ +174 +266 3016 6016
Type3: M31-N13 | -530 +216 -424  +173 | 2¢20+5¢16 4616 -423 | -355 | 11.8
+208 | +175
+ +169 +244 2616 5016
Type3: M32-N14 | -539 +187 | -431 +150 | 2¢20+5¢16 4916 -423 | -355 | 11.8
+220 | +180
+ +175 +248 2016 5@16 +280
Type3: M34-N17 | -445 +152 | -356 +122 | 2¢20+2¢16 3916 -351 | -293 | 11.9
+165 | +135
+ +190 +250 2016 5016 +280
Type3:M35-N18 | -480 +110 | -384 +88 3¢20+3916 416 -401 | -336 | 11.8
2016 +111 +91
+ +180 +239 2016 5616
Type3:M37-N21, | -337 +23 -270 +23 2020+2¢16 2016 -280 | -227 | 12
N22 +112 | +90
+ +194 +230 5016
Type3:M38-N22 | -356 +87 -285 +70 2020+2¢16 2616 -280 | -227 |94
+112 | +90
+ +298 +342 3016 6¢016+3¢p10 | +374
Type3:M40-N25 -232 -186 3¢16+1912 2616 -196 | -159
11.9
+ +200 +235 3016 4916+3912 | +246
Type3: M41-N26 -329 -263 2020+5¢16 2016 274 | -221 | 9.3
+ +168 +218 4916 +220

The transverse reinforcement is 2 hoop:
¢ 8mm @S, = 112 mm in the critical region
¢ 8mm @S, = 150 mm outside the critical region
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12.1.3 Capacity design

The column beam connections of the emulated monolith structure are designed and
verified using the capacity requirements. The essential of this procedure is to insure
the strength required in the columns for the seismic actions of the beams applying
weak beam strong column concept. In one direction of the seismic action the top of a
beam at the connection will work in tension, and the bottom face will work in
compression. As the seismic action is reversed; the seismic force comes from the
reverse direction, the same column beam connection functions reverse. The bottom of
the beam will work in tension while the top of the beam works in compression.

(1) The exterior column beam connection at node N5 and N8,

The design is carried out using a smple computer program applies equations (5.2
through 5.4) see chapter 5, which based on EC8 regulations. In order to apply these
equations the resistance moments of the element at this connection to be calculated
using the reinforcement given in Table 12-2. The capacity control of the exterior
column beam connection is carried out as follows:

direction 1; see node 8 direction 2; see node 5

L W™ = 609 kh.m 1 M:™ = 6oa kim

{1 a8

M2 = 505 kNm ! M= 395 ki

+ -

Iz = 609 khlm Id:" =609 km

Figure 12-4: Direction of the lading and resistance the column beam connection

direction 1 direction 2
IH =
T
5 -] @
=] = 3 T
i = o v
g = 7 E 4
Mo, 5 =720 KNm Mga g =532 kNm
) M
MSl_D = 247 kM.am 520 =138kMN.m
% M
® Mg =473 km 82 17 = 382 kM.

Figure 12-5: Bending moment diagram at node N5 and N8
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The column strength multiplication factor and the reversal moment factor may be
calculating with moment resistance of the columns and the beam reported in Figure
12-4, and the applied loads given in Figure 12-5.

M.  +M
Indirection1 o= de.ﬁ = 1.222%5233 =0.99

M S0 M — Using equation (5.2)
Indirection 2 o=y —Rt’ ReR _qp 043% 4

Mg o+ Mg g 138 + 382

The relative importance of the gravitational with respect to seismic load is measured
through the so-called moment reversal factor & as follows:

Mg r* MSl_L‘ _720+0
‘MRl_R‘-'-‘MRl_L 596 +0

Indirectionl o, = =121

Using equation (5.3)
M82_R+ MS2_L 532+0

‘MRZ_R‘-I_‘MRZ_L‘ B 396+ 0_ .

Indirection2 §, =

The required moment resistances of the upper column in direction 1 and in direction 2
for the upper and the lower columns can be obtained using equation (5.4)

For direction 1

Mg oo = |1+ (oca _1)81| ‘Mg, <gMgy

Over column

Mgy o =[1+(0.99-1)1.21]- 274 < 0.99- 274 = 271 kN.m
Under column

Mgy o = [1+(0.99-1)1.21|- 473< 0.99- 473 = 468 kN.m
or direction 2

MSdZ_od = |1+ (Acq2 —1)82| ‘Mg, <gMg,

Over column

Mg, oo =[1+(0.91-1)1.34]-138 < 0.88-138 =121 kN.m
Under column

Mg, oo =[1+(0.91-1)1.34]- 382 < 0.88-382 = 336 kN.m

Using equation (5.4)

The required column resistance is

Mgr2 0= Mgz U=609 KN. m < Mgg ¢g= 476 KN.m and that is OK.

(2) Theinterior column beam connection at node N6 and N7

The design and the control of the interior column beams connection at the nodes N6
and N7 is carried using the same procedure used in the exterior column beam

connection N5 Figure 12-6 Figure 12-7 shows the connected members, and the
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bending moment diagram at the interior columns connection. This information is used
for the capacity as follows:

In our structure because of the symmetry the control is sufficient using one direction
of seismic loading on the interior connections, The applied load on the upper and
lower column are Msy=544 kN.m and Msq; = 540 KN.m.

| = { ]i_l'] - =
A E_IL"EE. = SEO kMM = ¥ SE0 KM.m
i \ f 1
f |
r F |
ME"= 318 khdm Me =3596kNm | M = 318 khm
e e —— i ./-' ------ - S p—
& y (L 1)
Me = 596 KNm |
| i
| 3 i
\.1___{-' - =
We" = 560 kN.m Mr = z50 kv
Direction 1 Direclion 2

Figure 12-6: Strong column weak beam connection at the interior connection N6 and N7

A f
o il 75
407 t—ﬁ.“f_mﬁz 3T [
i A ﬂ/i ~
S e = ,-‘71-55:?153
/ﬂ/q.. g SHIB T oGt~ 5o 519“?0{?5 e
= 173 1 =2 1 1/%
I S
g e A
MG I:l'JIS 117 =540kM.m M7
IH'IS 10 =544 kMm
N Mz 1 -eoknm =

Mei g =396 km

Figure 12-7: Bending moment diagram at node N6 and N7

The column strength multiplication factor is calculated as follows:

M., +M
Indirection 1 o= ypy—r—8 = 12318+5% ) 41 U ng equation (5.2)
Mg o+ Mg 544 + 540
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Considering the reversal moment factor using the applied loading as follows:

‘MSLR*‘ MSLL‘ B |396 + 690| ~ . .
Mg + Mg, | 596+318 118 Using equation (5.3)

Indirection1 o, =

The required moment resistance of the upper and the lower column are given as:

For direction 1
Over column: Mgy, 4 = [1+(1.01-1)1.18-540 <1.01-540 = 546 kN.m

Under column: Mg o = [1+(1.01-1)1.18]-544 <1.01-544 = 550 kN.m
Using equation. (5.4)

The available resistance moments of the interior columns in both directions:
MRZ_O = MRz_U =560 kN.m.

The resistance moment of the columns is greater than the required design moment.
And that is ok.

Conclusion

The columns are designed using reinforcement, according to the requirements at the
critical regions. The beams do not exert extra loading which leads to increase
demands on column strength. And that is due to the proper dimensioning of the
beams.

12.2 Optimizethe design

The design of the concrete structure is optimized using the elastic analysis model with
modified elastic stiffness. The modified effective stiffness model is built based on the
elastic frame model (A) reinforcement. The stiffness at the column beam connections
are introduced using the stiffness bending moment relations Figure 12-9 and after the
consideration of the yield locations at the first floor.

The resulting bending moment, at the column beam connections with modified
stiffness model is about 80% of that which is obtained by the elastic model results
(Figure 11-9). The design reinforcement in the beams and the columns are identical
to the elastic model reinforcement. Further modification for the columns dimensions
within this model leads to areduction in the ground and first floor columns so that the
column dimensions are 500mmx500mm. In the following the design of the concrete
structure is introduced

12.2.1 The ground floor design concept

In the most building the ground floor columns are longer than the other floors
columns. And the first floor is exerted to higher latera seismic force than the other
floors. That required heavier beams at the first floor. In order to achieve reasonable
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dimensioning proportionality for the beams and especially the usage of similar ductile
members in the joint in the prefabricated construction, it is reasonable to design with
redistribution of the forces by introducing flexibility in the first floor connections.
And reduces the effective column length. In our project this solution is applied with
the yield locations at the first floor and using different degree of fixation for the
exterior and the interior columns. The yield locations in the first floor beams are
applied in places that allow the reinforcement to yield due to the seismic loading and
acts in compression by the reversal loading refer to Figure 12-8 and Figure 11-2. It
provides flexibility at the first floors that it obtains reduced depth. The analysis shows
better distribution of the loading among the concrete structure.

Figure 12-9: The connection and section effective stiffness of the beam end, versus the applied
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12.2.2 Strength design of the columns

The columns are designed of reinforced concrete B55, using the interaction diagram
CEB 1982.The critical regions verified for the minimal reinforcement ratio. The
capacity design principles are applied for the seismic beams action. That was applied
for the most sever columns actions at the exterior and the interior connections. It have
been seen that no big influence rather than the design requirements due to the acting
loading was found. That was because of the proper selection of the elements and its
dimensions proportions. The redistribution of the loading due to the good estimation
of the stiffness at the connections has a positive influence for the reduction of the
forces exerted on the connection joints. The moment curvatures of the columns have
been verified for the yielding and ultimate limits, and for the available ductility. That
gave a positive result without more complexity in the reinforcement details. This
detail will be investigated through the Ruaumoko program for the degradation and the
influence of the yielding location if it can be eliminated and changed to a fixed
connection at the base.

12.2.2.1 Calculate thereinforcement in the columns

The loading on the columns is identical to elastic model loading. The flexural and the
transverse reinforcement is verified using same procedure followed in section
(12.2.2.1.) In al the columns the minimum reinforcement is applicable at the critical
region with alength of 0.75m, and It may be used the same reinforcement outside the
critical regions (Figure 12-10).

The Columnsyield locations
The yield location of the columns in the building is at the base of the ground floor

columns. In this section we control the columns yield locations. This control includes
the exterior and the interior columns at the nodes N1, N2, N3 and N4 (Figure 12-1).
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Figure 12-10 Moment curvature for the inside and outside columns at Node N1 and N2

In order to conform the column ductility requirements, the consideration of the
confinement concrete is important. Typically spalling of confined concrete initiated at
extreme fiber compression strain between 0.006 and 0.01 (Mander et al). The steel
strain limits has been determined to insure the residual crack width do not exceed
1.0mm. Consider that the cracks in the plastic hinge region in the columns at 200mm.
The cracks width will be 200x0.015 = 3 mm, and the residual cracks is 1/3 and that
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will be Imm.Apply the equilibrium equations (7.9) and (7.10), we find the moment
curvature of the column M43 at the locations N1 and N29, and that is applicable for
the exterior columns at the other side. Figure 12-10, shows the moment verse the
curvature at these locations. The applied moment and the reinforcement of the
exterior columns are shown in Table 12-3.

Table 12-3: Design and resistance moments [kN.M], reinforcement area[mm? for the exterior and
interior columnsin the critical regions.

Column Node Ng My Asg
Solutionwith | M43, M1 N1 2274 | 418
modification N5 2274 | 339 12¢16+4¢20=3668 mm?
M44, M7 N2 2290 | 594 (total reinforcement)
N6 2290 | 492
All other critica regions of the columns 8416+4¢20=2856 mm?
(total reinforcement)

12.2.3 Design of the beams

The calculations of the flexure and shear resistance reinforcement have been carried
out using equations (12.6) through (12.8). The reinforced concrete beams are verified
at the yield locations. The control used the nonlinear analysis as it is given in chapter
(7), considering the ultimate and the yield conditions of the concrete sections (Figure
12-11 and Table 12-5).

The members are verified to full fill the ductility requirements. In the first assessment
for the ductility, we may obtain the global ductility of the structure using equation
(12.6), and according to ECS8, as estimation of the globa ductility. The global
ductility of the structure in genera is for the top sway displacement in the case of
frame, evaluated at the ultimate and the yield conditions. It have been noted that the
ductility it self does not represent a sufficient parameter with to estimate the structures
damage. There fore a more complete characteristic of the inelastic response of the
structure requires the introduction of the damage parameters, such as the cyclic
ductility, historian ductility.

The local ductility of the member may be obtained from the structural geometry
relations, through solving equations or using a structural program. In our building and
due to the symmetry in the beams span lengths and height, the local ductility is
assumes approximately equal to the global ductility .The local ductility have been
verified finally, using the nonlinear dynamic analysis program Ruaumoko. The beams
and the column should be verified according to the capacity requirements in section
(12.3).

n,=2q-1 if T,<T,
u,=1+2(q-1)-TJT, if T<T, Using equation (12.6)

The fundamental period of the structure building is T1 =0.783 s. using equation (11.7)
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The parameter of the elastic response spectrum T, depends on the soil class. And
according to the EC8, and for soil class B, where our building is assumed, Tc = 0.5,
and q =3.9 using equation (12.6), the local ductility is calculated as follows:
uy;=2x39-1=6.8

The required flexure reinforcement areais calculated as follows:

M,

A_= Usin uation (12.
ST g equation (12.7)

The shear is calculated as follows:

Vey=Vy+ Vg Using equation (12.8)

Where V4 is the concrete shear resistance and V¢ is the shear resistance by the web
reinforcement

The design shear of the beams calculated considering possible plastic hinge formation
at the beam-ends as follows:

M_.+M
Shear strength >y - 'ﬂl—pz +%

p

With: W = (DL+0.15-LL) x L, Using equation (5.6)

Where M =M, and My are reported in Table 12-5 for each beam end. The design

shear reinforcement of the elastic model is applied, because there is no big difference
in the summation of the beam ends resistance moment between the elastic and the
modified stiffness model.
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Figure 12-11: Beams section, with stress strain diagram at yield and ultimate state
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Design of the column beams connection

In this section we design and control the connection system at the nodes N6 and node
N7, refer to Figure 12-1. The column beam connection at N6 is semi rigid connection
and the yield location is at the nodes N33 and N34. The required reinforcement is
obtained using the equations (7.7) through (7.9). This reinforcement is verified
applying the essential principles of the capacity design. That means we chose
reinforcement proportions at these nodes in such a manner that leads to the delay of
the yield formation at the column beam connection. The yield at the nodes N33 and
N34 will dominate. The design processis carried out as follows:

(1) Design the cross sections at these |ocations and chose the reinforcement according
the loading requirements.

(2) Control the yield moments at these locations consider an over strength factor of
1.2 to insure that the yielding occurs in the beams M47 and M48 at nodes N33 and
N34 before node N6 (Table 12-4).

This procedure will be applicable for the cluster nodes N7, N35 and N36, due to the
structural symmetry.

N6
Me -~
f.f'
7 N
';3%4; {M% N
M T M 26
M7

Figure 12-12: The connection at node N6

The non-linear section behaviour solution is carried out using equations (7.1) through
(7.10). The reinforcement of the beam M47 and M48 is reported in Table 12-4.

Table 12-4: Loads, reinforcement at the beam column connection N6 and N33.

Member-Node Mg [KN.m] Steel area[¢pmm] My My
A As [KN.m] [kN.m]
M47,M48 | N6 | -626 +390 2016+5020 6016 -632 +383 | -474 +315
700x500mm
N33 | -295 +390 | 3¢16+1912 4916+1¢12 | -230 +294 | -187 +240

Verify that the yield moment at the yield location N33 is less than the yield moment at
the column beam connection N6.considering the over strength factor and the
proportion of the applied loads as follows:
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474

205. ——
M, orion < % = 192kN.m and that is ok
360.ﬁ
"M, cation < % = 252 kN.m andthat is ok Using equation (12.13)

Capacity design, for the optimised solution

The design moments at of the beams are identical to that of the elastic model the
dimensions interior columns are designed with 500x500 mm. The capacity design at
the column beams connections are carried out with the new columns dimensions and
no extra modifications in the reinforcement are needed.

Conclusion

The columns are designed using the minimum reinforcement, according to the
requirements at the critical regions. The beams do not exert extra shear loading which
leads to increase in the column stiffness. And that is due to the good design of the
beams at the connections, and the use of semi rigid column beams connections.

The modified elastic stiffness model provides better estimation for the displacement
of the structure, where the rotations of the beams ends can be verified considering the
material properties and the reinforcement. For the modified model, a reduction factor
is applied to the beam stiffness of the elastic one. The beams reinforcement of the
concrete structure is reported for the structural optimisation with the modified
stiffness model isreported in Table 12-5.

The ductility control indicates that modifications in the roof beams are required,
where they have been applied with 0.3x0.6m instead of 0.4x0.6 m, the building
design is modified for the both cases of the elastic model and the modified stiffness
model. The resulting reinforcement is identical for the previous design and no further
needs for the capacity design. The final design reinforcement of the building beams
are reported in Table 12-6.
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Table 12-5: The optimized reinforcement with emulated monolith B55 R/C elements. The design
loading is the results of the modified elastic model.

Loading Flexure reinforcement Moment Ductility
Type: Mem. [KN.m] [dmm] [KN.m]
Node ‘Mg +Mg Ag Ag Mo | M, e
Typel:M25-N5 -520 +446 4@20+2¢16 | 2$20+4¢16 -531 -448
6016+39p10 | +448 | +373 9.20
+ +358 3016
1: M47,M8-N33 295 +360 3p16+1912 | 4916+1¢12 | -230 | -187 9.70
+294 | +240
N6,N7 -626 +390 2016+5¢20 6016 -632 | -474
+383 | +315
Typel: M26N34 | -334 +375 6016 6016 -387 | -315
+387 | +315 9.44
+ +289 5¢16 +318
Type2: M28-N9 | -442 +332 6016+2020 | 3016+2020 | -447 | -340
8916 +322 | +271 9.32
+ +405 3916
Type2 :M29-N10 |  -457 +346 9p16+2020 | 6¢16+912 | -447 | -340
+346 | +290 9.3
+ +402 3916 8916
3: M31-N13 -404 +274 | 2¢20+3p16+ 5016 -413 | -349
3012 +274 | +221 11.87
+ +388 3016 7916
Type3: M32-N14 -405 +277 2$p20+3p16 5016 -379 -317
+2012 7416 +274 | +221 11.87
+ +385 3016
Type3:M34- N17 -364 +204 4$20+2$16+ 6016 -486 -409
2612 8(16 +316 | +265 11.8
+ +404 3916
Type3:M35-N18 | -357 +210 4920+3016 | 4¢16+1912 | -480 | -409 11.76
+250 | +203
+ +298 3916 6416
Type3:M37,M38 | -353 +135 2020+3p16 | 216+1¢12 | -323 | -270 11.9
N21,N22 +141 | +120
+ +304 3916 7916
Type3:M40-N25 -206 +30 416+1912 | 2¢p16+1¢12 -250 -203 10
+141 | +120
+ +202 2016 416
Type3:M41-N26 -220 +30 3016+3p12 | 2016+1¢12 | -260 | -208 105
+141 | +120
+ +168 2016 4916 +220

The transverse reinforcement is 2 hoop:

¢ 8mm @S, = 112 mm in the critical region
¢ 8mm @S, = 150 mm outside the critical region
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Table 12-6: The optimized reinforcement with emulated monolith B55 R/C elements, The design
loading are the results of the modified elastic model after correction of the roof beams

Loading Flexure reinforcement Moment Ductility
Type: Member- [KN.m] [dmm] [KN.m]
Node -M d_top +M d_bottom Ast Aﬂa M u M y Ho
Typel: M25-N5 -550 +470 4@20+2¢16 | 2$20+3916 -568 -448 9.20
+1912 7016 +396 | +321
+ +360 3016
Typel:M47,M48 |  -295 +360 3016+1912 | 4¢16+1912 | -230 | -187 9.70
-N33 +294 | +240
N6,N7 -630 +390 2016+5¢20 6016 632 | -474
+1912 +420 | +344
Typel:M26-N34 |  -334 +375 6016 6016 -387 | -315 9.5
5016 +387 | +315
+ +289 3016
Type2: M28-N9 |  -447 +375 6016+2020 | 4916+2020 | -447 | -340 9.32
7416
+ +405 3(1) 16 +377 +314
Type2: M29-N10 |  -450 +350 9916+220 | 6¢16+p12 | -447 | -340 9.3
+ +402 2¢20+5¢16 | +346 | +290
Type3: M31-N13 -413 +275 2020+3p16+ | 5¢16+1$12 -437 -380 11.9
4912 +302 | +221
+ +302 3916 6016
Type 3/ M32- -405 +265 2020+3p16 | 5016+15¢12 | -407 | -342 11.9
N14 +3¢12 +302 | +240
+ +385 3916 7916
Type3:M34-N17 | -386 +215 | 4¢20+2¢16+ 4916 -380 | -317 11.8
2012 +220 | +180
+ +360 3916 7616
Type3: M35-N18 |  -357 +210 4920+3016 | 4¢16+1¢12 | -480 | -409 11.8
-250 | -203
+ +360 3016 7616
Type3:M37,M3- -353 +135 2020+3¢16 | 2¢16+1¢12 | -351 | -293 11.9
N21,N22 +1¢12 +141 | +115
+ +305 3016 6016
Type3: M40-N25 -213 +30 4616 2016+1¢12 -220 -180 10
-141 | +120
+ +256 2416 5¢16
Type3:M41-N26 220 +30 3016+3p12 3912 -260 | -208 105
+94 | +120
+ +256 2016 5016

The transverse reinforcement is 2 hoop:

¢ 8mm @S, = 112 mm in the critical region
¢ 8mm @S,, = 150 mm outside the critical region
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12.3 Nonlinear control

Nonlinear analysis for the concrete structure of the building is carried out using the
Ruaumoko program. The non-linear analysis model is given in (Figure 12-13). The
geometry and the columns and beams characteristics are obtained using the design
reinforcement for the different solutions. The structure is tested with two different
acceleration records; El Centro May 1940 North-South Component, and Bucharest
1977, North-South component (Figure 12-14), scaled to the equivalent base shear
force of ground acceleration Ag= 0.249.

r— 40

}_3?

41 42
T e

i —+‘/_ 39
LN
+ WE
39 -‘L—- 36

29 =+= 30
25 —+— 2r

Figure 12-13: Concrete structural model for nonlinear analysis in Ruaumoko program

The six-storey building Ruaumoko model has the following characteristics

e The beams are modelled with Giberson one component beam, consisting of plastic
hinge at the end of the beams and an elastic member in between.

e All beams are modelled with Bi-linear —hysteresis for the ductility with controlled
analysis.

e Thestructureis verified for the degradation. All the beams are modelled with
Takeda degrading stiffness hysteresis rule. Which is used to model plastic hinges
in reinforced concrete beams.

e Theground floor columns are modelled for the capacity design principles and

using Takeda degrading rule.

Raleigh initial stiffness damping with 5% in mode 1 and mode 10
15 seconds of excitation with atime-step of 0.01 seconds

The analyses results for the important members are given in Table 12-9. In this table
the demand ductility of the members, are for the beams, which vary from 1 to 5.6,
while the available ductility in the members varies from a minimum value of 9 to
11.9, which means that the beams fulfils the ductility requirements.
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Figure 12-14: Spectral acceleration records, El40elwc and Buchnsc

The positive and the negative ductility envelop at the beam-ends for two different
models are reported in Table 12-7, the first group information is for building with
columns of 600x600 mm and the second group is for columns of 500x500 mm.

Table 12-7: The ductility of the structure with two different column sizes

B00xE00 mim ground S00=500 mm columns

and first floor columns

mem. +ve -ve mem. + ve - Ve
25 457 | 416 25 655 459
26 5450 JA2 26 754 470
27 386 574 27 B[00 7a7
28 597 @ 364 28 B4 454
29 53 379 29 734 475
0 544 343 0 748 430
31 479 365 I B2 42
32 457 371 32 B25 4 38
33 450 378 33 EB23 4 53
34 444 2Ah3 34 475 2,71
35 428 2R3 35 474 281
3B 431 2 BB 35 452 284
37 15 319 37 104 275
3| 197 3 38 148 302
39 205 337 39 158 310
41 0.0001 2,14 42 0.000E 177

IU=sing Bilinear- hysteris

The negative reinforcement at the supports does yield enough; the ductility demand in
these members is low when it is compared with the reinforcement at the positive
moments, which indicates that the sizes of the columns can be reduced to increase the
ductility demand. The displacement should be verified so that the drift ratios of the
members are within acceptable limits < 3%.

The structure is modified and designed using 500mmx500mm columns. The obtained
members ductility are shown in Table 12-7. The ductility of the structure elements
are non-regular distributed, and some of them are greater than 6. The bottom
reinforcement participates in yielding more the top reinforcement. The roof beams
doses not share the other beams in yielding. For better moment redistribution on in the
structure modifications in the beam width is required (Figure 12-15). For the
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optimisation of the structure building a reduction in the last floor beams width is
carried out. The structure is designed with modified stiffness model section (12.2).
The design results are verified with the Ruaumoko program. The ductility of the
elastic stiffness model and the modified stiffness model is reported in Table 12-8.

Figure 12-15: B.M. diagram after changing the roof beams dimensions.

Final nonlinear analyses of the concrete structure after the modifications in the roof
beams width is carried, the ductility and the ductility proportion are reported in Table
12-8 . The ductility demand in the modified stiffness is reduced in the positive
moment and increased in the negative moment.

Table 12-8: Demand ductility of the reinforced concrete end beams, design with elastic mode and

design with modified elastic stiffness connections.
A B B2
MEM +ve -ve +i- MEM +ve -ve +i- MEM +We -ve +/-

2545 41 11 255353104 2548 47 1.03
2587 42136 2E5B8 53108 2Xh54 47113
2758 42138 2759 5417 2753 49 1.08
286334182 284257073 2838 44086
2951 36 143 294358073 2942 45058
051 37 139 3047 5808 3042 4310
150 42 12 a1 48107 3142 45058
3251 4212 3251 489105 3245 45059
335.1z43 1.2 3350 5010  3F346 46 1.02
MES 37 174 3443 39109 3429 2510
64 38 169 3544 411068 3531 3.001.02
64 39 164 3645 42108 3631 300102
762487 1.1 3748 3514 3F7 21 2010
J/EB 58 117 3854 37148 3812 2210
JES 58 119 3955 37147 312 2405
4021 26 082 4012 260458 40 02000
412127079 M1 31038 4117 2208
4217 4.0 042 4213 32041 42 01800

A design with elastic model

B modified effective stiffness model
B1 zubstitute the design momentsz, after steel zelection
B2 substitute the analysis rezultz, no steel selection
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A design with elastic model

B modified effective stiffness model

B1 substitute the design moments, after steel selection
B2 substitute the analysis results, no steel selection

Figure 12-16: Ductility

ratio (+ve/-ve) of the beam ends at each floor
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Figure 12-17: Mode shape and maximum relative displacement, for the elastic model, bilinear

hysteresis

Table 12-8 may be read with the following description:

A isrelated to the el astic model
B isrelated to the modified stiffness model as follows;
(1) Bl isfor the design with the modified elastic model, after the substitution of the

plastic moments in the Ruaumoko program

(2) B2 is for the substitution of

moments from the analysis results of the modified

elastic model in the Ruaumoko.

It is recognised that the reinforcement results are identical. As an advantage the
modified model have regular ductility for the positive and negative moments at the
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member ends it means that the member’s ends shares the ductility demand. In the
design with modified elastic stiffness there is more +ve reinforcement and less -ve
reinforcement, the positive moments at the members ends participate in the seismic
resistance. That leads to decrease the demand ductility in general, due to the balance
interaction in the member’s ends moments. The selection of the reinforcement plays a
role for the decision of the response. Some technical solution to avoid formation shear
hinges at the columns face is to invoke the formation of the yield locations at
distances from the column face by reduction of the reinforcement. An important
notice is that the top floors, and the roof do not yield enough, and that is due to the
application of the design according to the equivalent shear method, this method based
essentially on the first mode of vibration. The roof is designed with reinforcement
enough for its serviceability and the seismic load proportion is lower than the other
floors, and that leads to that the roof required les ductility demand.

Final design

The structure is designed with the modified stiffness model. In thisfinal analysis, only
yield locations at the columns faces were enabled (Figure 12-18 B with effective
stiffness K). The analysis results and the reinforcement are given in Table 12-9.

In the final design all the nonlinear analysis aspects are accounted for, including
degradation with the Takeda hysteresis model.

The design is controlled for the nonlinear analysis using Ruaumoko. Ductility and the
ductility ratio at each floor are given in Figure 12-20 and in Figure 12-21 for the
Ruaumoko model with rigid columns connections at the ground floor.

ke

K
eff eff
£y ‘:f

A B

A vield location at the column face and at
a diztance from the column face
B, yield locations at the column face

Figure 12-18: Yield locations at the first floor beams
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Table 12-9: Analysis results and the beams reinforcement, design with modified effective stiffness
according to Figure 12-18

Loading Flexure reinforcement Moment Ductility
Type: Member-Node [KN.m] [dmm] [KN.m]
-M d_top +M d_bottom Ast Asb M u M y Mo
Typel: M25-N5 -524 +435 4@20+2016 | 2¢20+4916 | -532 | -434 118
+448 | +373
+ +407 3016 8916
Typel: M4, M48 -295 +360 3016+1912 | 4¢16+1¢12 | -230 | -187 117
-N38 +294 | +240
N6,N7 -666 +514 2$16+5¢20 6016 -632 -474
+1¢12 +420 | +344
Typel: M26
+ +387 3916 7616
Type2: M28-N9 -480 +350 5p16+30p20 | 416+2$p20 | -505 -423 11.7
8916 +377 | +314
+ +394
Type2: M29-N10 -465 +350 5¢16+3p20 | 616+2¢p12 -505 -424 11.7
+374 | +314
+ +402 3016 8916
Type3: M31-N13 -434 +282 | 2020+3¢16+ | 5016+1¢12 | -437 | -380 | 1187
4912 +302 | +221
+ +302 3916 6016
Type3: M32-N14 -412 +273 2020+4¢16 | 5¢16+15¢1 -429 -360 11.87
+2¢12 2 +302 | +240
+ +372 3016
Zi1a
Type3: M34-N17 -385 +217 4$20+2416 416 -401 -336 11.8
+1¢12 +220 | +180
+ +365 3016 7916
Type3: M35-N18 -354 +217 | 2920+4916+ | 4¢16+1912 | -401 | -336 11.8
1912 +250 | +203
+ +360 3016 7616
Type3: M37,M38- -383 +110 2020+4916 | 2¢16+1¢12 | -401 | -336 11.9
N21,N22 +1¢12 +141 | +115
+ +362 3016 7616
Type3: M40-N25 -249/+50 4$16 2016 -220 -180 10
+112 +91
+ +281 2016 5016
Type3:M41-N26 -203 +50 3016+2¢12 2016 -226 -185 9.2
+112 | +91
+ +285 516 +274

The transverse reinforcement is 2 hoop:

¢ 8mm @S, = 112 mm in the critical region

¢ 8mm @S, = 150 mm outside the critical region
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Non-linear analysis, with rigid connection at the ground floor columns

The demand ductility is lower for the design with the modified stiffness model than
the designed with elastic model, and the ductility proportion is more regular. The
positive and negative reinforcement at the columns beams connections participates, in
the seismic resistance. The results in (Figure 12-22) indicate that the lower parts of
the structure require more ductility demand. That comes from the considered
distribution of the lateral forces according to the equivalent shear method, which
solves the problem in principle according to the first mode action. It may conclude
that the design with modified stiffness model results in a structure resist able to resist
higher seismic actions with identical reinforcement used in the elastic mode.

Figure 12-19: Ruaumoko model, ground floor columns with connection

Table 12-10: Ductility demand of the structural concrete members, designed with elastic stiffness (A),
with modified stiffness (B) with modified stiffness model (C) with member strength identical to the
analysis results, and apply the degradation. All models have the same geometry and member

(&) (=)} ()

MEem. +ve -ve +- +ve -we +H- Hve  ye +I-

A B54 BA 11 736 739 100 681 7,1 096
26 BB3 647 134 B76 736 119 745 71 104
27903 628 145 921 751 123 729 84 086
28 980 521 188 476 762 0B3 451 54 083
24811 538 151 BB2 B9 079 543 6,1 089
J0 807 557 145 B46 B38 077 535 6,1 088
J1 743 BA1 114 3E3 516 070 5F7 57 1
J2 739 674 110 3654 550 0B 548 589 092
J3 740 678 109 32 579 0F3 565 B,1 092
34 585 410 145 027 174 016 153 33 048
d5 547 442124 023 198 012 214 36 0F
d5 560 445126 D018 206 009 237 35 067
185 601 031 003 261 001 185 19 098
J8 388 273142 0B3 350 024 21 24 087
d9 348 657 053 D0B7 380 023 21 25 041
0 005 1899 002 000 152 0,00 0 26 a
41 000 203 000  0QO0 1,80 0,00 0 27 a
42 000 373 000 OO0 191 0,00 o 27 a

&) Design with elastic model ) pesign with member strength identical
B Design with modified model to the analysiz results

Takeda bysterizis
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Figure 12-20: Ductility proportion
—— 4 e

B +ve

floor

— T e

op0 200 400 B00 800 10,00
ductility

Figure 12-21: The ductility of the structural member at each floor, designed with elastic model,
modified model and modified stiffness model.
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Figure 12-22: Ductility and ductility proportion at the structure members.

Final non-linear analysis, with plastic hinges at the ground floor columns

The nonlinear analysis of the structure is carried out for the elastic model and the
modified stiffness model with Ruaumoko. In this analysis al the nonlinear aspects are
accounted for, including the plastic hinges for the ground floor columns in the
Ruaumoko program (Figure 12-23). The analysis results are given in Table 12-11
through Table 12-12 and (Figure 12-24) through (Figure 12-28).

1 5t floor k_ - % - * 57 _,i

| Capacty cortrole

N F S §
4 P @xial force With
negative FYC The aial compression yield foace <0
Py PEB  The sual conpression foare at B

ME The vield mommentat =0
MIE The vield momment atp = (2ZFE =0
(FB,MB) MZE The yield moment at P = 1I5FE=0
M2 The yield moment at P =0=0
213 PB, MB F¥T The axal femsionvield foroe =0

13 PEMB
M

- >
M0  Bending moment
PYT

Concrete column yield interaction zurface

Figure 12-23: Ruaumoko model, ground floor columns with plastic hinges
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Table 12-11: The ductility of the members with elastic and modified stiffness model considering the
degradation and the capacity requirements.

Elzstic madel modified stiffress model
mem +ve  -ve  +velye  HYE Ve dvelye

25 ¥76 7B 108 BEE4 BES 104
5 o970 700 138 707 Y02 102
27 000 BA8 144 705 783 0
28 1030 521 198 418 5714 081
29 875 545 160 500 573 087
0 852 581 147 491 554 080
31 807 BAB 123 511 544 054
32 798 BR4 120 512 AR O
33 800 670 119 5,10 4B 050
34 545 418 130 224 335 0F7
35 654 439 126 231 363 0fB4
3F 55935 432 137 189 374 041
3 1B5 &Es 028 011 204 005
33 3B0 BB 0OF3 182 239 076
39 289 B44 045 1RE 248 OFS
40 0p00 176 000 000 245 0,00
41 000 189 000 000 269 0,00
42 000 345 000 0,00 2E0 000

EL hd
Eth 40 000 1 'iE___.‘-l-’l 0,00 184 49 0.00 34.9_:_1 Mem  +i- +i-

flaar | 0,00 245 D00 263% -we 000 260 25 1,08 104

£

— }, 1E6 555_+ 3E0 6,16} »~ 289 5,44_{ 25 139 102
jCrj— ! s

K

0,11 2041 182/ 239 | X__ 168 248} g; :I'gg 3'31
4th L34 5 45 4,1%35 554 4.35_54_;;6 593 4.5% 28 160 087
| 224 335 231 383 189 374 30 147 089
F 8,07 5,5@_%_3 7868 BB} 810 E.?% 311,23 0,94
Ird a2 —3- 32120 091
._ A.11] 544 512 5611 5101588 '35/ 1719|020

10,30 521 875 545

m[mza : u%dﬂ 5y, B52 5,8__]% 34 1,30 067
418 5,14 500 573 491 5541 35 1,26 DF4

; ; 1 73/ 1,37 051

Duct . ]
HtDEmﬂzE:?.?E ?'—1@—2& .70/ 7.00f ,, 980 E,aa_i 7 098 005
h 6594 667 707 702 715 7831 3 059 075
‘ 1 1| 39 045 058
o A &4 40 000000
41 0,00 0,00
Members demand ductiity 42 0,00 0,00

EL) design with elastic model

M) design with modified stiffness moc Ll

+WEl-ve

Figure 12-24: Ductility and ductility proportion at the structure members, with plastic hinges at the
supports
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Figurel2-25: The ductility of the structural member at each floor, designed with elastic model,
modified model and modified stiffness model considering the capacity and the degradation hysteresis.
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Figure 12-26: Relative displacement in the concrete structure
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Figure 12-27: Moment curvature diagram for member 26 Node 5 with A) Elastic model, B) Modified

effective stiffness mode effective stiffness model
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Figure 12-28: Takeda bilinear degrading stiffness

Table 12-12: Takeda bilinear degrading parameters

Location Alpha Beta (reloading) N (power) Unloading
(1=Drain, 2=EMORI)
Column basis 04 0.6 1 1
Secl, 2,
Beam ends Sec 05 0.0 1 2
34...13
N power; reload stiffness power.

Table 12-13: The ductility and the bending moment and its proportions of the beams, with EL 4scaled

to0.75and 1.2
_uné zcale =075 | zcale =12 Proportion
E rl F1 pi F2 k1fLI F1/F2

25 408 470 852 B2 ZD0A
26 377810 79 A2 ZDOM
27 3k4 808 742 B8R 204
28 25445 585 479 ZDO2
29 31448 674 490 27
30 30 447 618 483 205
31 344 405 B85 441 203
32 341 405 725 4440 213
33 3.3 -404 678 439 205
34 156 -341 376 -361 241
35 152341 38 -3B2 ZAR
36 147 -340 3E2 -360 Z 4B
37 204 -345 178 -343 058
35 238348 195 345 02

RN TN PSS S T W QU T S U U N '
RNV TN QST U O U QU U ST U T U U g

rl  F1  The dactilitye and the bending mornent onthe member
seictnic record EL 410 scale 075

2 F2 The dactilitye and the bending motnent onthe memmber
seichic record EL40 scale 1.2
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The analysis for the modified effective stiffness model is carried out with the
Ruaumoko non-linear program, using the degradation with Takeda degrading rule.
The resulting demand ductility is high while the response bending moment in the
beams did not record high quantity. The reinforcement in the beam end has good
proportion to resist and homogeny system works with the required seismic actions.
The demand ductility in the beams is still within the available ductility given by the
design. While the displacement increased considerably.

Conclusion

The ductility can be used as a measure for the strain and the participation of the
reinforcement in the seismic resistance. In case of the controlled reinforcement ratio
in both sides of the beams under seismic loading the response of the connected
elements can be improve to resist higher seismic actions. The hysteresis behaviour of
the connection designing with modified effective stiffness is improved and the
ductility of the beams indicates the capability to exert higher seismic action. And the
resulting bending moment do not increases considerably. The control of the ductility
is carried out using the effective stiffness at the beam ends, its use leads to better
redistribution of the bending moment and its proportionality in the top and the under
faces. The reinforcement proportionality in the connected element is a factor to be
considered, which influences the reaction of the elements against the seismic action.
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13 Design with ductile, pretenson elements, and hybrid-fibre
concrete.

Hybrid-fibre concrete has high-dissipation capacity, which is of interest when
dynamic loads are involved, moreover, because of its high tensile strength, cracking
and structural integrity can control even in case of relatively strong impact. For
known Ultra-High performance, the tensile strength f; increases similar to that for
conventional concretes. It means that the cracks at the columns face can be verified
with the same level of confidence as that of the conventional concrete, using the
similar over-strength factors .The stedl reinforcement should yield before that the
concrete cracked. In the reversal loading the drop of the stiffness and strength of the
concrete due to reversal load should be limited in order to protect the column core
from sudden shocks. It is important to insure that the resistance in the column beam
intersection core, remains in any case above the transmitted loads, moments, shear,
from the columns, and beams. In the design with HFC its is required to protect its
high resistance strength in the column beam connection from the crack, and use its
high ductility and its ability to resist different moment levels according to the used
reinforcement in the beam ends. And it is ductile with high shear resistance that
enables relocate the yielding in places, away from the column, that can be mobilizes,
the member connection with the beam of B55 conform the shear requirement easily
without heavy vertical reinforcement. The design and the design recommendations
with hybrid-fibre concrete are reported in chapter 14. In the design of the HFC, the
structural analysis results of the elastic stiffness model with 20% reduction of the
moments in the beams ends. Hybrid-fibre concrete is used in the column beam
connections, as a precast unite supported on the column and connected with the inside
beams of B55 by cast in place concrete joints. The column reinforcement passes
inside sleeve through the precast unit. The design of the flexure reinforcement has
been carried out solving the Hybrid-fibre concrete equilibrium equations of the cross
section (chapter?). In the columns beams connections extra flexural reinforcement is
added to increase the moment resistance of the connection and prevent crack and
splits failure at the core. The control of the yield locations carried out considering an
over-strength factor. The design shear of the beams considered is carried out
considering possible plastic hinge formation at the beam-ends apply the capacity
design principles, and because of the high shear resistance of the Hybrid-fibre
concrete, the required shear reinforcement is the minimum. The columns used in the
solution are the same of the emulated monolithic R/C B55. The most important
different is the forces exerted by the beams on the columns, due to the different
strength and stiffness of the two materials. That has been verified through the
application capacity design requirements. The increase of the hybrid-fibre concrete
reinforcement increases considerably its moment resistance. The design reinforcement
should be carefully calculated, extra reinforcement results in high resistance moment
in the beam ends leads to higher reversed seismic action on the columns.

The important adaptation principles in the design with DDC connection is the
relocating the causative actions by; Relocate the yielding element to within the
column where the confinement of the concrete protect it verse the lateral support
action. In the design of the ductile connectors, the capacity design principles are
applied trough considering the strength reduction factor and the over strength factors
within the design criteria’s. The design is carried out using the elastic model with
20% reduction of the moments in the beams ends, and using the modified effective
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stiffness model. The important factors in the design is the nominal moment capacity
of the ductile member group, which decides the transfer load on the column, and the
nominal shear capacity in the connectors. The applied force on the ductile connector
is unaffected by the preloading level, and the connecting members should be logically
verified for the uncertainties associated with each of the considered transfer
mechanisms. The load and the over strength factors should be used in the ultimate
moment calculation. The design results indicate that the average reinforcements ratio,
and the pretension of the bolts are reasonable values. The roof may be built with
emulated monolithic ssmple connection, since the shear and the bending moments is
not significant.

Hybrid post-tension beam system consists of concentric post-tensioned cables
anchored at both ends of the frame The clamping force creates a friction force
between the beams and columns, which transfers the shear demands. Mild reinforcing
provides energy dissipation during a seismic event is placed at the top and bottom of
the beam through the joint and is grouted in place. By limiting post-yield rotations to
the joint, damage to the system is minimized. The restoring force in the hybrid beam
system is provided by the elastic post tensioned and the flexure strength is provided
by combination of unbounded post tensioning strand and bonded mild steel. The
design with this type of connection is carried out using the elastic model with 20%
reduction of the bending moments in the beams ends, and the modified effective
stiffness model. Factors should be considered and verified in the design are the strand
stress and its nominal moment, and the flexural moment provided by the mild steel.
The friction due to the compression force of the tensioned tendons provides the
connections shear resistance. The usage of the hybrid post-tension connection
provides better solution for the shear where it is needed.

The design and the calculations of the beam column connection with different
alternatives such as the post tension assemblage PT, the ductile rod connection DDC,
and a new connection system, the connection with hybrid-fibre concrete HFC is
illustrated in this chapter (Figure 13-1). The structural analysis has been carried out
using the elastic model. The design loading has been used after a reduction of 20% of
the bending moments in the beam-ends (Figure 11-3 through Figure 11-6). Possible
yield locations at the first floor may be recognised in Figure 13-2.

Analyses models for these solutions have been made. These models include the
capacity design requirements. The solution was applied for al the building
connections, and the design results are listed in tables for each connection type.

Theinfluence of the connection characteristics on the seismic performance of the precast concrete 166
structures.



T T T 1 mclangh g
N25 M26 M27 M25 _ A s I
3 . w— s
4 | ma M33 M33 e NN WU T
o w2t M2 M23 N24 s somn s A=y
34 . .
—_ —— M35 W36 Pretension connection
M7 N18 M9 m20
[ru]
o3
i | M3 | o —_— ey —
B M13 14 M5 M6
o
4 —L s W29 k30
N M9 M10 M11 M12
= i
M35 P36
d L nos N33 NI e MO0 MMy | b q
NS e N7 ME EOnECon
=
| B2 colvm b
= e Nletcon ety
L M _en --—N;%_- &0 --_r".l;&_-- 60 -_.Ti
Beams Dimension beod [mm] Columns _Despatby zoke
B2 5-BI2T S0 =F 0 Al cobmane  S00 X500 B
hI23-RI30 S0 =55
MELBAL  ag0o500 HFCconnection

Figure 13-1: The building structure with beams columns, of DDC ductile Connectors, post tension
assemblage, and HFC connection, dimension in [mm]

A
| Vie W location

Figure 13-2: Bending moment diagram and yield locations at the first floor.

13.1 Bolted Assemblages Dywidag ductile connector DDC

The Bolted assemblage Dywidag ductile connector DDC was motivated to improve
the post-yield behaviour of the concrete ductile frame (Figure 13-4). The main aspect
in the design is the introduction of a ductile road or fuse into the path away from the
toe of the beam to alow post-yield deformation where the members are jointed. The
desired behaviour of the structure achieved through merging the steel technology with
the basic objective of seismic loading limitations.
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The important principles for the adaptation of this connection type for the seismic
action is the relocating the causative actions by; Relocate the yielding away from the
beam toe. In the design of the ductile connectors the capacity design principles are
applied trough considering the strength reduction factor and the over strength factors.

13.1.1 The design with Bolted Assemblages Dywidag ductile connector
DDC

The relations, formulas and the limitation cover the design with bolted assemblage

ductile connectors DDC are introduced. System of column beam connection using

DDC connection is shown in (Figure 13-1). The relations govern the design with

DDC may be given as follows:

The nominal tensile strength of one ductile rod is calculated as follows:
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M,=Num-T, -(d-d’)
The bolt cover d” = 2c (13.1)

where T, =f . -A,, andd=2c

The transfer load on the column is calculated as follows:

M
Tn=2o- @ _(}) (13.2)

The shear load induced by the ductile rod at mechanism on the beam-column interface
iscalculated as follows:

oM,
L

c

V=2 (13.3)

The nominal shear capacity required of the connectors is calculated as follows:

Vo= Vgt Vp+ V| (13.4)
The shear transfer mechanism between the column and the beam is the friction.

The ability of pretensionis 2NTp. (13.5)
The applied moment in some instance is zero. At this instance both the upper and the
lower bolts participate in the shear transfer. The equilibrium condition is carried out
asfollows:

Vp+V <2-Num-T -f (13.6)

Observe that the force applied to the ductile rod is unaffected by the level of preload
The nominal capacity of the shear transfer mechanism is the maximum value of V;
and V, and it is calculated as follows:

The shear due to the moment action is given asfollows: V,= % -f (13.7)
Or
The shear due to the pretension is given asfollows: V,=Num-T_-f (13.8)

The members should be logically verified for the uncertainties associated with each of
the considered transfer mechanisms. The factor ¢/, should be used for the account of
the moment. It means that:

M <M, L (13.9)
A

The required area of the flexural reinforcement is given as follows:
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A-Num-T,
y

The development length needed for the DDC is given as follows:

L, (13.11)

— Ty
5.1y,
13.1.2 The building connections design with DDC connection

The design of the building connection with bolted assemblage was carried out using a
simple computer program to solve the relations given in section (13.1.1.) The
structural analyses results of bending moment and shear forces (Figure 11-11 and
Figure 11-13) are used as input for this solution. The design results are summarised in
Table 13-3. The design is carried out as follows:

(1) Design of the column beam connection using DDC.

In this paragraph we apply the design of DDC connectors according to the relations
givenin 13.1.1, using equation (13.1), (13.12) and (13.2), the loading and the strength
of the ductile members are reported in Table 13-2.

The applied moment and shear forces are given as follows:

My =451 kN.m, V, =309 kN, and P =338 kN

Where the ultimate shear is the ultimate shear associated with the seismic loading, and

P isthe shear force due to the dead and live load.
AssumethatV,=0.7-P and V =0.3-P. The nomina tensile strength of one ductile

rod Ty =321.699 kN. The connection characteristics are reported in Table 13-1.

Table 13-1: Characteristic of the DDC, connection members

The beam depth d 0.6m
The clear span length L 54m
Theyield stressf, 400 N/mm?
The bolt yield stress, fypor 400 N/ mm?
Bolt diameter ¢ 32mm
The maximum number of 5
Therodsin one set, Npgit
The parameters: A 1.2

o 0.9

The nominal area of the boltsin one set is calculated as follows:
Ans: N bolt 'Abolt (13-12)
The nominal moment capacity is calculated as follows:

Mp = 732.823 KN.m Using equation(13.1)
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The transfer load on the column is calculated as follows:
Tpn = 1930 kN Using equation(13.2)

The shear load induced by ductile rod at mechanism on the beam column interface is
calculated as follows:

Ve = 321.699 kN Using equation(13.4)

The bolt pretension Ty, = 130 KN. At each face the number of boltsis Num ,= 4. The
friction factor allowed by the LRFD specificationsisf = 0.33

The control of the shear and the moment equilibrium is carried out as follows:

Vo+V, <2-N

bolt

-T,-f,0k Using equation(13.6)

M, <M, % , Ok Using equation (13.9)
0

The shear due to the moment action and the shear due to the pretension are calculated

asfollows:

V1=330.733 kN and V, = 171.6 kN Using equation, (13.7)and (13.8)
V= 330.733 kN, Where: V,, is the maximum of V,and V,

The required area of the flexural reinforcement is calculated as follows:
As = 3990 mm? Using equation (13.10)

Table 13-2: Loading and stress on the bolted assemblage DDC.

The nominal tensile strength, T, 321.699 kN
The nominal moment capacity, M, 723.823 kN.m
The transfer load on the columns, Ty, 1.93 10° kN

The shear load induced by the ductile rod at mechanism on the beam-column interface
Ve = 321.699 kN Using equation (13.3)
The nominal shear capacity required of the connectorsis

Ve = 659.699 kN Using equation (13.4)
And the nominal steel area Ag, = 4.021 10° mm? Using equation(13.12)
The design information of the column beam connection with DDC connectors is
illustrated in Table 13-3. The dimensions of the connection are classified in Section

types 1. 700x500 mm, Section types 2: 600x500 mm, Section types 3: 600x400 mm,
for the member numbers referee to the geometry of the structure (Figure 13-1).
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Table 13-3: Connection design details with bolted assemblages DD, with elastic model and modified
stiffness model

Type: member Loading Andmm?]
number* M uconl KN.M] M ucon[KN.M] Tp
80%El. Mod. El Mod [KN]
1/25 609 446 295 4021 3217 130
1/26 579 337 294 4021 3217 130
1/43 580 453 154 4021 3217 150
1/44 580 741 256 4021 4825 150
2/28 508 451 309 4021 4021 130
2/27 508 519 319 4021 4021 130
3/31 434 400 289 3217 3217 130
3/32 434 406 290 3217 3217 130
3/34 356 456 273 3217 3217 130
3/35 356 363 271 3217 3217 130
3/36 384 384 276 3217 3217 130
3/37 270 331 254 3217 3217 130
3/38 285 335 254 3217 3217 130
3/ 40 186 194 195 3217 3217 150
3/41 285 204 190 3217 3217 150

Ductile rod area of one set A, Bolt pretension; T, The loading is considered as follows:
80%El; 80% of the beams ends bending moments resulting from elastic model, Mod; The end beams
bending moments resulting from the modified elastic model.

Notice that the reinforcement ratio; As /bd = 3200/(600x400) = 0.0133 per set (Table
13-3 ). And that is an acceptable reinforcement ratio. The pretension of the bolts
varies from 130 to 150 kN, the section at the roof members 40 and 41 can be executed
with emulated monolithic simple connection, while the shear and the bending
moments is not significant. There is no wide difference between the reinforcement
with modified and elastic model.

13.2 Hybrid Post-Tensioned Assemblage

The Hybrid beam system consists of concentric post-tensioned cables anchored at
both ends of the frame (Figure 13-5). The clamping force creates a friction force
between the beams and columns, which transfers the shear demands. Mild reinforcing
steel provides the straining of which provides the necessary energy dissipation during
a seismic event is placed at the top and bottom of the beam through the joint and is
grouted in place. These bars are also wrapped, rebounded in a region adjacent to the
column to reduce inelastic strain and to force al post-yield rotation to occur at the
beam-column interface. By limiting post-yield rotations to the joint, damage to the
system is minimized. An additional benefit of the Hybrid Beam system is the
restoring force provided by the elastic post tensioned. Flexure strength in the hybrid
beam is provided by combination of unbounded post tensioning strand and bonded
mild steel, if the strand stressed up to Tn,s then the moment of My is developed. The
mild reinforcement grade 60, where placed in the top and bottom of the beam in tube
that where subsequently grouted with high-strength grout. Figure 13-6 shows
experimental hysteresis loop for post tension assemblage, where the drift versus the
loading appears a wide range envel op.
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13.2.1 Design with hybrid post tensioned assemblage

The relations and the limitation for the design with post-tensioned assemblage are
illustrated in the following pages. System of beam columns connection with post-
tensioned assemblage is shown in Figure 13-1. The detail of the connection and the
arrangement of the ductile bars and post tensioning are illustrated in Figure 13-5. The
post tension is partially bounded. An alternative for the post-tensioned assemblage
with the post tension cables passes inside a sleeve through the column is also shown.
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The flexural strength provided by the mild steel is calculated as follows:
M= Tos - (d-d') (13.13)

The flexural strength provided by the unbounded post-tensioning M is developed as
follows:

T _=T_f (13.14)

nsp nsp' pse

Te compression depth zone and the nominal moment are given as.

L &

a
a=—"  agdM_=T_.(=-S 13.15
0.85-f b, ™ T (57 73) (13.15)

The nominal moment capacity of the hybrid frame beam is calculated as follows:

M,= M +M, (13.16)

The corresponding shear, and the associated column shear or applied test frame force
Feo are calculated asfollows:

Mn
Lb

V., = and V.=F_ =V, -(%) (13.17)

X

The rotation capacity of the connection is defined as follows:

0= s (13.18)

o
Q

The stiffness factor is calculated as follows:

M nps
K = (13.19)

connection 0

Solution

In the assemblage assume that the stress in the mild steel, the compression
reinforcement reaches the yield stress. The flexural strength provided by the
unbounded post tensioning; Mps is developed as follows:

M =T, -(d-d)
Tooo= Aps o (13.20)

T
a= —>= _ and M o= Tnps(m - il)
0.85-fb, 2 2

The nominal moment capacity of the hybrid frame M, is calculated as follows:
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M, =M+ M, (13.21)

Thisis correspond to beam load or shear V, as follows:

V, = o (13.22)

The associated column shear is:

V=V -(%) (13.23)
With Ly isthxe beam length and hy is the column height.

The design is given in the following steps:

Step (1)

Determine trial reinforcement as follows:

M, = C.M, (13.24)
A= C"’—M (13.25)
¢-f,-(d-d)

With the assumption of using reasonable level of mild steel

Determine the amount of post tensioning steel required as follows:

M= M,-09-(d-d)-A, (13.26)
A = Miope (13.27)
” é-f .(ﬂ 3
N )
Step (2)

Determine the minimum size of the beam column connection joint as follows:

A=62-(A+A.) +210-A (13.28)

Control the beam size so that A; L] byx hy

The hybrid beam will become integral part of the floor system. Large stress
differential may cause undesirable cracking in the unstressed floor. Accordingly it is
preferred to limit the prestressed to 6.89 N/mm?. The shear in the beam is calculated
asfollows:

_ho (MytMy)  B+R
L, 2

2
Control that: Vp < byhptp

V, (13.29)
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Sufficient accuracy in the design may be obtained using over-strength factor Ao = 1.25

Step (3)

Check the column shear if the beam is deep and the column is short.
The elongation of the mild steel is assumed to be equal over the unbounded length.
Itis calculated asfollows:

A=¢,-(L,+55-d,) (13.30)
The angel of rotation and the stiffness factor are calculated as follows:
o= L
@ (13.31)
M nps
Kconnection = :
0

13.2.2 The building design with hybrid post tension connection

The design of the building connection was carried out. In the solution we used simple
computer program to solve the relation in (13.2.1). And the structural analyses results
of bending moment and shear forces (Figure 11.4 and Figure 11.5) are used as input
for the calculation. The design results are summarised in Table 13-4.

Table 13-4 Connection design details with post tension assemblage, for the elastic model and the
modified stiffness model

Type: Member, Loading A mm?] A dmm?]
number M ucon [KN.m] V ueon
80%El. | Mod. [kN.m] | EL. Mod. | El Mod
1/25 609 446 295 808 598 1090 805
1/26 579 337 294 808 450 1090 605
1/43 580 453 154 808 598 1090 805
1/44 580 741 256 808 598 1090 805
2/28 508 451 309 808 720 1090 1000
2/27 508 519 319 890 690 1090 1390
3/31 434 400 289 690 640 930 860
3/32 434 406 290 690 640 930 860
3/34 356 456 273 567 726 764 980
3/35 356 363 271 567 580 764 780
3/36 384 384 276 612 580 764 780
3/37 270 331 254 430 580 579 780
3/38 285 335 254 430 534 579 720
3/ 40 186 194 195 400 325 302 438
3/41 285 204 190 430 325 579 438

80% El; 0. 80% of the beams end bending moment of the elastic model. Mod; The beam-ends bending
moment of the modified elastic stiffness model. Vyon, The applied shear force. A, {mm?]; The nominal
area of the mild steel. Anps[mmz] ; The area of the post tension steel
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13.2.3 Design with hybrid-fibre concrete

The studies indicate that Hybrid-fibre concrete (HFC) perform well in seismic design.
The main reason is the confinement for the concrete provided by the steel fibre, and
hence improve its toughness and ductility, which is one of the important concepts in
the seismic design. In our study we illustrate tests results, over the steel fibre concrete.
Fiber reinforced concrete is a concrete mix that contains short discrete fibers that are
uniformly distributed and randomly oriented. Fiber material can be steel, cellulose,
carbon, polypropylene, glass, nylon, and polyester [2]. The amount of fibers added to
a concrete mix is measured as a percentage of the total volume of the composite
(concrete and fibers) termed Vs, V., typically ranges from 0.1 to 3%. Aspect ratio
(L/d) is calculated by dividing fiber length (L) by its diameter (d). Fibers with a non-
circular cross section use an equivalent diameter for the calculation of aspect ratio.
The effects of steel fibers on mechanical properties of concrete are depicted in (Figure
13-7). The addition of steel fibers does not significantly increase the compressive
strength, but it increases the tensile toughness, and ductility. It also increases the
ability to withstand stresses after significant cracking (damage tolerance) and shear
resistance. Reinforced HFC possess higher ultimate and yield moment as it compared
with the conventional reinforced concrete, with les reinforcement ratio (Figure 13-8).
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Figure 13-7: Properties of reinforced steel fiber concrete
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Figure 13-8: Ultimate and yield moment [kN.m] for HFC, and R/C rectangular section b =500mm,
h=700mm

The stress strain characteristics of the HFC, used for the building in our study, are
given in the appendix. And the stress strain tension and compression parameters are
calculated in chapter (7).
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13.2.3.1 Toughness.

Toughness enhancement is among the most important contributions of steel fibers to
concrete. Toughness or energy absorption capacity is the area under a load-deflection,
moment-rotation, or stress-strain curve (Figure 13-9). Thisis especially important for
structures subjected to large energy inputs such as earthquakes, blast loads, impact
loads, and other dynamic loads.
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Figure 13-9: Improvement of the joint behavior resulting from SFRC

13.2.3.2 Seismic strength

It is well known that the use of steel fibers raises the ductility of concrete and the
fracture energy. This phenomenon is transferable to the concrete shear strength.
Researchers reported about an increasing shear capacity of steel fiber reinforced
concrete beams. The experimental results clarify the enormous influence of steel
fibers on the shear capacity of slender beams (Figure 13-12). Experiments show that
the transverse shear reinforcement spacing influences the shear resistance of the
SFRC, and that the SFRC has better shear resistance than the plain concrete joint.
Experiment with different the hoop spacing shows that the joint with (15.2 cm) hoop
spacing provides better seismic resistance than joint with (20.3 cm) hoop spacing
which itself improved seismic resistance over the plain concrete joint with (10.2 cm)
hoop spacing. Hysteresis loops, hysteresis envelope curve, observations, and test
show that. These exterior SFRC joints would prevent structural collapses of abuilding
unlike the code-designed plain concrete The behaviour of the joints with SFRC
perform better than plain reinforced under cyclic loading (Figure 13-10).
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13.2.3.3 Design recommendations

FRC, like most fiber-reinforced concrete, has a high dissipation capacity, which is of
interest when dynamic loads are involved, moreover, because of its high tensile
strength, cracking and structural integrity can be verified even in case of relatively
strong impact. On the other hand no data on the use of the HFC for penetration
problemsis currently easily available.

The empirical simplified description which applies to concretes with compressive
strength ranging from 30 to 120 Mpa, and which can be transposed to FRC quite
precisely so that it can be put to full effect in special applications. For known
UHPFRC, the tensile strength f; increases by about 0.8 Mpa/log10 unite, compared to
0.70 Mpa/ logl0 unit for conventional concretes. It means that the cracks at the
columns face can be verified with the same level of confidence as that of the
conventional concrete and using the similar overstrength factors factor. The cracks of
the concrete are not faster than that in the steel. The steel reinforcement should yield
before that the concrete cracked. In the reversal loading the drop of the stiffness and
strength of the concrete due to reversal load should be limited.

In order to protect the column core from the sudden shock it isimportant to insure that
the resistance in the column beam intersection core, remains in any case above the
transmitted loads, moments, shear, from the columns, and beams.

13.2.34 Design of the beams

The calculations of the flexure and shear resistance reinforcement have been carried
out solving the equilibrium equations (7.16) and (7.17) for the HFC, and apply the
stress strain relations given in Figure 13-13. The reinforced concrete beams are
verified at the yield locations for the first level beams. And the capacity design
requirements are applied at the columns beams connections.

The design procedure is introduced, and the design results are given in Table
13-3.The member ductility should full fill the ductility requirements according to
equation (12.7) with T; =0.783s,and T.=0.5s.

The demand ductility of the membersis calculated as follows:

M, =2x3.9-1=6.8 Using equation (12.7)

The shear is calculated according to the equation (13.32). The ultimate shear strength
is calculated as follows:

Vi= Vet VotV (13.32)
Where;

Vgqe: Isinterm of participation of the concrete.
V,; isthetraditional term for the participation of the reinforcement.
V,; isthe term for the participation of the fibres.
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In the case of using reinforced concrete the shear force is calculated as follows:

Vg, = iO._Zl'k f;byd (13.33)
Ye Yo
with k as follows;
incompression k=1+ 3']‘& (13.34)
t
andintension k=1- O'Yf'ctm

The design shear of the beams considered is carried out considering possible plastic
hinge formation at the beam-ends using the following relation

M_+M
Shear strength >y —2—P2 + w
l 2
WithW =(DL +0.15LL) - L, Using equation (5.6)

Where M =M,, and My are given in Table 13-6 for each beam end. The minimum

transverse reinforcement is required, which is sufficient to prevent bar buckling. As
follows

S, = min(h, /4, 24d, ,, 7d,, 200mm)
S, = min(600/4, 24x6, 7x12, 200mm)

. . . (13.35)
$6 mm @S, = 85 mm in the critical region
#6 mm @S, = 150 mm outside the critical region
- B =
g famax “u=0 e -
=1 i | i = X
_-'[ .;‘E'.n.sgt_ = =l ."'; = = -l—ﬂ 1
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Figure 13-13: Beams section, with stress strain diagram at yield and ultimate state
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13.2.3.5 Columns beams connection design.

In this section we design and control the connection system at the nodes N6 and node
N7 refer to Figure 12-11. The column beam connection at N6 is semi rigid connection
and the yield location is a the nodes N33 and N34. The required reinforcement is
obtained using the non-linear analysis. This reinforcement is verified applying the
essential principles of the capacity design. That means we chose reinforcement
proportions at these nodes in such a manner that leads to the delay of the yield
formation at the column beam connection.

The design proceeds is carried out with the following steps.

(1) Design the cross sections at these locations and chose the reinforcement according
the loading requirements.

(2) Control the yield moments at these locations consider an overstrength factor of 1.2
to insure that the yielding occurs in the beams M47 and M48 at nodes N33 and
N34 before node N6.

1 8” .~ ™ P.C.columnBSS " recest Deam B55
M 33 - N34 ‘ \
e o g i M s i
o
M 25 M 26 N
M 7 PCHFC. Castinplace
conmection element 31? ~ element connection

Node B Connection with HF .C.

Figure 13-15: The connection with HFC, node N6

The solution of the non-linear equations (7.15 to 7.16) is carried out with the
following considerations:
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The ultimate strain of the tension reinforcement, eg,= 2.75%

Theyield strain of the tension reinforcement, &5, = 0.2175 %

The ultimate strain at the columns beam connection is 0.33 %. This is applied to
insure that the yielding do not leads to exceed the tension resistance of the HFC in the
columns beam connection. The beams M47 and M48 dimensions and loading are
givenin Table 13-5.

Table 13-5: Loads, reinforcement at the beam column connection N6 and

Mgy Steel reinforcement M, My
Member /Node [KN.m] AglAg [KN.m] [KN.m]
M47, M48
700x500mm N6 500 5016/ 2916 520 280
N33, 293 2410 450 *242
N34

Verify that the yield moment at the yield location N33 is less than the yield moment at
the column beam connection N6.considering the over-strength factor and the
proportion of the applied loads as follows:

< —LI5 _ 269kN.m, and that is ok Using equation (12.5)

y_location — 500

M

Where. My_|ocation = *242 kNm

It is recognized that the moment at the section of HFC varies rapidly with the
reinforcement change. And at the columns beams connections we can add extra
flexural reinforcement, due to the low percentage of the steel reinforcement in the
core. This reinforcement increases the moment resistance of the core and prevent
cracks and splits failure at the core.

13.2.3.6 Capacity design and control with HFC

The column beam connections of the emulated monolith structure is designed and
verified using the capacity requirements Figure 13-16. And as it have been discussed
earlier in chapter 8. The essential of this procedure is to insure the stiffness required in
the columns for the seismic actions of the beams. In one direction of the seismic
action the top of a beam at the connection will work in tension, and the bottom face
will work in compression. As the seismic action is reversed; the seismic force comes
from the inverse direction, the same column beam connection functions inversely.
The bottom of the beam will work in tension while the top of the beam works in
compression. This point should be considered in the design and the control. In our
solution it takes place when we choose the values of resistance of the beamsin asitis
shown in Figure 13-17. The loading of the seismic force acts in the same manner. As
the seismic action acts as the same mariner as, and due to the geometrical symmetry
of the structure we obtain the analyses results for the exterior joints N5 and N8, asit is
seen in Figure 13-18. At the node N5 the bending moment exerted tension at the
outside column M2 is—151 kN.m, and the bending moment from the reversed seismic

Theinfluence of the connection characteristics on the seismic performance of the precast concrete 183
structures.




action exerted tension at inside of the column M2, can be considered equal to 194
kN.m, as it is given on member M20. By this method we can use the analysis result
considering one direction of the seismic action considering the symmetry conditions
to obtain the loading on the elements at the columns beams connections.

Precast concrete

| beam BS5 | |
!
|| ' || I
Connecting element precsat concrete
/ HFZ \ column BSS
! ! | I
| Cast in place

F.C. connection

Figure 13-16: Design with hybrid-fiber concrete

(1) Theexterior column beam connection at node N5 and N8

The design have bean done using simple computer program apply the equations (8.2
to 8.4) chapter 8, which based on ECS8 regulations. In order to apply these equations
the resistance moments of the element at this connection are to be calculated. Using
the reinforcement given in Table 13-6. The capacity control of the exterior column
beam connection is carried out as follows:

direction 1; see node 3 direction 2 see node 5
[u |
{1_\ BMp™ = 620 kNm 1. W& - o9 km
I [
t ¥
| - B0 kum M- a0
I ..u-"; I )
by {
i-.\ | b f
?_-”' - vy
| " =603 kNm MW" =609 kN.m

Figure 13-17 Direction of the loading and resistance at beam column connection
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direction 1 direction 2

e

-179 18- 140.668

47314
382 67
C

Msi 0 y3minm
it

MSI R =T20kM.m = MSQ_R =532 kM.m
MSI_D =247 kM.m

Mgy =473 ki 52 U= 382 kN.m

Figure 13-18 Bending moment diagram at node N5 and N8

The column strength multiplication factor and the reversal moment factor may be

calculating with moment resistance of the columns and the beam (Figure 13-17), and
the applied loads (Figure 13-18).

M. +M
In direction1 = «/Rd.ﬁ = 1.222;—+62(7)3 =0.83

M Sl‘o+ M Sy Using equation (5.2)
Indirection 2 o, =y —Ret’ ReR _q o 01400 4oy

Mo o+ Mg 138 + 382

The relative importance of the gravitational with respect to seismic load is measured
through the so-called moment reversal factor & asfollows:

‘MSl_R-I- MSl_L‘ _720+0

Indirectionl ¢, = = =1.
‘MRl_R‘-F ‘MRl_L‘ 6OO+O

Using equation (5.3)
‘Mssz"' MSZfL‘ 532+0

‘MRZ_R‘ + ‘MRZ_L‘ B 400+0_ .

Indirection2 §, =

The required moment resistances of the upper column in direction 1 and in direction 2
for the upper and the lower columns can be obtained using equation (5.4)

Theinfluence of the connection characteristics on the seismic performance of the precast concrete 185
structures.



For direction 1

Mgy o =[1+ (g — D0, Mgy <q-Mgy

Over column

Mgy o =[1+(0.83-1)1.2]- 274 < 0.8- 274 = 218 KN.m
Under column

Mgy o =[1+(0.83-1)1.2]- 473< 0.8-473=378 kN.m
or direction 2

Mg oo =[1+ (g =D, Mgy, <q-Mgy,

Using equation (5.4)

Over column

Mg oo =[1+(0.77-1)1.33-138 < 0.69-138 = 96 kN.m
Under column

Mg o = [1+(0.77-1)1.33- 382 < 0.69- 382 = 265 kN.m

The required column resistance is Mrz 0 = Mgz U = 609 KN.m < Mgy ¢g = 378 KN.m
and that is Ok.

(2) Theinterior column beam connection at node N6 and N7

The design and control of the column beams connection at the nodes N6 and N7 is
carried out using the same procedure used in the exterior column beam connection
N5. In our structure because of the symmetry the control is sufficient using one
direction of seismic loading on the interior connections. The bending moment in the
column beam connection information (Figure 13-20 and Figure 13-19) are used in the
capacity control as follows:

¥ | .El. _
EUIR- = 550 kM.m . Im} = 560 kM.m
T 45
I 1

r_.i- -
Me"= 318 kM.m B = SE0kMm M= = 400 kM.m

..................

I\».-' = o T4 o
e = SE0KNm Mr = z50km

Direckion 1 Drection 2

Figure 13-19 Strong column weak beam connection at the interior connection N6 and N7
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Figure 13-20 Bending moment diagram at node N6 and N7

The column strength multiplication factor is calculated as follows:

Mg, +M
Indirection 1 o=y, Rt™ R _ g o 400+ 580

2. —————=1.08 Usin uation (5.2
Mg o+ Mgy 544 + 540 9 (52)

Considering the reversal moment factor is calculated as follows:

M M
Indirection1 &, = ‘ sr” Sl—L‘ - [ 396+ 690 =111 Using equation (5.3)
Mgy g + [Me, | 580+ 400

The required moment resistance of the upper and the lower columns are calculated as
follows:

For direction 1

Over column

Mgy o = [1+(1.08—1)1.11|- 540 <1.09-540 = 588 kN.m Using equation (5.4)
Under column

Mgy o =[1+ (1.08-1)1.11]-544 <1.09-544 = 593 kN.m

The available resistance moments of the interior columns in both directions are given
asfollows:

MR2_0= MRz_U =608 KN.m.

The resistance moment of the columns is greater than the required design moment.
And that is ok.
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Table 13-6: the reinforcement with HFC at the beam column connection, and with B55 at the middle

span beam.
Loading Flexure reinforcement Moment Ductility
Type: Member-Node [KN.m] [dmm] [KN.m]
-M d_top +M d_bottom Ast Asb M u M y Mo
Typel: M25-N5 -524 +435 4@20+2016 | 2¢20+4916 | -532 | -434 118
+448 | +373
+ +407 3016 8916
Typel: M4, M48 -295 +360 3016+1912 | 4¢16+1¢12 | -230 | -187 117
-N38 +294 | +240
N6,N7 -666 +514 2$16+5¢20 6016 -632 -474
+1¢12 +420 | +344
Typel: M26
+ +387 3916 7616
Type2: M28-N9 -480 +350 5p16+30p20 | 416+2$p20 | -505 -423 11.7
8916 +377 | +314
+ +394
Type2: M29-N10 -465 +350 5¢16+3p20 | 616+2¢p12 -505 -424 11.7
+374 | +314
+ +402 3016 8916
Type3: M31-N13 -434 +282 | 2020+3¢16+ | 5016+1¢12 | -437 | -380 | 1187
4912 +302 | +221
+ +302 3916 6016
Type3: M32-N14 -412 +273 2020+4¢16 | 5¢16+15¢1 -429 -360 11.87
+2¢12 2 +302 | +240
+ +372 3016
Zi1a
Type3: M34-N17 -385 +217 4$20+2416 416 -401 -336 11.8
+1¢12 +220 | +180
+ +365 3016 7916
Type3: M35-N18 -354 +217 | 2920+4916+ | 4¢16+1912 | -401 | -336 11.8
1912 +250 | +203
+ +360 3016 7616
Type3: M37,M38- -383 +110 2020+4916 | 2¢16+1¢12 | -401 | -336 11.9
N21,N22 +1¢12 +141 | +115
+ +362 3016 7616
Type3: M40-N25 -249 +50 4$16 2016 -220 -180 10
+112 +91
+ +281 2016 5016
Type3:M41-N26 -203 +50 3016+2¢12 2016 -226 -185 9.2
+112 | +91
+ +285 516 +274

The transverse reinforcement is 2 hoop:

¢ 8mm @S, = 112 mm in the critical region

¢ 8mm @S, = 150 mm outside the critical region
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Conclusion

The columns are designed with minimum reinforcement, according to the
requirements at the critical regions. The beams in the first floor are modified into
section type 2, of 600x500 mm. The design with HFC provides high moment
resistance with less reinforcement. The modification of the first floor beam dimension
leads to decrease the exerted moment in the beam-ends on the column. And that is
important to conform the capacity requirements.
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14 Evaluation, building design summary and conclusion

Usage of precast concrete elements for building construction speeds up the
construction process, with high quality. Non-seismic precast concrete structural
system has been widely used in the world. They may cause catastrophic disaster if
they are used for structure in high seismic zones. The development of seismic
connectionsis essential. Extensive tests of members and sub assemblages with precast
concrete connections were carried out in Japan since the 1980’s by research institutes
of construction industry. Based on those tests, the construction of moment resisting
frame reinforced concrete building using precast concrete columns, beams, walls, or
floor slabs have increased in the 80’s and 90’s. Most of those constructions adopt
connection details emulating cast-in-place concrete action such as to assure that they
should have equivalent seismic performance as monolithic concrete members. Those
connections have almost the same detailing as ordinary R/C members, while minor
modifications are made to eliminate difficulties in construction and achieve high
productivity

14.1 Evaluation

The study discusses and applies seismic performance of connections in precast
construction, and investigates different related subjects. The main subjects covered by
the study can be summarised as follows:

e The precast constructions, its different types, system of connections, and the types
of connections. It illustrates the developments of the solution for the ductility by
using the ductile elements.

e The study used the different types of the connections in a 6-storey building. Each
solution carried out for the whole building. The performance criteria have been
applied using the general solutions of structural analysis. The criteria been applied
for the specific solution according to its requirement for each type of connection.
Comparison between the different connection types and the possibility its
utilisation, within another solution is investigated.

e The earthquake phenomenon and its effects on the structure have been explained.
The discussion includes the dynamic analysis methods used to predict the seismic
actions on the building structures. Many factors affecting the seismic resistance of
the concrete structures have been studied such as the cyclic loading, the
degradation, and the damping.

e For the analyses a building under seismic loading, it is required approximate
solutions for the structure. This study leads to a new method for the analyses of a
precast concrete structure under the extreme loading as the earthquake. It is as an
approach using the static analysis of the structure-equivalent shear method using
effective dtiffness- in elastic frame to approximate the dynamic non-linear
analyses results. This method has been discussed and applied on a precast building
structure, the dynamic analysis for the building designed for equivalent shear |oad
using elastic with effective stiffness is carried out, the demand ductility, maximum
bending moment resulting from the dynamic analysis lays within the design with
equivalent shear method The study explains the future use and the extension of
this method in the monolithic constructions.

Theinfluence of the connection characteristics on the seismic performance of the precast concrete 190
structures.



e The capacity design method has been applied in the different solutions of the 6-
storey building. This application is carried out for different types of connections,
the monolithic with B55, the HFC concrete and the connections with ductile
members. Each solution has its special capacity design application.

e Inthe design of the beams at the yield location non-linear behaviour of reinforced
concrete sections is applied with a new method. This method has been applied for
reinforced concrete and hybrid-fibre concrete. It uses new parameters (otnon ,Brons)
describes the compression stress block intensity and its centre from the
compressed face in a rectangular R/C section, and (o1,B1,02,32) describes the
tension and the compression stress block intensity and its centre from the
compression and the tension facesin arectangular HFC section.

e Model for the precast concrete beam have been illustrated. The stiffness of the
beam is an explicit function of the reinforcement ratio and the beams dimensions.

14.2 Structural analysis, design and seismic performance

For seismic actions, the design of reinforced concrete construction requires the
distribution of the seismic shear force over the structure units and elements, the
determination of local effects, and the performance of the elements for the seismic
effect. The distribution of the shear force may be carried out through the choice of a
structural system as follows:

e Frame system where both the vertical and lateral loads are mainly resisted by the
space frame.

e Wall system where the loads are resisted by wall system coupled or uncoupled
with high shear resistance.

e Dua wall frame system.

e Core system of wall or frame system without satisfactory torsion rigidity.

e Inverted pendulum system where 50% of its mass is located in the upper height of
the structure.

The subsystem supports a proportion of the seismic force, which may be verified
through the stiffness and the strength of its elements. And that requires a local
ductility demand at specific places and especially near the connections where damage
can be permitted.

The seismic lateral shear force is about inversely proportion to the global
displacement ductility us of the structure building. It is economical to increase the
global available ductility of the R/C structure, through a proper application of the
capacity design procedure and the detailing of the members connected members.
There is another argument in the seismic design lower ductility and higher strength.
The higher is the strength of the structure, the smaller is the structural damage during
an earthquake. It is obvious the design with the low ductility and high strength where
damage preferred not to occur and use ductile properties in places where damage can
be allowed. That may be applied as follows:

e Strengthen the columns beams connections, to prevent shear failure and ensure the
flexural strength and the stiffness of the system connection.
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e Bring the yield locations of the beams at a distance from the columns face, to
decrease the degradation, the bar dip effect on the connection. The determination
of the yield locations should be in places where the special details and
requirements of the plastic hinge, reduction in the flexural reinforcement and
additional transverse reinforcement can be applied.

The performance of the reinforced concrete for the seismic design should consider the
non-linear behaviour through the update of the stiffness with an iteration process
when using a non-linear analysis program, or by modifying the column beam
connection stiffness when using a linear structural analysis program. The analysis
schema is illustrated in Figure 14-1. The stiffness modification is given in section
(14.2.1). The equivalent base shear method, which is based mainly on the first
vibration period of the structure the seismic load, is computed as follows:

(a) Find the total lateral seismic force on the structure. This force is the sum of all
seismic forces and can be considered as the shear force at the base.
R=Si+ > W, Using equation (11.10)
g =
(b) Distribute the force on each floor of the building.

ZW,
> (W,.z)
Two types of analysis are used. Elastic stiffness frame for ultimate and serviceability

limit state. And elastic frame with modified linear effective stiffness, using seismic
combinations (Figure 14-1) as follows:

F=F. Using equation (11.12)

e Model the structure as elastic stiffness frame; apply the ultimate and serviceability
limit state combinations (model A).

e Mode the structure as linear stiffness frame (model B), and apply the seismic
loading combinations. The connection stiffness may be introduced in Model B to
build a new model (Model C) with modified effective stiffness at the expected
post yield locations using the seismic combinations.

The first model (A) describes the serviceability of the building through a specific code
regulations, this model account for the dead, live and wind load (DL+LL+W) with
elastic stiffness. The second model (Model C) describes the behavior of the structure
under seismic loading; it accounts for the dead, live and seismic load (DL+LL+S),
and uses the modified elastic stiffness. Model C is built in two steps as follows:

(1) Building Moddl B, which represents the structure in elastic stiffness as in (A), it
used for the form modification and to obtain the modified elastic stiffness. It is
recommended by many codes and literatures that the redistribution of the moment
do not exceeds 35% of the beam end moments resulting from the elastic analysis.
The reduction factor of 20% of bending moment in the beam-ends is used, where it
represent different between the estimated ultimate and the yield beams strength in
the beams, the beams start to yield at 80% from the design loads the demand
ductility is assured in a range within its increase provided by of plastic hinge
formation.
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(2) Building model C, which define the behavior of the structure under the seismic
action in its optimum yield condition for the seismic force, which is obtained by
the equivalent shear method. It uses the modified elastic stiffness, which is
obtained using the reinforcement and the analysis results of model A, and [K«t, M]
diagram.

The analysis process is shown in Figure 14-1. Description the modified elastic

stiffness calculation is given in section (14.2.1.). Regardless of mechanism formation,

a structure was assumed collapsed if the inter-storey drift at any locations exceeds a

limiting value of 3%. It isfounded that this criteriaalthough it is rough make feasible
for thetime.
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Figure 14-1: Analysis process with seismic loading

14.2.1 The effective stiffness

The effective stiffness for the modified elastic stiffness frame (Figure 14-1) can be
obtained as follows:

e Step 1: Use the resultant moment from the combinations (D + L + S) from the
rigid connection model with areduction of 20 %.

M\(K) =08xM (D+L+S)
e Step 2. M™ may be used to estimate a reinforcement level for the member and it

will be the highest bending moment can be obtained in the postyield situation
Mu(ky). It is expected that the moment will drop down due to decrease of the
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stiffness according to the loading. To obtain the bending moment in the beam-
ends. The maximum moment at the beam-ends can be obtained design using the
yield stiffness Ky, for the specific reinforcement ratio (Figure 14-1). That may be
explained as follows: When substitute for the yield stiffness Ky in a structure
results in a bending moment M (ky) les than the bending moment when substitute
in elastic model resulting moment M, because Ky < K and it is in the same time
greater than the ultimate bending moment when apply the elastic stiffness.

B

SO LS LY

| | || |

K,»> K c——"= M(ky <Mu==DM(K)

And in the sametimeit is greater than the bending moment resulting from the
substitute of the K,

e Step 3: The new modified stiffness may be applied for the model obtaining semi
rigid connection with the seismic combinations. These values can be modified
according to the resulting moment and the section reinforcement. Obtaining K.
Notice that for a given section reinforcement the increase of the stiffness in a
member leads to more loading on the member and that leads to the decrease of the
effective stiffness obtained using M-Keeciive diagram Figure 14-2. By this the
stiffness converges at the given section and connection. In a design of a ductile
location in a beam that can be considered acting simultaneously ductile
connection and to assure that it reach the postyield behavior under the influence of
the seismic action, the applied bending moment should be les than the ultimate
moment considering damage factor so that no damage occurs and greater than the
yield moment considering overstrength factor so that the section behave in
yielding. That can be expressed as follows:

% = M(Kg) > CM,

MK )

M,
where: ML, '
Z 15 the overstrength factor.
D 1sthe damage factor. r | |

e Step 4: The effective stiffness (Ker) may be given explicitly as a function of the
reinforcement ratio and the loading level (Figure 14-2) for specific R/C section.
Substitute Kg¢ in a structural analysis model for certain bending moment and
reinforcement ratio will result in new response, due to the redistribution of the
load in the structure. And that need the choice of new K, accordingly the new
Kers IS required to be determined for the new response, and that |eads to structural,
and material iteration problem (usage the graph figure - substitute and analysis
with the structural model). In order to solve this problem. The behavior of the
structure can be described through the relation of (Kt —M). The description of the
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structure behavior can be carried out for a connection by introducing Kes in the
structure and monitoring the resultant bending moment for several times. The
effective stiffness and the moment relations are shown in Figure 14-2, and how to
obtain Kg¢ for the column beam connection N5. The bending moment resulting
from the structure analysis at node 5.

A& & Structural behaviour
K 1! |——F—— Connection M5 "
KE&'= off | +KEE2 o K)' |
2 4
: B l.-:n1 —— %
M, T . o e (11—}
IH’L] Sk, -v—/{u; o
T s05-10" -
L K LI
A0617 et 13)
D e o | N
i aate! T THESS : =741
e % [4]
1091 o s -*q\_\‘(
q} ." mla:!“.l] LAY a3 Ll iy 5D h

Oy
Figure 14-2: The effective stiffnessin alocal column beam connection, and the behaviour of the R/C
section registered at connection N5

The effective stiffness may be obtained using Figure 14-2 as follows:
(1) For acertain bending moment My
(a) Follow line (1), intersect with the structure behaviour line and obtain
Kerl.
(b) Follow line (2), intersect with the section property line for certain
reinforcement ratio and obtain K2
(2) The effective stiffnessis the average of the K¢+ and K2 obtained on line
Ker = (Ketfl + Kef2) / 2
(3) The expected bending moment My can be read on line 4

e Inthe prefabricated constructions design parts of the dead loads on the supporting
elements may be considered as initial loading, where the beams are erected first
and it is designed as simply supported member caries its own weight or a part of
the floor dead loads. The reduction of the bending moment in the beam ends in the
building designed in this thesis may be allowed up to 0.4Mq when considering
apart of the dead load of the beams and part the roof is carried by the simples
supported beam. (Table 14-1).

Table 14-1: Possible for reduction, loads at the current floor in the building structure, chapter 9, with
Myisthe dead load of the floor and the beam

Construction type Dead load Mo Fixed connection Partialy-Fixed | Reduction
[kN/m] [KN.m] | ~0.66 Mo [KN.m] ~0.25M¢ ~0.4M,
[KN.m} [KN.m]
Precast concrete 51 229 151 57 91

0.4Myis calculated for beams carriesits weight and a part of the floor as simply supported beam.

e Step 6: Designing with rigid and semi rigid connections may be carried out using
the effective stiffness as follows:
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The construction with beams, where yielding is considered in the beam-ends first and
the floor reinforcement participate in the seismic resistance later.

6E-I

Ky = Or the K, =K, (14.1)

For non-rigid connections, non-resistant members according to the most codes are
designed with stiffness as follows:

K =(0.4t00.5) - ? (14.2)

In arequired ductile member the available ductility of the member should be greater
than the demand ductility given by the analysis. That can be verified using dynamic
nonlinear analysis program and in this study the nonlinear Ruaumoko program is
used. Premier estimation for the demand local ductility may be obtained using the
global ductility of the structure, and the geometrical relations, for the displacement
and the rotation. It can be obtained using linear structural analysis program, after the
application of the maximum ultimate and the yield displacement on the structure and
find the local ultimate and yield rotation for the concerns members. The local ductility
of the structure may be estimated using codes of practice. The local curvature
ductility of the building structure may be carried out using equation (12.6) according
to EC8. The Local ductility requires high plastic rotation capacities in potential plastic
hinge region: Sufficient curvature ductility (Post failure 85% moment resistance level)
in al critical regions of primary elements. The local ductility should be mobilized for
the demand ductility, where the beams span is long in comparison with the columns
length. In cases that the section reinforcement is critical for the demand ductility, it
can be ensured using additional confinement reinforcement.

n,=2q-1if T,<T,
u,=1+2(q-1) -TJT, if T.<T, Using equation ((12.6))

Based on the following relations:

B,=2p;-1 and p,=q if T, =T
u,=1+(q-1)-T/T, if T,<T,

The determination of the stiffness in a connected member depends on the structure
geometry, the manner of connection, the performance of the section. It is the
designer’s decision also to decide the appropriate distribution and continuity of the
forces in a specific location. Regarding the building geometry, the enclosed spaces.
The stiffness can vary according to the connection types and their ability to transmit
loading and availability for ductile behavior. In genera the effective stiffness for the
connecting concrete members designed as seismic resistance or non-seismic
resistance members used in the construction is given as follows:

? (0110 1.4) (14.3)
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14.3 Summary of the building design

The precast concrete of 6-storey building is designed with reinforced concrete type
B55. The column beam connections are designed as. emulated monolithic R/C B55,
Hybrid-fibre concrete HFC, Dywidag ductile connectors DDC, and Post-Tension
assemblage. In the structural analysis a modified elastic model is used as an approach
for the non-linear behaviour of the reinforced concrete structure. In the analysis a
model describing the non-linear behaviour of the R/C sections is used to control the
yield locations at the beams. The design of the connection fulfils the seismic
requirements, the different material and connection types. Capacity design control is
carried out for the connecting elements according to EC8.

14.3.1 The building shape and dimension

The building structure consists of (3x6m span) frames at 7.8m. The frames support a
floor of (350mm) thick. The structural system is based on the concept that:

e The precast concrete units should be as long as it is possible for the transport and
the erection. Hollow core p.c. of (7.8m) span is used in the floor design.

e The bending moment in beams (1) of 6m spans in the transverse direction is
smaller than that in the beams (2) of 7.8m in the longitudinal direction. It means
designing the structure so that the (6 m) span frame in the transverse direction
supports the floor dead and live (+ seismic loading), and the frame of (7.8m) span
in the longitudinal direction supports partialy (1.2m of the floor width) the dead
and live of the floor (+ seismic loading) (Figure 14-3).

The structure is designed to function under the service loading, and possess a reserve
capacity for the extreme loading, due to the seismic actions. The dimensioning of the
building have been decided for, the dead, live, and wind load; these dimensions have
been modified to resist the seismic action. Redistribution with 20% reduction of the
bending moment in the connections is used. The material used of high strength
concrete B55, which allows designing using different materials and connection, types
without essential modifications in the structure. Loads on the building and the
material areillustrated in Table 14-2.
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Figure 14-3: Six-storey building, cross section and details

Table 14-2: Load and material properties

(A) Load
Location DL LL Seismic load Wind load
[KN/m] | [kN/m]
Basic 24 Considered region of
Allow for corridor 1.2 subsoil class B, zone 11 0.8 [kN/m?]
Superimposed deadload | 1 in Greece, Ag=0.24 g.
Ceiling 0.5
Total Current floor 15 3.6
Roof 0.5 1
(B) Material

Concrete fex fe Steel 'y Es

[N/mm?] [N/mm?] [N/mm?] [N/mm?]
B55 55 33 FeB500 435 200000
HFC 75 Stress strain diag.

Theinfluence of the connection characteristics on the seismic performance of the precast concrete 198
structures.



14.3.2 L oads

The lateral seismic force distribution is generally based on the static equivalent lateral
forces specified in building codes. EC8 determine the seismic effect on the basis of
the response spectrum method using an elastic model of structure and by introducing
a behaviour factor. The building location is considered in Greece, zone Ill, and
considering the location and building characteristics, the seismic acceleration Ag is
0.24g. In the calculation and distribution of the seismic force on the building the
equivalent shear method is used, the force is distributed on each floor of the building
depending on the building mass and height according to (11.13). The dead, and live
load of the building are calculated considering the transverse frame of 6m spansisthe
main support.

z-W. )
F=F— 1 WithFE=S,2Y W, A=
Y (Woz) ° ng A

Zi'VVi
> (W2

25T,

And S;= ag.S?(?c) For T,<T<T,; Using Equation. (11.8) through (11.13)

The seismic and wind loads are distributed on the transverse frames where the period

T=0.783>T=0.5, and the frequency is higher in the transverse direction higher
response (Sy) in the transverse direction and the transverse frames beams carries the
higher percentage of the dead and live loads. The floor system serve as rigid
diaphragm (18m deep) between the vertical elements of the latera force resisting
system, thus the columns undergo the same drift, and because of the equal column
inertia and length at each floor, these frames are considered to resist equal seismic
forces. The seismic, dead and live loads are illustrated in Table 14-3. The seismic
shear forces on the first floor is high, the effect of the ground floor on the first floor
also more than in other floors. That should be considered in the dimensioning and the
premier design.

Table 14-3: Seismic force on the main frame of 3x6m spans, dead and live load on the beams

Seismic load [kN]
Floor number Story Story Seismic Load Seismic Force
DL LL G+y.Q Force Shear force
Roof 9732 983 10027 210 210
5th 10715 3538 11246 198 408
4th 10715 3538. 11246 161 568
3rd 10715 3538 11246 124 692
2nd 10715 3538 11246 87 779
1st 10715 3538 11246 50 828
The total seismic shear force on the main frame=828 kN
Dead and live load on the beams
Location DL.[kN/m] LL.[kN/m]
M25, M30, M45, M50 55.12 25.74
M40, M42 47.98 7.15

The non-linear program (Ruaumoko) is used two with two different acceleration
records; El Centro May 1940 North-South Component (0.32g), and Bucharest 1977,
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North-South component scaled to the design shear force (scale = 0.24g9/0.32 = 0.75).
The two records have different peak acceleration time accelerations to cover the
stochastic vibration of the building.

14.3.3 Structural analysis

Two models are used for the structural analysis of the building. The first is the linear
analysis model with elastic stiffness. The second is linear analysis with a modified
effective stiffness model. In the analysis two types of combinations are used. The first
combinations covers the ultimate and serviceability limit state (DL+LL+W). The
second accounts for seismic action (DL+LL+S). As the moment on the connections
increased, decrease the effective stiffness of the beam end considerably, for that
modified effective stiffness at each connection is used, its value is a function of the
reinforcement at the section and the estimated applied loading. The modified effective
stiffness is obtained using the effective stiffness and moment relations and its
variation on the structure through the substitution in a conventional linear program.
According to the design requirements, the drift of the current and the drift of the top
floor is les than the permitted drift A/h<3%. The shear force on the building is
distributed on the interior and the exterior columns in a manner lead to decrease the
moments at the exterior columns. Where using rigid connection at base of the interior
column and flexible connection at the base of the exterior columns Figure 14-4. The
yield location at the first floor beam and ground floor column provides flexibility in
the structure is verified applying flexibility at the first floor beams and different
degree of fixation for the ground floor columns). The modified stiffness model is used
to optimise the design in combination with the non-linear program Ruaumoko.

72

173

112

157

[A) Elastic frame =
(B1 Madified stiffness &t the connections and the
supports

Figure 14-4: Shear and moment diagram at the ground and first floor columns
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14.3.4 Reinfor ced concrete elements design

The design of the concrete elements is carried out for the four connection types
(Figure 14-5) using the analysis results of the elastic frame model. The design is
based on the monolithic connection as the principle choice. The alternative designs
are the connection with ductile elements -the DDC connection, the post-tension
assemblage-, and the connection with HFC. The design of the column and the beams
has been carried out using the structural analysis results, and the reinforced concrete
element properties. All the elements, beams columns, floor, and the connections
should perform the seismic design requirements. The design process of the R/c
elements used in our study is illustrated in Figure 14-6. The columns beams
connections shares the beams and the columns properties, the design process take its
way through the analysis of the structure as a system and the design of the connecting
elements, the column and the beams, the connection properties follows the decisions
in these elements. The specific configuration for each type of connection has been
considered. The choice of the ductile members and the post tension members in the
connections may be followed with the modifications at the column and beam-ends,
and apply the capacity requirements within the connection design. In the emulated
concrete and the HFC connection, the design of the columns and beams end, should
be followed by the capacity control.

Cast in place concrete

i . Warp mild sleve
B 1 3 and top reinforcement

Wiarp member Wiarp member

o

E— T= |.'|.||.||§---:;§ ; . _i

=itD N — precast column
Wiarp mild sleve L Yarp mild sleve polluze s SEs
Wiz memkber Vijarp member beam unit
Post tension assemblage

through sleeve in column Emulsted monoltic connection

Beam ~—_
fransfers —.
ok G el 22 | Precast Beam BSS
- Tread bors \\ - Iy
A ] iy
. E N
High =irength FC HEC Caszt in place
. kit " |:1 ' | ntH -i"‘\ .. element connection
concrete POOS o ecege mobemn connection eleme
column wyith beam
DD connection Connection with H.F.C.

Figure 14-5: The building structure with different column beam connections types
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Figure 14-6: Design process of the reinforced concrete elements, the connections shares the beam and
the columns design.

Design with monolith reinfor ced concrete

(3) Design of the columns
The designed of the columns consider three activities:

e Premier design for the reinforcement at the critical regions in the columns, this
may be modified according to the capacity design requirements.

e Control the moment curvatures and the available ductility at the yielding
locations.

e The capacity control at the columns beams connections, capacity design of the
columns should follows the design of the beams, where the moment resistance of
the beam can be obtained according to the needed reinforcement in the beams

The calculation of the reinforcement in the columns was carried out using equations

(12.1) and (12.2), and the CEB 1982 coefficients.
M, o N,

b-h?-f_’ b-h-f,

U= Using equation (12.1), and (12.2)

Equations (12.1) and (12.2) are applied for different loading cases at each section to
obtain the required reinforcement. Where the moment and the normal force at each
case can have different proportions according to the different loading. The ultimate
and the yield moment of the columns obtained using the equations (7.7) though (7.10)

M= My _ .GSl.(E,EJ
Y R T
c) Cct |1 [
o) e )
O2 (1 €
a2 (39) | |
s Using equation (7.7) through
(7.9
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The nominal shear on the column is calculated in using equation (12.3) as follows:

l“lRu l“IRo
V _Y | .
c US ng equation (123)

The design of the shear reinforcement at the critical length of the columnsis carried
out using equation (12.4) asfollows:

V=b,d- (tgy - (1.6- d)( 1.2+ 40p, +0.15c )
with Using equation (12.4)

The columns satisfied the flexural moment with minimum reinforcement at the
critical regions. The reinforcement, due to constructive purposes can be use the same
reinforcement at each face of the column outside critical regions.

The ground floor columns are longer than the other floors columns. And the first floor
is subjected to higher lateral seismic force than the other floors. For that the bending
moments subjected on the first floor beams are great, the first floor beams to be more
massive than other floors. In order to achieve reasonable dimensioning for the beams
and especially the usage of similar ductile members in the connection joint required
redistribution of the loading on the first floor. And using yields locations at the first
floor connections near the beam-ends, and using rigid connection at base of the
interior column and flexible connection at the exterior columns. Shear resistance at
the locations have been verified. The shear reinforcement in these locations is the
confinement reinforcement and the longitudinal bent bars perform the seismic
requirements.

(2) Design of the beams

The cdculations of the flexure, and shear reinforcement, and shear force for the
beams have been carried out using equation (12.8) and (5.6) as follows:

M M _+ M W

A= d_, -V +V ., Shearstrength>vyx PP 4 7

T 09.df, VT Vet Vuo =TI 2
With W=(DL+015-LL) - L, Using eguation (12.8) and (5.6)

Shear design of the beams includes the control of the possible plastic hinge formation
at the beam-ends. Thisis carried according to EC8.

The design shear of the beams considered is carried out considering possible plastic
hinge formation at the beam-ends as follows:

M, +M
Shear strength > - pll—pz + %

p
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WithwW = (DL +0.15-LL) - L, Using equation (5.6)
Where M =M,

To insure the flexura strength ratio in the beams- the degree of joint confinement,
development length of bars and joint shear stress are factors to be considered in the
design, and to achieve adequate strength and ductility in the joint. In the cyclic
loading the degradation and the dlip of the bars in the beams, stress penetration
reduces the joint strength and ductility, as the yield locations brings away from the
columns face, these undesirable effects are reduced and especialy in chore of the
column beam connection.

The reinforcement in the yield locations is assumed at the base connection. In the
other floors additional light reinforcement added to the columns, so that the yield
location is deviated from the columns beam connection faces. Equations (7.7) through
(7.20) which describe the nonlinear behavior of the r/c section are used to calculate
the ultimate, the yield moments, and the ductility of the beams at yield locations.

The members are verified to full fill the ductility requirements. In the first assessment
for the ductility, we may obtain the global ductility of the structure using equation
(12.7), and according to CEB, q is an estimation of the globa ductility, which
describe in genera the behavior of the structure beyond the yielding in terms of the
ductility. In our study the local ductility has been verified finaly, using the nonlinear
dynamic analysis program Ruaumoko, The demand ductility of the beams varies from
4 to 5 while the available ductility varies around 9.

n,=2:q-1 if T,<T,
u,=1+2-(q-1) -TJT, if T.<T, Using equation (13.4)

The reinforcement in the beams varies from high reinforcement ratio at the first floor
to low reinforcement ratio at the roof refer to Table 14-4

a. Capacity design

The essentia of the capacity design is to insure the strength required in the columns
for the seismic actions of the beams -weak beam strong column connection-. In one
direction of the seismic action the top of a beam at the connection will work in
tension, and the bottom face will work in compression. As the seismic action is
reversed; the seismic force comes from the reverse direction, the same column beam
connection functions reversal. The capacity design carried out on the connections
using Equation (5.2) through (5.4) according to EC8. The control leads to the
conclusion that, in case of the proper design for the beams, as the necessary
dimensioning, the reinforcement, and the proportionality of the columns beams
inertia. The beams may not exert high moments on the columns, which leads to full
fill the capacity requirements without significant modifications in the columns
reinforcement. In our building the design reinforcement of the columns at the critical
regions is the minimum reinforcement. The sum and the moment ratio factor a, the

Theinfluence of the connection characteristics on the seismic performance of the precast concrete 204
structures.



moment reversal factor, and the capacity required moment Mg are given in equation
(5.2) through (5.4).

Mew*Mair 15 girection 1 8, = ‘MSLR ¥ MSLL‘
Mg o+ Mgy ‘M Rl_R‘ + ‘M RILL ‘

Mo #Men Mot M|
Mo ot M, In direction 2 Szz‘MRjRT+‘MszR2L_L‘

Indirection1 o, = Vg

Indirection2 o, =Ygy

The seismic design moment on the columns in direction 1 and in direction 2 are
calculated as follows:
MSdlfcd = min(|1+ (acdl- 1)'51| ’ MSdl' q'MSdl)

_ Using equation (5.2) through (5.4)
M siz cd = M n(|1+ (0™1) - §2| ‘Mgpr 0-Mgy,)

The capacity design shear forces at the columns assuming plastic hinges form at both
ends, using equation (5.5) with Mg 2, the end members moment and yrg = 1.2.

V =y M R01+M Rc2

Rd . .

h Using equation (5.5)
Table 14-4: Beams reinforcement, design with emulated reinforced concrete
Beams

Type/Member, Flexura reinforcement Type/Member, Flexura reinforcement
Node Ag Ag Node Ag Ag
Typel:M25-N5 | 4¢20+3¢16 2020+4416 Type3/M41-N26 | 2¢20+3¢16 | 3916
Middel span + 3916 6016 + 4916

The ductility of al beams ends varies “between 9.3 to 11.9.” The shear reinforcement is: 4¢8
@112mm in the critical region and @150mm outside the critical region

Columns

Flexura reinforcement:
Columns fixation critical region; at the ground floor: 3$p16+2¢p20 each side. Other columns critical
region:5¢16 each side. All columns outside the critical region: 3916 each side.

Shear reinforcement: double hoop; 2¢8 @110mm in the critical region and double hoop 2¢8@150mm
outside the critical region.

double hoop
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Optimise the design

The design of the concrete structure is optimized using the modified elastic stiffness,
which is built based on the elastic frame model reinforcement. The stiffness at the
column beam connections are introduced using the stiffness bending moment relations
and after the consideration of the yield locations at the first floor (Figure 14-1). The
resulting bending moment, at the column beam connections with modified stiffness
model is about 80% of the obtained with the elastic model results, and the design
reinforcement in the beams and the columns are identical. Further modification for the
columns dimensions within this model leads to a reduction in the ground and first
floor columns so that all the column dimensions in the building are 500mmx500mm.

The reinforcement of the elastic model is used for the estimation of the modified
stiffness to build the modified elastic stiffness model. Then the reinforcement in the
members is designed according to new model. The design concrete structures of both
models are verified using the non-linear analysis program Ruaumoko. The design
with the modified stiffness resulted in better distribution of the ductility among the
members, and better ductility proportion of the top and the bottom reinforcement in
each member end. The top and the flexura reinforcement share the seismic moment
resistance Figure 14-7. The roof beams dimensions are modified to 600x300mm,
where it have been recognized that the top beams do not yield enough. Both design
models are verified for degradation, using Takeda degrading and plastic hinges at the
columns bases. Both design concrete structure have ductility and strength resistance
within the nonlinear analysis results. The advantage in the modified stiffness model
can be seen clear in Figure 14-8.

A B1
MEM +¥E -VE +wg -ve

2545415353 | +velve
2657 42 5B 53
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2863 34 42 57
2351 36 43 59 08056
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Figure 14-7: Ductility and ductility ratio, with bilinear hysteresis
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Figure 14-8: ductility and ductility ratio with degrading hysteresis.

Design with hybrid-fibre concrete HFC

The design with steel fibre reinforced concrete has not been yet applied in a wide
range. This material performs well in seismic design. The main reason is that the
confinement for the concrete provided by the steel fibre improves its toughness and
ductility, which is one of the important concepts in the seismic design. Earthquake
causes seismic joints subjected to multiple cracking in reverse cycles of loading.
Conventional concrete looses its resistance completely after cracking. However, fibre
concrete can sustain a portion of its resistance following cracking to resist more
cycles. It was found that the fibre concrete joints had better energy dissipation,
ductility, and stiffness, as well as spalling than plain concrete joints. Toughness or
energy absorption capacity is the area under a load-deflection, moment-rotation. This
is especially important for structures subjected to large energy inputs such as
earthquakes.
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Figure 14-9: Properties of the steel fibre concrete SFRC, stress strain relations and the tension and
compression parameters for FRC

Recommendationsfor the design with FRC

FRC has a high —dissipation capacity, which is of interest when dynamic loads are
involved, moreover, because of its high tensile strength, cracking and structura
integrity can control even in case of relatively strong impact. For known UHPFRC,
the tensile strength f; increases similar to that for conventional concretes. It means that
the cracks at the columns face can be verified with the same level of confidence as
that of the conventional concrete, using the similar over-strength factors .The steel
reinforcement should yield before that the concrete cracked. In the reversal loading
the drop of the stiffness and strength of the concrete due to reversal load should be
limited in order to protect the column core from sudden shocks. It is important to
insure that the resistance in the column beam intersection core, remains in any case
above the transmitted |oads, moments, shear, from the columns, and beams.

The main concept in the design with HFC is that we take benefit from its high
strength then this strength may serve in the column beam connection that needs
protecting it against the crack effect. And it is ductile with high shear resistance then
we take benefit from this character, for the yield locations, that at a distance from the
column that can be mobilizes and the member connection with the beam conform the
shear requirement easily without heavy vertical reinforcement, Then the column beam
connection is a connecting strip of reasonable length (Figure 14-5).

In the design of the HFC, the structural analysis results of the elastic stiffness model
with 20% reduction of the beam end moments are used.

Hybrid fibre concrete (HFC) is used at the column beams connections (Figure 14-5).
Its stress strain relations, the parameters o, of the tension and compression concrete
zone are illustrated in Figure 14-9 The design for the reinforcement is carried out to
solving the cross section equilibrium equations (7.16) and (7.17).

Theinfluence of the connection characteristics on the seismic performance of the precast concrete 208
structures.



- h
M c c'
=4 2 stk 1= = gk [ 1= S
b-H-f fo (2 h h) fo |2 h

S
6o (1 ¢ c Cft | 1 ¢
wz-f-—c'(z—a)”‘2'[1“*'(1‘%)]7;[5‘82'kx'(l_ﬂﬂ Using
equation (7.16) and (7.17).

1. Design of the Columns

The columns used in the HFC solution are the same that is used in the emulated
monolithic R/C B55. The important different in the design is the forces exerted by the
beams on the columns, due to the different strength and stiffness of the two materials.
That has been verified through the application capacity design requirements. It have
been recognized that the decision for the reinforcement at the beams ends should be
closer to the needed flexure reinforcement. The increase in the reinforcement with the
HFC leads to higher flexure strength as in the conventional concrete.

2. Design of the beams

The design of the flexure reinforcement has been carried out solving the equilibrium
eguations (7.16) and (7.17). At the columns beams connections extra flexura
reinforcement are added to increase the moment resistance at the core and prevent
cracks and splits failure at the core. The control of the yield locations carried out
considering an over-strength factor of 1.2, for the cluster connections at N6 and N7.

The design for shear is carried out using equation (12.41). The ultimate shear strength
is given by equation (12.41), the design results are given in Table 14-5 for the first
floor and the roof .The reinforcement with HFC is considerably les than that with
conventional R/C.

V,=Vg+V,+V,, Using equation (12.41)
VA 102 kyffy -yd with
Te Mo Using equation (12.41)

0.7c

tm

k=1+ 3% for compression and k = 1-
tj tj

Where Vgry Vs, Vi are the participation in shear of the concrete, steel and fiber
respectively. The design for shear includes the control of possible plastic hinge
formation at the beams.

The design shear of the beams considered is carried out considering possible plastic
hinge formation at the beam-ends as follows:

M_+M
Shear strength >y - % + %

p

WithwW = (DL +0.15-LL)-L,,, and M =M, using equation (5.6)
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Table 14-5: Reinforcement with HFC

Type: Member, Node | Flexural reinforcement | Type: Member, Flexural reinforcement
Ag Ay Node Ag Ay
Typel: M25-N5 3016+2¢8(core) | 2916 | Type3: M40-N25 3916 3912
+ (B55) 3916 6016 + 4912 4916
The available ductility varies between 9.5t0 11, | The shear reinforcement 46 mm: @85mm in
and the demand ductility, within 5. the critical region, and @150mm outside the
critical region

Designing with DDC and Post tension assemblage

In the design with DDC connection and Post tension assemblage yielding is
considered enabled in the connection. The capacity of the connection decides the
capacity of the beams, which remainsin elastic. The elastic analysis of the structure is
considered for the design with DDC and post tension. The displacement and the drift
provided by the elastic model is provides a structural solution for the ductile and DDC
connection considering that yielding occurs at the connection. The design with elastic
model results in the required reinforcement and ductile members in the connection.
And elastic modified stiffness model is used as redistribution for the resistance
required in the connection that decides the required rotation enabled in the
connection.

Design with DDC connection

This type of connection was motivated to improve the post-yield behaviour of the
concrete ductile frame. They introduce a ductile road or fuse into the path away from
the toe of the beam Figure 14-10). These connectors alow post-yield deformation
where the members are jointed. The desired behaviour of the structure achieved
through merging the steel technology with the basic objective of seismic loading
limitations. The important principles for the adaptation of this connection type for the
seismic action is the rel ocating the causative actions by; Relocate the yielding element
to within the column where the confinement of the concrete protect it verse the lateral
support action, allow the strain in the toe region of the beam to be verified, and
transfer shear force by friction from steel to steel. In the design of the ductile
connectors, the capacity design principles are applied trough considering the strength
reduction factor and the overstrength factors within the design criteria’s.

In the design with DDC connection is carried out for the elastic model and the
modified stiffness model. Some of the design results are reported in Table 14-6.
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Figure 14-10: Hybrid post-tension and DDC connection

The nominal moment capacity of grope ductile, and the transfer load on the column
are designed according to equation (12.10), (12.11)

M, =Num-T -(d-d"), T,,= %, M, n _ _
(d-d’) Using equation (12.10),(12.11)
where T =f A, ardd'=2c

The nominal shear capacity required of the connectors, is calculated as follows:
Vo= Vgt Vp+Vp

With V=2 Ao ML,

and V4V, < 2 NumT,f
‘ Using equation (12.13)

The applied force on the ductile rod is unaffected by the level of preload. The
members should be logically verified for the uncertainties associated with each of the
considered transfer mechanisms. The factor ¢/ 4, should be used to the account for

the ultimate moment as in equation (12.18).

M, <M, % Using equation (12.18)

Summary of the steel area and the post-tension force on the connection rods at the
first floor and the roof is reported in Table 14-6.

Table 14-6: Design details with bolted assemblages connection (DDC)

Type: member Aps Tp Type: member Aps Ty
number* [mm?] [kN] number* [mm?] [kN]
1/25 2880 130 3/38 3200 130
3/31 2890 130 3/40,41 3850 150

Ars Ductile rod area of one set. T,. Bolt pretension

The average reinforcements ratio is a reasonable value of 0.0133 per set. The
pretension of the bolts ranges between 130 to 150 kN. Connections at the roof the
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may be built with emulated monolithic ssmple connection, while the shear and the
bending moments is not significant.

Design with post-tension assemblage

The Hybrid beam system consists of concentric post-tensioned cables anchored at
both ends of the frame The clamping force creates a friction force between the beams
and columns, which transfers the shear demands. Mild reinforcing steel - the straining
of which provides the necessary energy dissipation during a seismic event - is placed
at the top and bottom of the beam through the joint and is grouted in place. These bars
are also wrapped, rebounded in a region adjacent to the column to reduce inelastic
strain and to force al post-yield rotation to occur at the beam-column interface. By
limiting post-yield rotations to the joint, damage to the system is minimized. An
additional benefit of the Hybrid Beam system is the restoring force provided by the
elastic post tensioned. Flexure strength in the hybrid beam is provided by combination
of unbounded post tensioning strand and bonded mild stedl, if the strand stressed up to
Trps then the moment of Mpgs IS developed. Mild reinforcement grade 60, where
placed in the top and bottom of the beam in tube that where subsequently grouted
with high-strength grout (Figure 14-10). The design is carried out using equation
(13.13) through (13.17). The design carried out for the elastic model and the modified
stiffness model. Summary of the design isreported in

Table 14-7.

The nominal moment capacity M, the flexura moment provided by the mild stedl,
and the flexural strength are calculated as follows:

M,=M_+M M =T.-(d-d),

ns nsp?

T =T_-f Using equation (13.13) through, (13.16)

nsp nsp ! pse

The concrete compression depth and nominal moment are given in equation (13.15)

Tn _ h, a
¥ __ and Mnsp—TnSp-(?b-E

a= ———— Usin uation (13.15
0G5 b, ) g equation (13.15)

The shear, and the associated column shear force F., are calculated as follows:

M L . .
V., = - “and V.=F_ =V, -(h—b) Using equation (13.17)
b X
Table 14-7: Design detail with post tension assemblage connection.
Type: member Ang Ans Type: member Ang Ars
number [mm?] [mm?] number* [mm?] [mm?]
125 446 592 3/38 335 802
1/26 337 447 3/ 40,41 194 802

Ang; Areaof post-tension steel., A, The nominal steel area
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Comparison

The construction with hybrid or simplified connections is possible. In the design
information, knowledge covers the analysis and the function of the connection partsis
required. In the design information, knowledge concerns the analysis and the function
of the connection partsis required. The use of different connection types in a building
enables to control the specific needed characters in a connection, and the
characteristics of one connection type may be used in to fulfil a specific design
requirement. The usage of the ductile rods in the hybrid connection may be reduced or
eliminated if there is no need for high bending moment resistance or energy
dissipation in the upper floors. In jointed connections system reinforcement strain is
often verified by unbounded specific length of the reinforcement at the location that
accommodate seismic action. In the comparison between the different connection
concepts as the strength, availability and realization are used as follows:

The strength: The required strength in the connection is decided by the seismic
performance of the structure system that required specific demand strength in the
connection as shear, moment and ductility.

Availability and realization: The possible different solutions depend on the
availability of the required materials and its adaptation within the connection
specifications and details. The realization method may be considered on the building
structural level. For simple building the emulated monolithic connections is the
available solution, while in complicated system where the prefabrication is the
absolute dominate aspect where the posttension used in the beams, then the
construction with posttension assemblage is the available system.

The connection provides the building structure with different function reported in
Table 14-9. Some of these required clarifying such as:

The building integrity: The connection design required high attention to assure the
integrity of the connected elements, column, beams, and floor. The transfer of the
force: the dead, live, and the seismic load. Enable the reversal action: The acting
seismic force in should be studies in its effect in one direction and the reversal one.
Where in places where the actions and the reversal actions are identical it is preferred
using ductile DDC and post tension assemblage while it provides this requirement.
Summary of the different connection functioning is reported in Table 14-9.

Seismic performance of the connections requires in addition to the designing
according to the codes and the specification of the used materia requires engineering
judgment. Important connection seismic performance requirements to which the
designer should take attention (

Table 14-10) are the followings:
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Conventional and capacity design of the concrete structures may be used in seismic
design in the different codes. The design with capacity design insures the strength
required for the seismic actions and leads to the strengthening and weakening in the
adequate locations of the different structural elements, for that the redundancy and the
safety is assured within economical solutions. The seismic design requires the
solution of the structural non-linear behaviour using non-linear programs, in the
effective stiffness model the linear solution is used as a tool approaching and ease the
non-linear solution. The capacity design method is applied in the design with elastic
model and in the design with non-linear model. Seismic problems to be solved covers
the conventional design and the structural behaviour in the post yield, using linear
program and considering the structure mechanism and the non-linear behaviour in the
post-yield or using non-linear analysis methods and programs. The modified stiffness
model used the linear program and the non-linear behaviour of the beam-ends and the
connections and provides explicit link to the non-linear analyses, and as a tool for the
design concept building. An overview of the design process with the conventional and
capacity design with elastic model and modified non-linear model is reported in Table
14-11.

Table 14-8: Comparison between different connection types.

Connectiontype | Availability Resistance Realization
Shear Moment Ductility
Emulated R/C ++++ +++ +++ ++ ++
Hybrid HFC + ++++ ++++ ++++ +++
DDC ++ +++ ++ ++++ ++++
Post tension ++ ++++ ++ +++ ++++

The comparison grades (+) for the different types are judged depending on the relative characteristic
difference in each item. The reinforcement in HFC is considerable less than that in R/C.
The coast of the construction with HFC is reduced in related its high material prices, where short

precast column strip beams are used.

Table 14-9: Function and performance of the different types of connection.

Connection type Function Connection type Function

R/IC (1) Integrity and continuity of the | Hybrid HFC (2) | Provides more ductility, high
building due to the use of the shear resistance. Yield
same material and regulations. locations are relocated from
Possible mixing with (3) and (4), the column face. Possible
by adding extra posttension rods mixing with (1), by using the
or ductile members to increase R/C in the locations where no
the shear resistance and its high shear resistance or
ductility. Yield locations are ductility is required.
relocated from the column face.

DDC (3) Ductile members provide high | Posttension (4) | Add pretension force on the

ductility in the column faces.
Extra moment, transfer the
acting force inside the column,
enables reversal action. Shear
resistance due friction caused by
the pretension of the ductile
members

column increasing the shear
resistance due to the friction.
Dissipation of the energy is
provided by the addition of the
ductile rods, which provides
flexural moment also.
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Table 14-10: Seismic performance requirement

Factors Emulated HFC DDC Post-tension
monolithic
Yield Beam ++ +++ ++++ +H+++
Location | Location (1) 0.5d 0.5d D )
_ Cracked Cracked Yieldinthe Yieldinthe
Location (2) beam beam connection | connection
++++ +++++ ++ ++
Insert parts Insert parts Ductile Ductilerods
Ductile members pretension members,
++ ++ members
++++
+++++ +++ ++ ++
Bars dip control ¢, Detail, ¢, Detail, Detail Detail
embedment embedment
length length
++++ ++ ++ ++
Shear resistance. Shear Shear Friction by Friction by
reinforcement | reinforcement pretension posttension
members tendons.
Diagonal Diagonal
Core reinforcement Diagonal Diagonal shear. Stresses shear.
shear shear on the beam Stressesin
column face | the core faces
against inside | against local
ductile posttension
members tendons
action action.
Yield location: Column, column beam (1), beam (2). The columns are important element
for control and especially in the design with the post tension assemblage.
D
e
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Table 14-11: Procedures in conventional and capacity design

Procedure

Conventional design

Capacity design

Elastic model

Modified non-linear model

Preliminary design of the
structure.

Derivation of the sectional
forces using a structural
model and appropriate:
-Gravity loads.
-Earthquake forces.

Design of the structural
components
-Dimensions.
-Verifications.
-Detailing.

Preliminary design of the structure
Derivation of the structural forces
using structural model and
appropriate:

-Gravity loads

-Earthquake forces

Design of the structure components
-Choose a suitable mechanism
-Determine critical sections after
inelastic redistribution
-Proportion and detail plastic hinge
regions

Proportion and detail parts of the
structure intend to remain elastic
considering the overstrength of
plastic hinge region.

Preliminary design of the structure
Derivation of the structural forces
using structural model and
appropriate:

-Gravity loads

-Earthquake forces

Design of the structure components
-Choose a suitable mechanism
-Determine critical sections after
suitable inelastic redistribution
-Proportion and detail plastic hinge
regions.

Optimise the design of the
structure components

A: Emulated monolithic R/C and
HFC.

-Analyse with the modified
stiffness.

-Control the critical section after
inelastic redistribution considering
the connection properties.

-Control proportion and detail
plastic hinge regions.

Proportion and detail parts of the
structure intend to remain elastic
considering the overstrength factor
in the plastic hinge regions.

B: Ductile DDC and Hybrid
posttension assemblage HFC.
-Analyse with the modified
stiffness.

-Control the ductile connection
after inelastic redistribution
considering the connection
properties

-Control proportion and detail
plastic hinge regions

Proportion and detail parts of the
structure intend to remain elastic
considering the overstrength factor
in the plastic hinge regions.
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Conclusion

The design with the four connection types in the building, and the construction with
more than one connection type and ssimplified model of connections are possible. The
construction with emulated monolithic R/C connections is a conventional solution, it
required building with precast beam of column strip and middle strip units connected
in cast in place R/C with the middle beams, and that is applicable for the HFC. The
advantage of the HFC connection is that the shear resistance and the ductility in the
connection are assured under control during the manufacturing of the precast concrete
units. The coast of the construction with HFC is reduced in related its high material
price, where short precast column strip beams are used. The construction with DDC
and Post tension requires building with precast beam units connected in the columns
with posttension and ductile rods, which requires a specific technical organization and
specialist labours. The construction with DDC and Posttension assemblage can be
organized and resultsin high quality and rapid construction.

In the design information, knowledge concerns the analysis and the function of the
connection parts is required. The use of more than one connection type in a building
provides the application of specific needed character in a specific location. It requires
the determination of the needed stiffness, strength, ductility in the connections and the
application of the suitable connection type that provides the better solution. The
usage of the ductile rods in the hybrid connection may be reduced or eliminated when
there is no high resisting shear force needed. In the building, for the first second and
third floor construction with Dywidag or posttension assemblage is preferable where
high need for ductility, while the upper floors may be constructed with emulated
monolithic R/c or hybrid-fibre concrete. The required shear resistance can be obtained
in its place using the friction apply the compression force using the posttension
tendons and the ductile members with the posttension and DDC connection or
relocating the joint location using precast unit or cast in place unit that resist the
maximum shear at the column face and jointed with the interior beams in places
where shear is low shear as in the construction with type (1) and type (2). The
bending moment in the beam-ends is an important issue that influences the behaviour
of the connection and can be designed and verified using redistribution takes into the
account the postyield behaviour of the reinforced concrete. Construction with HFC
required the accurate design for the bending moment reinforcement to reduce the
exerted beams action on the columns, the core of the connection required to extra
reinforcement to assure its resistance against cracking, and yielding of the beams
away from the column face. The construction with HFC is efficient where the steel
fibres provide the confinement.

The bending moment, and the resistance moment in the beam-ends is
important factor that influences the behaviour of the connection. It can be performs
through the design with reasonable redistribution of the response considering the
postyield behaviour of the reinforced concrete, the variation of the stiffness and the
strength as a function of seismic, and the intervention of the designer to apply
stiffness and flexibility in location that |ead to improve the response.
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Appendix
Refer to Ruaumoko manual for the nonlinear modeling and analyses.

Test result on the hybrid fiber concrete in the following page
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