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AncTpakTr

Knyunu 36oposu: npedpabprKyBaHa apMmrMpaHOBETOHCKA KOHCTPYKLUMja, “cyBK” BPCKU rpepa —
CcTOoN6 OTNOPHM HAa MOMEHTHU, aHKepu, 4,0BEpPAUBOCT.

HeogamHa cnyyeHuTe 3emjoTpecy NoKaxkaa AeKa HajciabaTta TouKa Kaj nocTojHuTe npedabpuKyBaHu
KOHCTPYKLIMM Ce BPCKUTE U AeKa HajroNeMmoT MPOLEHT Ha OWTeTyBaktba KOW Ce jaByBaaT Kaj oBue
CUCTEMM € AMPEKTHA Nocaeamua Ha olwTeTyBakbaTa Ha BpckuTe. MocebHO KOMNANKYBaHU Ce BPCKUTe
rpega-ctonb, co aKueHT Ha “cyBuTe” BPCKMTE, 3@ KOM BO MpaKcaTa MMa MHOTY Masiky npumepu 3a
COOABETHU peLLeHuja.

OBOj npobsiem e MAEHTUPUMKYBAH M BO PaMKUTE Ha AOKTOpPCKaTa AucepTauuja NpeasioxeHu ce
MHOBATUBHU MNPOEKTHU pelleHuja Ha “cyBn” npedabpuKyBaHU BPCKU rpena-ctond, oTnopHU Ha
MOMEHTM KOM, Of ejHa CTpaHa WMMaaT CTeneH Ha SO0BepPAMBOCT 6/IM30K A0 MOHOJIUTHUTE
apMMnpaHobEeTOHCKM BPCKK, a 04 Apyra CTpaHa, 04 KOHCTPYKTUBEH acneKT ce A0BO/IHO eAHOCTaBHN U
JIeCHM 33 NPMMEHA BO rPaeKHOTO UHKEHEPCTBO.

Bo ucTpaxyBatbaTa € MPUMEHET KOMOBWUHMPAH EeKCNepUMEHTANHO-aHANUTMYKKM  MnpucTan.
EKCnepumeHTasIHUTE UCTPaXKyBakba Ce peasnM3npaHn Ha LeceT MOLes U, 04, KoM OCYM Ce MHOBATUBHMU
peweHuja Ha “cyBa” npedabpuKyBaHa BpPCKa rpesa-ctond OTNopHa Ha MOMEHTW, M ABa ce
pedepeHTHN MOHONUTHU apMUPaAHOBETOHCKU mogdenn. MpeasoxeHn ce TPU reHepanHu Tuna Ha
NPOEKTHWN pelleHuja 32 OBME BPCKM KOW Ce peslaTMBHO eAHOCTaBHM 3a MPUMMeHa BO CeKojaHeBHaTa
WH}KeHepcKa npakca 1 Toa: (1) BpcKa BO Koja ce npeABUAEHN Camo aHKepu M OTBOPUTE Ce 3aeaHu
CO BMCOKOBpeAeH LEeMeHTeH maTepujan; (2)Bpcka Kaj Koja aHKepuTe M3/0XeHM Ha ToBap Ha
3aTerHyBakb€e ce 3ajakHaTW CO NoeAMHEeYHW YeIMYHM NI0YM 33 CNpeyYyBarbe Ha JIOM OZ, U3BJ/IeKyBakbe
Ha UCTUTE aHKepWu M Moc/ienoBaTe/IHO Ha BPCKUTE; (3) BPCKa Kaj KOja CUTE aHKepM ce 3ajakHaTu co
3aeHMYKa YeNnYHa NaoYa 3a 43 ce n3berHaTt cute MOXKHM MeXaHM3MM Ha JIOM Ha BPCKaTa.

MpeanoxeHUTe BPCKM Ce TeCcTMpaHM BO C/ydYau Ha: AOMWUHAHTHO CBUTKyBakbe (KoedUUMEeHT Ha
CBUTKYBakbe/CMONKHYBatbe = 1.5), UCT MHTEH3MTET Ha CBUTKYBatbe M CMOKHYBatbe (KoeduuMeHT Ha
CBUTKyBakbe/CMO/IKHYBae = 1.0) KaKo M AOMUHAHTHO CMOJIKHYBakbe (KoedULMEHT Ha CBUTKyBarbe/
CMO/KHyBakbe og 0.5), co uen Aa ce TecTMpa BPCKaTa CO PasAMYHU MOMKHM KOMBMHAUMM Ha
TOBaper-e M BO YC/IOBM KOra BPCKUTE Ce peannsnpaaT co BEPTUKANHO UM XOPU3OHTATHO MOCTAaBEHU
aHKepu. MogenuTe ce U3N0XKEHN Ha COOABETHO NPOEKTUPAH NOMY-UMKAMYEH NPOrpam Ha ToBapere
N AedUHNPAHN Ce HUBHUTE jaKOCTHU U AedOopMabuIHM KapaKTePUCTUKM.

JobureHnTe eKkcnepMmeHTanHU pe3ynTaTu NoKaxKyBaa Aeka: (1) BpcKaTa rpega — ctonb Koja bele
KOHCTPYMpPaHa Camo CO aHKepu MpeTpre KpT JIOM Nopasu JIOMOT Ha M3BJEKYBake Ha aHKepuTe BO
YC/I0BM Ha TOBap Ha 3aTerHysakbe; (2) BpcKaTa rpefa — cTonb 3ajakHaTa Co Ye/MYHM NI0UYM NMOKaXKa
OYKTUIIHO OfHecyBakbe CO 3HaAYyMTesIHO MoAobpyBarbe Ha KanauuTetoT 3a AedopmabuaHocT BO
O[HOC Ha BpCKaTa Koja belle KOHCTpyMpaHa camo co aHKepu. OBOj edeKT e ywTe nomspaseH Kaj
NPOEKTHUTE pelleHmja 3ajakHaTK Co eaHa 3aedHMYKa NaoYa; (3) NnpeanoXxeHuTe MHOBATUBHU BPCKU
MMaaT MHOTY MOro/ieMa jakoCT Ha CMOJIKHYBakbe 0, CWUJIMTE Ha CMOJIKHYBake KOW AejCcTBYBaaT Bp3
NCTUTE U NOC/TIeL0BATENIHO Ha TOA HUBHOTO OAHECYBAHE CE KapaKTepusnpa co CBUTKYBake Aypu U
BO YC/I0BM HA AOMWHAHTHO CMOJIKHYBatbe (KoedUUMEHT Ha 0BUTKYBarbe/cMOoKHyBakse = 0.5).
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Bo pamKu Ha aHaIUTUYKUTE UCTPAXKyBakba HAaNPaBEHO € HYMEPUYKO MUKPOMOLEINPatbe Ha BPCKUTE
co npumeHa Ha 3D KOHeYyHM efnemeHTU U codTBep NOCebHO pPasBMEH 33 MEXaHUYKM BPCKU W
cknonosu (Abagus/CEA V.14). OBoj codTtep e cenekTupaH buaejkn spckuTe Kaj npedabpurysaHu
GETOHCKM 3rpasm MOXKaT Aa Ce TPeTUpaaT, Co rosiema AO0BEP/IMBOCT KaKO MEXaHUYKM BPCKM Nopaaun
MPOLLECOT Ha MOHTUPAE Ha UCTUTE.

PesynTatmute 04, HYMEPUUKWUTE UCTPa)KyBakba MOKaXkaa AeKka AUcTpubyuujaTa Ha Hanperakata BO
BPCKUTE M BO HUBHMTE COCTAaBHW KOMMOHEHTU KOH3UCTEHTHO ja clegu LWemata Ha MyKHAaTUHWU U
AedbopmaLLmMm Kaj TeCTUpaHUTE NPUMEPOLM.

leHepanHo, AobueHuTe pesynTtati ce Aobpa OCHOBA 3a MPUMEHA Ha NPeaNOKEHUTE MHOBATUBHU
“cyBn” BpPCKM rpega-ctonb, oTNOpHM Ha MOMEHTH, Kaj NpedabpuKyBaHUTE KOHCTPYKLMMK, CO LITO Ha
nuctuTe Mm ce obesbeaysa norosiema PobYCTHOCT M ce 3rosiemMyBa HMBHATa KOMMETUTUBHOCT BO
cnopegba CoO MOHOAUTHUTE apMUPaHOBETOHCKM KOHCTpyKumu. Tpeba pa ce HanomeHe fJeka
PeanusnpaHNoT eKCrepuMeHTaneH NPorpam HaMeTHyBa OApeAeHU OrpaHuuyBarbaTa BP3aHWU CO
MOLWKMPOKA NPUMEHA Ha MpessIoKeHUTe peLleHnja U BO TOj KOHTEKCT BO AuMcepTalujaTa ce gageHu
HaCOKM 32 MOHATaMOXKHW UCTPaXKyBakba.
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ABSTRACT

Keywords: precast reinforced concrete structures, moment-resistant “dry” beam-column
connections, dowels, reliability.

Recent earthquakes have shown that the weakest points of existing precast structures are the
connections and that the greatest percentage of damage to these systems is a direct consequence of
damage to the connections. Beam-column connections, particularly “dry” connections, are
considerably complicated. Very few examples of appropriate solutions of these connections are
found in practice.

This problem has been identified and innovative design solutions for moment-resistant “dry” precast
beam-column connections have been proposed within the frames of the doctoral dissertation. On
one hand, these connections are reliable to the extent close to monolith RC connections, while on
the other hand, from structural aspect, they are sufficiently simple and easy for application in
structural engineering.

A combined experimental-analytical approach has been used in the investigations performed within
the doctoral study. The experimental investigations have been realized on ten models out of which
eight represent innovative solutions for precast moment-resistant “dry” beam-column connection
and two represent referent monolith RC models. There have been proposed three general types of
design solutions for these precast connections that are relatively simple for application in everyday
engineering practice: (1) a connection with dowels only and openings grouted with high strength
cement material; (2) a connection in which the dowels exposed to tensile loads are strengthened by
individual steel plates to prevent pullout failure of these dowels and consequently of the
connections; (3) a connection in which all dowels are strengthened by a common steel plate to
avoid all possible failure mechanisms of the connection.

The proposed connections have been tested in the case of: dominant flexure (flexure/shear ratio =
1.5), flexure and shear of the same intensity (flexure/shear ratio = 1.0) as well as dominant shear
(flexure/shear ratio of 0.5) for the purpose of testing the connection under different possible load
combinations and in conditions of connections realized by vertically or horizontally placed dowels.
The models have been subjected to appropriately designed hal-cyclic programme of loading and
their strength and deformability characteristics have been defined.

The obtained experimental results have shown that: (1) the beam-column connection constructed of
dowels only has suffered brittle failure due to the pullout failure of the dowels under tensile load; (2)
the beam-column connection strengthened by steel plates has exhibited a ductile behavior with
considerable improvement of the deformability capacity in respect to that of the connection
constructed of dowels only. This effect has even been more pronounced in the design solutions
strengthened by a common plate; (3) the proposed innovative connections have exhibited a shear
strength greater than the shear forces acting upon them and consequently, their behaviour has
been characterized by flexure even in conditions of dominant shear (flexure/shear ratio =0.5).

Numerical micro-modeling of the connections has been made within the analytical investigations by
application of 3D finite elements and a software specially developed for mechanical connections and
assemblages (Abagus/CEA V.14). This software has been selected since the connections in precast
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concrete buildings can be reliably treated as mechanical connections due to the process of their
assemblage.

The results from the numerical investigations have shown that the distribution of stresses in the
connections and in their constituent components has consistently followed the scheme of cracks and
deformations of the tested specimens.

Generally, the obtained results represent a good basis for application of the proposed innovative
moment-resistant “dry” beam-column connections in precast structures by which they are provided
a greater robustness and a greater competitiveness compared with the monolith reinforced
concrete structures. It should be noticed that the realized experimental programme imposes certain
limitations associated with the wider application of the proposed solutions and, within that context,
directions for further investigations are also given in the dissertation.
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CHAPTER 1 - Introduction

1.1 Introduction

In the construction industry, precast buildings have started to be used since the middle of the last
century. They won a high reputation among investors and contractors due to the simplicity and speed
of construction. Another high advantage of precast structures is the high quality control during the
production of the construction elements and good control during the construction process.

In the beginning of application, precast structures were used mainly for industrial buildings and other
types of buildings with long spans.

Nowadays, due to their advantages, precast structures are mass applied in: infrastructures, e.g.,
bridges, tunnels, culverts, administrative and office buildings, hotels, schools and universities, sport
and recreational centers, typical residential buildings, parking garages, warehouses, retail buildings,
agricultural facilities such as barns, etc.

Due to their advantages, precast structures tend to be increasingly used and replace the cast-in-situ
structures. The advantages of precast structures are:

- with the increase of the cost of workmanship, the reduction of construction has a direct impact on
the final cost of the structure;

- with the increase of the worldwide concern for environmental issues, the simplicity of demolition
of precast buildings makes this type of construction more desirable;

- whenever there is a limitation of construction time, for different kinds of reasons, precast
buildings are one of the favorable structural systems.

The biggest constraint in the wide application of precast structures is the limited knowledge on the
behavior of the connections of precast structures. Recent earthquakes have proved that the weakest
point of the already constructed precast structures are the connections and most of the damages that
have occurred in precast structures have been directly related to their connections.

Precast reinforced concrete structures, like monolithic structures, are of various structural systems:

- Frame structural systems,
- Shear wall structural systems,
- Combined, or dual structural systems

The connections of precast structures are unique regarding each structural system. Realization, design
and construction of connections depend directly on the type of elements that are being connected, the
position of the connection (outer connection or inner connection), the elevation of the building in
regard to the number of floors, etc.

Considering that the subject of this research has been the performances of the connections in precast
industrial buildings, the focus herein has been placed on critical connections of industrial buildings.

Industrial buildings are mostly constructed as a large span frame. In a typical frame, there are two
connections:
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- Column to foundation, and
- Beamto column.

Column to foundation connections are quite simple connections to be realized and constructed
whereas beam-to-column connections are considered to be more complicated. This has also been
proved by observation of damages from earthquakes where the beam-to-column connection has been
the weak link of the structure and most of the damages have occurred directly to the beam-to-column
connection. From the structural point of view, beam-to-column precast connections are two primary
types, pinned connections and moment resisting (fixed) connections.

a) Beam-to-column pinned connections

In almost all cases in practice, beam-to-column connections are realized with one dowel in the middle
of the connection, which is a dry connection. This connection is structurally considered as pinned
connection. Dry connections are more feasible for the construction process.

Pinned dry beam-to-column connections have been applied for more than half a century and the
procedure for design, strength calculation, and construction has already been developed and studied
to the point that it has become a regular applicable procedure.

Even though there have been studies on beam-to-column pinned connections and there are formulas
for calculating the strength of such a connection, and there has been a general belief among engineers
that behavior of beam-to-column pinned connections is understood and successfully controlled, recent
earthquakes have proved that beam-to-column pinned connections are the weakest link in precast
structures.

The most recent thorough research on behavior of beam-to-column pinned connections was
performed by the University of Ljubljana (UL), under SAFECAST Project [Ref.: 027] and enabled
acquiring of a good and deep knowledge on the capacity of beam-to-column pinned connections and
their behavior.

The accuracy of the expressions that are existing today for calculation of the capacity of beam-to-
column pinned connections has been the subject of many researches including the UL SAFECAST
research program. However, they have not been the subject of this research. This research has dealt
with verification of whether beam-to-column connections implemented with centrically located dowels
can be considered as pinned connections from structural modeling aspect.

Understanding this element is very important for structural analysis and design of a structure since
member forces on the structure have a direct impact on the behavior of a connection.

In addition, this research will analyze and confirm whether the beam-to-column pinned connections
are, in fact, structural pinned connections. For analyzing this, the results from the UL SAFECAST
program have been made available by the University of Ljubljana [Ref.: 027].
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b) Beam-to-column moment resisting (structurally fixed) connections

Moment resisting beam-to-column connections of precast structures have not been used much. In fact,
up to the best knowledge of the author of this research, based on the researches in previous studies,
there are no moment resisting connections performed as dry connections in industrial buildings. This is
due to lack of guidelines on the procedures of design, strength verification and calculation and lack of
unified realized procedures. This is a big gap in structural engineering in general and especially in the
field of precast structures.

The biggest challenge in moment resisting connections is that there is not one way to realize such a
connection, whereas in pinned connections, there is one way, which is considered standard.

In the recent decade there has been an ongoing tendency of various researches to develop moment
resisting beam-to-column connection (see, the following references: [Ref.: 009], [Ref.: 032], [Ref.: 037],
[Ref.: 023], [Ref.: 033]) knowing the high advantage that moment resisting connections have for
seismic resistance of structures. When compared to pinned connections, where a pinned connection is
simply realized by putting a dowel through a sleeve and filling the sleeve with grout and there is no
other way, in the case of the moment resisting connections, this is the only way that a moment
resisting connection cannot be realized.

Since there is no standard way for realizing moment resisting connections, each connection is
innovative. This element of unspecified realization method is a big problem and it is the main
constraint in developing a generalized method for realization of a moment resisting connection,
including a calculation method and a construction methodology.

Until general and unified method for realization of moment resisting connections is achieved, it would
not be possible to have a standardized and codified method for design and construction of such a
connection. For this very reason, today, there are no standards for developing moment resisting beam-
to-column connections. Such design and construction of such connection is not in any construction
codes and this is the main obstacle in application of moment resisting connections in the engineering
field.

Since there are no guidelines for designing moment resisting beam-to-column connections, especially
dry connections, in order to be confident about the fixity of a developed moment resisting beam-to-
column connection, an experimental program has to be performed for each developed connection.
Considering the financial implication of conducting an experimental program, the use of moment
resisting beam-to-column connections in engineering practice is even more difficult.

Another big obstacle for application of moment resisting beam-to-column connections are the
complications that exist in developing and constructing such a connection. Some of the developed and
experimentally tested moment resisting connections where this element is evident are presented in
Chapter 2.

Considering the above mentioned facts on moment resisting beam-to-column connections, especially
dry connections, the goal of this research has been to make a contribution to moment resisting
connections by developing innovative as well as simple, beam-to-column moment resisting
connections.
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Such a contribution has been focused on:

1. Developing a connection that behaves as a full moment resisting connection,
2. Definition of a procedure for designing and calculating the strength of such a connection, and
3. Making the connection simple and easy for practical application.

In addition, Chapter 5 displays a numerical/simulation model that exhibits the best behavior of a
connection and the elements constituting the connection.

1.2 Objective and Methodology of research

The main goal of the research within the doctoral dissertation has been to investigate performance
of dry precast beam-to-column connections, especially moment-resisting ones, by applying scientific
approach and using science tools. Practitioner engineers in the field of precast structures and the
construction industry in general, should benefit from the outcomes of this research.

The objectives of this research has been to fill the existing gap on:

a) Modeling procedure for design and analysis of precast structures when the beam-to-column
connection is realized with singe dowel centrically positioned.

b) Develop innovative dry precast beam-to-column moment resisting connections, simple for
construction but reliable, that could be easily by design engineers in everyday practice.

In order to achieve these goals complex research programme has been designed comprised of full
scale experimental testing of developed innovative precast dry moment resisting beam-to-column
connections and appropriate non-linear analyses using 3D finite elements.

a) Beam-to-column connections realized with singe dowel centrically positioned— numerical
modeling procedure

The connections realized with singe dowel centrically positioned are the most widely used type of
beam-to-column connections in industrial precast buildings. From the structural analysis and design
point of view these type of connections in general have been considered as hinge connections.

The purpose of this part of the numerical research has been to verify/confirm that the above
consideration could be used with reliability for general engineering practices.

In order to make this verification, the results of the experiments performed at UL under SAFECAST
Project [Ref.: 027] have been used for further analytical research. For this research, specimens with
centrically positioned dowels have been used since such a connection exhibits the same behavior in
both directions of force acting (push and pull), specifically in the elastic range.

The following methodology has been adopted for this analytical research:
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First step - Non-linear modeling of singe dowel precast connections has been performed where
respective numerical model parameters of the adopted hysteretic model have been properly calibrated
using the experimental results as a benchmark.

Second step - Non-linear dynamic analysis has been performed of experimentally tested beam-to-
column connection using calibrated non-linear hysteretic model were performed and bending
moments at the end column section (connection of the column with the foundation) were calculated.

Third step - Dynamic linear analysis of the beam-to-column connection using an elastic hinge were
carried out and again the bending moments at the columns base have been obtained.

Analyzing the results from both, non-linear dynamic analysis with non-linear model for the connection
and linear dynamic analysis with applying elastic hinge as a beam-to-column connection and
comparing time history of the calculates bending moments the following conclusion was drawn:

Beam-to-column connections implemented with a dowel positioned vertically and in the center of the
connection in regards to structural modeling are to be considered as pinned connections.

b) Beam-to-column moment resisting dry connections
i General behavior of a connection

The objective of this part of the research has been to develop a precast beam-to-column dry moment
resisting connection with properties (moment resistance and deformability capacity) similar to those of
a cast-in-situ moment resisting connection. In addition, the developed connections should be simple
enough for construction in order to be considered for practical application in precast industrial
buildings.

The presented research has been based on a full scale experimental program. The experiments have
been conducted on ten specimens (8 specimens with innovative precast beam-column connections and
2 reference specimens) in quasi-static (half-cycle) loading conditions.

Initially, the simplest connection, a connection realized by dowels only, has been experimentally
tested. Based on the outcome of the experiments, the anticipated failure modes of such connection
are confirmed, and the appropriate methods for improvement of the behavior of the connections are
adopted for further testing. The suggested mode of improving performance of a connection were:

- Confining dowels loaded in tension due to flexure by small (individual) steel plates. The
confinement has been implemented from the top of the dowel. These plates have been intended
for prevention of failure of the dowel in pullout, as one of the main failure mechanisms of the
initial connection;

- Confining all four dowels of the connection by a one large plate. This behavior improvement
method should prevent any possible failure mechanism of a connection.

For comparison purposes, as an indicator for determining whether the proposed connections are to be
considered as cast-it-situ connections, referent cast-in-situ specimens have been constructed. These
cast-in-situ referent specimens have been constructed to have the same flexural strength as the
connecting section of the precast beam-to-column connection.
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ii. Behavior of connection under different member force intensities

Since in a real situation in engineering practice, a precast connection could be subject to different
loading conditions the critical section within the element could be subject to different intensities of
bending moments and shear forces as the result of the influence of many external factors. In such a
case, predominant flexural forces, predominant shear forces or equally predominant flexure and shear
may occur at the critical section.

For this reason, the experimental program has been designed to test the proposed beam-to-column
connection under various loading conditions. The connection has been tested in the case of
predominant flexure (Flexure/Shear=1.5), predominant shear (Flexure/Shear=0.5) and the possible
case of equally predominant flexure and shear (Flexure/Shear=1.0).

The tests on the connections under the above conditions enabled an insight into the behavior of a
connection under different loading situations in real practice.

iii. Behavior of connection under different construction orientation

Further, in real practical situations, a connection could be realized with vertically positioned dowels
(V.D.) and horizontally positioned dowels (H.D.). These connections vary from each other from two
aspects:

- The flexure/shear ratio could vary due to various intensities of all load actions (gravity vs. lateral)
- The construction methodology for realization of these two types of connection is different.

The first varying aspect between V.D. and H.D. has been clarified through the tests performed under
different intensities of member forces (as explained in item ii above)

The second varying aspect, the construction methodology, both type of connections i.e. with VD and
HD dowels are tested simulating in such a way different design solutions in real engineering practice.

Considering the complexity of realization of beam-to-column moment resisting dry connections and
the high impact that the precision of construction could have on their performance, such experimental
testing could provide valuable information.

c¢) Numerical modeling of beam-to-column moment resisting dry connections

The objective of this part of the research has been to define a numerical modeling procedure that will
simulate in a proper way behavior of the connection, including the elements composing the
connection. The defined numerical modeling procedure is intended to be use, with acceptable
reliability, in research programs or in engineering practice.

Since  moment resisting beam-to-column connection is a connection assembled of several
elements/components, such a connection could easily be considered as a “mechanical connection”.
For this reason, it is also important to define a numerical modeling procedure by considering the
connection as a “complex mechanical connection”.

The suitable procedure for reflecting the behavior of a precast connection as a whole and the
connecting elements individually is to define a modeling procedure that will enable, as an outcome,
stress distribution within the connection and the connecting elements.
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The ability to follow the stress distribution within the elements (beam, column, dowel, steel plates etc.)
as a part of a connection could provide a very good indication of the possible behavior of each specific
moment resisting beam-to-column connection by observing the behavior (stress distribution) of each
element constituting that connection.

The appropriate modeling method for achieve such a goal is micro-modeling with 3D finite element.
Such a modeling approach has recently begun to be widely used, especially in mechanical engineering
connections, since through micro-modeling, there is a possibility to follow stress and deformation,
including the failure mechanism of each element that constitutes the connection.

The tool/software used for performing the numerical model, micro model, has been Abaqus V14 [Ref.:
001].

1.3 Organization of dissertation

This doctoral dissertation consists of 6 Chapters.
Chapter 1 - Introduction
Chapter 2 - General Overview of Application of Precast Buildings in Seismic Regions

This chapter deals with application of precast structures in general, weak points of precast structures
identified by some recent earthquakes with emphasis on industrial buildings, overview on connections
of precast structures with focus on beam-to-column connections and some studies and recent
researches on precast connections with focus on beam-to-column moment resisting connections.

Chapter 3 - Numerical Modeling of Experiments Performed at UL under SAFECAST Project

The goal of this chapter is to determine the connection performed by a dowel, considered and applied
as a pinned connection and whether it is also a structural pinned connection. In order to verify this on
the targeted connections, a non-linear numerical modeling will be adopted and the adopted numerical
model with the respective calibrated parameters will be used to further verify whether this connection
can be considered structurally as a pinned connection. The methodology applied is further elaborated
in this chapter.

Chapter 4 - Design and Testing of Innovative Moment Resisting Beam to Column Dry Connection

This chapter shows the developed three general innovative moment resisting connections, designed
within the frames of this dissertation with the goal of behaving as a moment resisting connection. The
proposed connections were experimentally tested. This chapter further contains explanations as to the
details of the proposed connections, the adopted construction methodology, the testing methodology
and procedure as well as the results from the experimental testing of the proposed connections.

Chapter 5 - Numerical Modeling of Moment Resisting Beam to Column Dry Connections

The numerical model adopted and considered the most appropriate for defining the behavior of
moment resisting beam-to-column connections is presented in this Chapter. Herein, the justification
for the use of the micro-model and its benefits in regard to other possible macro-models is elaborated
to more details.
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Chapter 6 — Conclusion and Recommendations for Further Research

This chapter contains the main conclusions drawn from the research and the recommendations for
further research based on the results of these investigations.
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CHAPTER 2 - General Overview of Application of Precast Buildings in Seismic
Regions

2.1 Scope

The scope of this chapter involves an overview of the general application of precast building structures
in practice, the methodology for their construction with emphasis on connections, the existing
applicable procedures for design and realization of connections, and particularly, recent research
findings regarding moment resisting beam-to-column connections.

2.2 General overview of application of precast buildings

In the construction industry, precast buildings have started to be used since the middle of the last
century. They have gained a high reputation among investors and contractors due to their high
advantages in construction. The main advantages of application of precast structures are mostly due to
the simplicity and speed of construction, as well as, high quality control during production of
construction elements.

In the beginning of application, precast structures were used mainly for industrial buildings and other
types of buildings with long spans.

Nowadays, due to their advantages, precast structures are mass applied for: infrastructures, e.g.,
bridges, tunnels, culverts, etc; administrative and office buildings, hotels, schools and universities,
sport and recreational centers, typical residential buildings, parking garages, warehouses, retail
building, agricultural facilities such as barns, etc.

With the increase of the workmanship costs, precast buildings are increasingly becoming the chosen
type of construction as the most feasible ones. Also, with the increase of the worldwide concerns
about environmental issues, the simplicity of demolition of precast buildings makes this type of
construction more desirable.

Furthermore, in certain circumstances where there is a limitation of the construction time, for different
kinds or reasons, precast buildings are among the favorable structural systems, along with steel and
timber structures.

Fig. 2.1 shows photos of some precast buildings constructed worldwide.
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Fig.2.1. lllustration of application of precast structure buildings: a) Typical precast concrete structure building in
UK, b) Precast concrete high-rise building in USA, c) Brunnel University, Uxbridge, Middlesex — 1400 Students’
Room, d) Budenberg building in UK.

- Structural configuration/systems of precast building structures
Just as cast-in-situ structures, the precast building structures can be designed and constructed as:

Structural frame systems

Structural wall systems

Structural dual systems

Structural hybrid systems and structural systems with incorporation of steel elements mainly
on the floor systems (composite elements), etc.

©O O ©0 O

2.3 Connections in the precast building structures

Connections in the precast building structures serve as link elements for transferring loads from one
structural element to another and ultimately from the structure to the foundation/ground.
Connections have always been the most complicated part of precast structures and also the most
vulnerable elements especially in earthquake prone areas.

10
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A general division of precast connections can be done in regard to:

a) Structural aspect, and
b) Construction methodology

2.3.1 Structural type of precast connections

From structural aspect, in general, despite the type of elements that are connected (for example, slab
—to-beam, beam-to-column, column-to-foundation), there are two types of connections:

- Pinned connection,
- Fixed connection (moment resisting connection).

Application of the respective types of connections depends on the type and the location of the
building, whether the building is a single story or multi story building, single span of multi span
structure, high or low redundancy structure, etc.

2.3.1.1 Pinned connections

Pin connections are the mostly connections in construction of precast industrial buildings. Pinned
connections are generally being used in the following cases:

0 Connecting floor elements, whether slab-to-slab or slab-to-column;

0 In beam-to-column connections, mostly in single story and single span buildings, such as:
industrial buildings, warehouses, sport halls, or in other structure with a low redundancy
requirement;

0 Connection of precast cladding elements to structural elements, etc.

In recent period many researches, experimental and numerical, have been performed for the purpose
of understanding the behavior of pinned connections under dynamic loadings, [Ref.: 008], [Ref.: 011],
[Ref.: 015], [Ref.: 022], [Ref.: 024] and [Ref.: 036].

Understanding in depth behavior of pinned connections is key factor for developing successful moment
resisting connection since all the failure modes of pinned connections are present in moment resisting
connections.

2.3.1.2 Fixed connections

Fixed connection is general are being used as wet-connections. Fixed connections (moment resisting
connection) can be fully fixed or partially fixed connections. Fixed connections in precast building
structures are mostly used in:

- Column to foundation connection
- Beam-to-column connections in following structures:
0 Multi story structures,
O Multi span structures,
0 Seismic resistant structures especially in zones of high seismicity (they should be designed
with maximum structural redundancy which enables high energy absorbing capacity).

11
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The degree of redundancy of a structure is related to the type of connections that are used. A precast
structure with fully fixed connections will possess a maximum redundancy. This kind of a precast
structure can be considered as a monolithic structure (cast-in-situ structure).

In the opposite case, more pinned connections in precast structures lead to a lesser redundancy of the
structure. The major setback for the wide application of precast structures in earthquake prone areas is
the fact that most of the connections, especially beam-to-column connections are realized as pinned
connections.

Considering importance of redundancy on the seismic resistant structures, achieving moment resistant
beam-to-column connections has become a important research topic. In recent period many
experimental investigations have been performed for achieving moment resisting beam-to-column
connections, [Ref.: 004], [Ref.: 006], [Ref.: 010], [Ref.: 013], [Ref.: 014], [Ref.: 016], [Ref.: 017], [Ref.:
018], [Ref.: 019], [Ref.: 020], [Ref.: 030] and [Ref.: 039].

2.3.2 Connections in regard to construction methodology

In regard to construction methodology, connections are divided into:

- Wet connections
- Dry connections

2.3.2.1 Wet connections

Wet connections are type of connections where part of the connection is concreted on site after the
elements are fixed in place. Wet connections can be applied in all connections of all structural
elements.

- Column to foundation connection

Wet connections are used mostly for column-to-foundation connection when fixed (moment resisting)
connections are required. A common example is presented in fig 2.2.

Column

Grout

Dowel

Foundation - Pocket type

Fig 2.2. Typical fixed column - foundation connection
In this type of connection, (fig 2.2), a pocket type of foundation is constructed to allow for the column

to be positioned properly. The foundation can be precast and just placed on the ground or can be cast-
in-situ. Usually, there is a dowel that is also used for initial positioning of the column on the

12
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foundation. Finally, for providing respective fixed connection of the column with the foundation, the
space between these two elements is filled with cement gout.

This type of connection is mostly used for single story, single span structures, such as industrial
buildings, sport centers, barns, etc.

However, from structural point of view, there are no limitations for this type of connection to be used
in any type of RC structure.

- Beam to column wet connection

Wet connections are also broadly used in beam to column connections. Usually, for beam to column
connections, wet connections are used when fixed connections (moment resisting) are required.

In most cases, this connection is applied in multi-story and multi span building structures (fig 2.3.3,b, ¢
and d).

a) b)

Prefabricated column

Holes for grouting Dowels

Cast-in-situ concrete

Prefabricated beam Prefabricated beat
=

[
I === === - 5 Im=======
|

X Beam reinforcement
Temporarily supports,

Prefabricated column

Fig 2.3. Examples of beam-to-column fixed (moment resisting) connection realized as wet connections

The beam-to-column connection presented in fig. 2.3 is the most common connection used in precast
multi story and multi span structures, but it is also used in single story structures when moment

13
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resisting connections are required/provided. The main reason for the common application of this
connection is the fact that it is the easiest way to achieve a moment resisting connection.

This connection has certain requirements that need to be fulfilled. The most important one is that the
width of a connection that needs to be cast-in-situ should be determined by the required length of lap
splices, in order for elements to be properly anchored to the joint. For this connection, limited
formworks are required. If the connection is in the 3D joint and if the length of the lap splices equals
the length of the connection, then no formworks are required.

The negative side of this type of connection is that it is significantly difficult to place stirrups in the
joint, which is a requirement for seismic resisting structures. If insertion of stirrups into the joint is
impossible to realize, then the connection should not be used in seismically resistant structures. Wet
connections (semi-wet connections) are also used in cases where only some cast-in-situ concreting is
required for achieving a moment resisting connection. An example of this kind of connection is
presented in fig. 2.4.

a) b)

Beam reinforcement

Cast-in-situ
Prefabricated beam

Y Y D s

Prefabricated column

A

-
~

~

Fig 2.4. Typical example of partially cast-in-situ beam-to-column fixed (moment resisting) connection.

This connection (fig. 2.4. a,b) is mostly used in multi-story structures, but it can also be used in single
story structures with moment resisting connections. Columns in this connection are completely
precast. Columns are constructed with the corbel where the beam will be placed. The corbel should be
designed to sustain the shear forces from the gravity loads.

The beam is generally precast, except in the upper zone which is left to be cast-in-situ. After the beam
is positioned, the reinforcement in the upper zone is anchored to the column and then, that part of the
beam is cast in situ. This ensures continuity of the beam and fixity of the connection. In this type of
connection, some formworks are required, as well.

14
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2.3.2.2 Dry Connections

Dry connections are connections achieved by using only dowels, where no additional concreting is
required.

Dry connections in precast structures can be used to connect all elements of the structure, such as:

- Beam-to-column,

- Column-to-foundation,

- Slab-to-beam,

- Claddings-to-structure, etc.

Due to the purpose of this research only, only beam-to-column connections are discussed herein.

Dry connections are mostly used in single story structures for beam-to-column connections. Due to the
difficulty in the realization of fixed connections, most of the connections performed with dowels are
pinned connections.

Dry connections are used generally in structures that are configured with plane (uniaxial) frames,
respectively in structures where gravity loads paths are directed in one direction. These structures are
used mostly in industrial buildings, sport centers, etc.

A typical dry connection is presented in fig. 2.5.

a) b)
Grouted sleeve Grouted sleeve

Prefabricated beam ‘ Rrefabricated beam Prefabricated bearp

| | |

| | ] |

Dowel

I I Dowel ‘

| | |

? | | |
i f i

| | |

I I I

Prefabricated column Prefabricated column

Fig 2.5. Example of beam-to-column dry connection, a) outer connection, b) inner connection

Fig. 2.5 shows the most common pinned connections used in construction. Both elements, column and
beam, are precast. The connecting element is the dowel, where usually a simple reinforced bar of a
large diameter is used. The dowel is usually placed in the column and is concreted inside the column,
but can also be left to be inserted after the column is concreted. On the construction site, then the
beam is positioned by being centered on the dowel. For easy operation, the sleeve is left on the beam
for the dowel to be inserted. The sleeve is left wider and then once the elements are in place, the
sleeve is filled with cement grout. Sometimes, the sleeve is formed by inserting a steel tube which is
left inside the beam.

15



Doctoral Dissertation: Performance of innovative beam-to-column connections in precast

industrial buildings

Between the column and the beam, a rubber element with sufficient thickness of 10mm is usually

placed. This element helps for easy installation, but also prevents edges of column to be crushed
during an earthquake, which normally happens if there is no rubber plate.

In most of the cases, the dowel is centered in the middle of the column (centric connection), however,

there are cases where the dowel is inserted eccentrically, (fig 2.6). The position of a dowel can be on
both sides of the column center.

a) b)
Grouted sleeve Grouted sleeve

Prefabricated beam Prefabricated beam

Dowel Dowel

| |

Prefabricated column Prefabricated column

Fig 2.6. Example of beam-to-column dry connection with eccentric position of dowel

Due to the eccentric position of the dowel and depending on the rotation forces acting on the joint,
this type of connection, fig. 2.6, can provide a certain degree of fixity. It is very important to be aware
of the fact that eccentric connection is not always a pinned connection. In situations when this

connection provides a certain degree of fixity, this should be taken into account during the design of
the structure and the structural elements.

Fig 2.7. Example of beam-to-column dry connection with possible degree of fixity

For example, for the gravity loads, the dowel located on the left side of the column face (fig.2.6.a)) will
also provide some degree of fixity since it will prevent, to a certain extent, the rotation of the beam
caused by vertical deflections, fig, 2.7. Depending on the intensity of loads and the diameter of the
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dowel (and also other aspects such as length of anchorage, concrete strength, etc.), the degree of fixity
of this dowel can vary. In this case, the design engineer should account for the bending moments on
the upper side of the beam and provide adequate longitudinal reinforcement on this side. Otherwise, if
the elements are designed considering this connection to be a purely pinned connection, in that case,
there will be a risk for the beam to crack on the upper side near the connection due to the existence of
bending moments and lack of proper longitudinal reinforcement.

One dowel is usually used for a pin connection, especially in a single story structure. However,
depending on the safety factor desired for earthquake resistance, or depending on the seismicity zone,
etc., more dowels can be used, (fig.2.8).

Prefabricated beam ‘ Prefabricated beam

I
Dowel ‘ Dowel
I
|
I
|
I
I
Prefabricated column Prefabricated column
| Prefabricated column

Fig 2.8. Example of beam-to-column dry connection with two dowels

This connection with two dowels is considered as pinned connection in the plane of the frame, but in
the orthogonal direction, it can be considered as a fixed connection, similarly to the case presented in
fig. 2.6.a).

2.4 General behavior of precast building structures with dry connections— weak points

During earthquakes, like any other structures, precast structures have also experienced significant
damages and collapse.

The connections, mainly dry connections, have also been the major cause of total collapse of precast
structures.

2.4.1 Typical damages to single story structures under various earthquakes

Single story structures account for the vast majority of damages to precast structures that have
occurred during earthquakes. This happened because most of the connections, especially beam-to-
column connections, were pinned connections, in which case the structures did not have enough
redundancy.
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The probability of single story structures with pinned connections to experience significant damages or
collapse is much higher. A possible location that can experience failure is the beam-to-column
connection. A numerous of investigations have been conducted on damages on industrial buildings
during the earthquake, [Ref.: 021], [Ref.: 005], [Ref.: 007]

The subsequent fig.2.9, fig.2.10, fig.2.11, fig. 2.12 and fig. 2.13 show failures of connections in precast
industrial buildings.

Fig. 2.9. Collapsed industrial building near Adapazari — Turkey. Failure occurred at the connection, mostly at
beam-to-column connections.

Fig. 2.10 Collapse of a precast building due to the Kocaeli earthquake, where damages at the beam-to-column
connections are visible.
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Fig. 2.11 Collapse of beam-to-column connections of precast building due to the Kocaeli earthquake, structural
pinned connections.

Fig. 2.12 Collapse of a precast building due to the Emilia-Romagna earthquake, mainly due to failure of beam-to-
column connections.
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Fig. 2.13 Collapse of a precast building due to various earthquake, mainly due to failure of beam-to-column
connections

2.4.2 Weakness of single story precast structure with pinned beam-to-column
connections

Compared to cast-in-situ structures, precast structures are more vulnerable structures and, in
principle, have a lower seismic resistance capacity and less energy absorption capacity.

In the case of standard cast-in-situ frames with high redundancy, there is a possibility for multiple
plastic hinges in the structure, whereas the structure still remain mechanically stable. In such situation,
the structure has the capacity to absorb more energy transferred by the earthquake excitations. Fig.
2.14 shows a single story single span structure. Although there are possibilities for occurrence of two
plastic hinges in this structure, it will still remain functional after an earthquake (if the structure is
properly designed and constructed). The locations where plastic hinges can be formed depend on the
flexural strength of the elements. In the case when the flexural strength of the column is higher than
that of the beam (strong column - week beam design philosophy), the plastic hinges will be formed in
the beam, (fig.2.14.a). On the contrary, if the flexural strength of the column is less than that of the
beam, the plastic hinge will be formed in the column, more likely, near the connection with the beam,
(fig. 2.14.b). In both cases, the structure remains stable.
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a) b)

Possible plastic hinge Possible plastic hinge
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“"Possible plastic hinge Possible plastic hinge

Fig.2.14. Possible location of plastic hinges formation in the structure with fixed connections

In precast structures, the static scheme of a frame, which is generally adopted and realized is
presented in fig. 2.15.

Pin (hinge) connection Pin (hinge) connection

Fig.2.15. Static scheme of a typical singe story precast frame

Since all the structures, following the design codes, are designed to possess energy absorption capacity
in the non-linear range of behavior (unless a structure is designed to exhibit elastic behavior under an
earthquake and to absorb energy in the elastic state) and if a connection is designed to have a higher
bearing capacity than the other elements of the structure, plastic hinges will be created in the
structure, inevitably.

In the situation where the beam to column connection is adopted as a purely hinged connection, fig.
2.5, then plastic hinges will be formed at the column base, as presented in fig. 2.16. In such a scenario,
the structure becomes mechanically instable, in which case, the horizontal displacements are
continuously increased until collapse of the structure, fig.2.17.

Pin (hinge) connection Pin (hinge) connection
F _
Possible plastic hinge Possible plastic hinge

Fig. 2.16 Possible location where plastic hinge could be created on the column base
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Fig. 2.17 Potential failure mechanism due to increase of displacement of a mechanically instable frame should
plastic hinge is created as in fig. 2.16

Unless the structure is designed to behave fully elastically, precast structures of singe story frames with
pinned beam-to-column connections are not suitable for earthquake areas and are characterized by a
very high probability of failure. Even if the connection is designed strong enough to sustain
earthquakes, the lack of redundancy of the structure will make the structure to collapse, as illustrated
above.

For this reason, due to high risk of collapse under an earthquake, this type of a structure should be
avoided in seismically prone areas.

In addition to the risk for human lives, an additional reason for not constructing this kind of structures
is the very low possibility for the continuation of serviceability of such structures after an earthquake
that represents a big financial loss to the industry and an overall loss.

Considering the high advantages of precast structures, in order to be able to apply these structures in
seismically prone areas, the solution is to make them with a high redundancy. The only way to make
these structures with a high redundancy is to apply moment resisting beam-to-column connections in
addition to the moment resisting column to foundation connections.

The above said has been the main motivation for the research within this dissertation, with the main
goal of designing reliable moment resisting beam-to-column connections.

2.4.3 Failure mechanism of dry beam-to-column connections

Understanding of possible failure mechanisms of beam-to-column dry connection is a key factor for
developing/designing successful moment resisting connection.
The most common types of failure of dry beam-to-column connections are:

- Failure of dowel/s
- Failure of concrete in the connection
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2.4.3.1 Failure of the dowel/s

The most vulnerable element of the beam-to-column dry connection is the dowel. It has been proved,
by observing damages from previous earthquakes, as well as experimentally, that the main cause of
failure of such a connection is actually failure of the dowel.

The main failure mechanisms of the dowel in pinned connections are:

- Dowel failure in shear
- Dowel failure in flexure due to shear

a) Failure of dowel in shear

In the situations where the strength of a dowel is less than the crushing concrete strength where the
dowel is anchored, the dowel will fail in pure shear.

b) Dowel failure in flexure due to shear

For the other situations where the dowel strength is high enough to sustain loads while the concrete
around dowel crushes, the dowel will fail in flexure due to shear.

2.4.3.2 Failure of concrete in the connection

The other type of failure of connections in precast structures is due to the failure of concrete in the
connection.

Failure of concrete can occur at the following places and in the following situations:

- Crushing of concrete around the dowel
- Splitting failure
- Pullout failure

a) Crushing of concrete around the dowel

Crushing of concrete around the dowel is a very common situation in the precast connections, loaded
in shear. This type of failure of concrete mostly occurs in beam-to-column dry connections.

In most cases, this happens when:

- the sleeve is grouted with cement grout of a lower strength than that of the concrete of the
element (fig. 2.5a),

- when the concrete precast element is thin, which is usually when the beam has a T section (fig.
2.18),

- inrectangular type of a beam of relatively proper dimensions, but with no proper confinement.
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Prefabricated column

2.18Precast dry beam-to-column connection with T beam section

Even though the crushing of the concrete around the dowel as isolated fact may not cause great

damage to the structure as a whole, it can lead to other situations which can jeopardize the integrity of

the connection and the stability of the structure, such as:

The crushing of the concrete around the dowel will create a gap between the dowel and the
concrete element which can allow for larger displacement of the structure.

This gap can create pounding forces from the concrete elements to the dowel which can lead to
failure of the dowel and of the connection.

Crushing of the concrete can happen almost always in situations when the dowel is placed eccentrically

in the element (fig. 2.6 presents the eccentric position of a dowel).

This could happen because:

The distribution diagram of the stresses from the dowel loaded in shear to the concrete element
as presented in fig. 2.19, is significantly higher in the upper side of the contact face with the
concrete and much higher than the compression strength of the concrete. Under these stresses,
the concrete always crushes in that part, which in fact, allows for hinge to be created in the dowel.
This mechanism (crushing of the concrete on the edge of the dowel) is the cause of the failure
mechanism of the dowel referred to as shear-flexure mechanism, which decreases the connection
shear bearing strength under lateral forces. This crushing of the concrete can become disfavor in
the situation when the dowel is located eccentrically and very close to the edge of the element.
Even in the cases when the dowel is located eccentrically, not so close to the edge of the element,
concrete crushing can still happen due to three-axial compression stresses. The three-axial
compression and the distribution of the stresses are presented in fig. 2.20.
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Fig. 2.19 Stress distributions in the concrete element from the dowel (a), concrete crushing with hinge creation at
the dowel (b) [Ref.: 035]

2.1

Fig.2.20. Stress distributions on the concrete element from the dowel due to three-axial compression [Ref.:035].
b) Splitting failure

The splitting of the concrete is a phenomenon that occurs due to a large concentrated force on the
element.

Depending on the position of the concentrated force, the splitting can be spread differently. Fig.2.21
a) shows a graphic presentation of the potential splitting plane when the dowel is located deeper into
the volume of the elements, whereas fig. 2.21 b) shows the potential splitting plane when the dowel is
located close to the edge of the element.

In both cases, the splitting of the concrete can be controlled though reinforcement, shear
reinforcement, by applying the strut and tie method, (fig. 2.21, c).

Design of the shear reinforcement is governed by the following design criteria:

- If crack splitting of concrete is allowed, design of reinforcement should be done by simplified
design procedures.
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- If splitting of concrete is not allowed, then shear reinforcement should be designed in such a way
that the deformation (strains) of the reinforcement should be limited with the maximum elastic
deformation (strains) of the concrete.

a) b) c)

Fig. 2.21. Splitting failure of the concrete, a) potential splitting plane when the dowel is located further deep into
the section of the element, b) splitting plane when the dowel is located close to the edge of the element, and
¢)strut and tie method of force transfer [Ref.:035].

c) Pullout failure (concrete cone failure)

The pullout failure is the type of failure that is directly related to the anchorage length of the dowel in
to the concrete mass.

If the anchorage length is not sufficient, then the part of the concrete, in the conic shape, will be pulled
out from the concrete mass together with the dowel. This is because the pullout strength, in the case
of short length of anchorage, is less than the tension strength of the dowel, wherefore, before the
dowel fails, the concrete around the dowel will break. The pullout failure is another shear type failure
of concrete.

For the last decade, there have been many researches on the mode of concrete pullout failure. Here is
presented the failure shape from one research [Ref: 029], fig. 2.22.

dy+ 2 h,tan @

'y
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e
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-
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Fig. 2.22. Pullout (concrete cone) failure of concrete [Ref.: 029]
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2.5 Moment resisting connections

In different documentation, regardless whether guideline publications or research documents (some of
which are elaborated herein), there are instructions on realization of moment resisting beam-to-
column connections in precast structures.

In guideline documentation, realization of moment resisting connections is suggested to be performed
with wet connections. The reason is that with wet connections it is possible to meet required length of
lap splice in order for a connection to be realized as a moment resisting connection.

The realization of dry moment resisting connections achieving the requirement for the lap splices in
connecting elements/dowels is the main obstacle in the realization of moment resisting connections.
Since the requirement for lap splices is not achievable, most of the researches have been focused on
different approaches, some of which are presented herein.

2.5.1 Moment resisting connections constructed as wet connections

An independent European scientific entity, “The International Federation for Structural Concrete (FIB)”
has published a series of publications for the connections of precast structures with the aim to serve as
a guideline for design and construction of wet connections, [Ref.: 034] and [Ref.: 035] where are
presented some guidelines on realization of moment resisting connections. Also under a EU
Commission financed project, a document was published “Design Guidelines for Connections of Precast
Structures under Seismic Action”— Editors: Paolo Negro and Giandomenico Toniolo [Ref.: 025],
presenting in more detail recommendations for realization of moment resisting connections. Presented
in more details further in the text is the general outcome of these two documents in regard to moment
resisting connections.

a) Seismic design of precast concrete building structures — bulletin 27, 2003 [Ref.: 034]

The main requirement in this publication is that precast structures should exhibit the same
performances as cast-in place structures. Therefore, the recommendations presented herein are in line
with this requirement, namely, the connections constructed by following these criteria should exhibit
the same performances as cast-in place connections.

Fig.2.23 shows some details of a possible method, which is not the only one, for realization of moment
resisting wet connections, which in this document are referred to as equivalent cast-in place
(monolithic) connections.

27



Doctoral Dissertation: Performance of innovative beam-to-column connections in precast

industrial buildings

Castin-place concreta
and fop reinforcement

Half-precast

beam unit EEHALA 1\
W3 i 1 Cast-in-place

or precast column

fal Approach using hooked bar anchorages

Cast-inplace concrefe
and fop reinforcement

YT \ Continuous bottom
RTETRRAEY, reinforcment

Half-precast

beam unit ': : ':_ £ \
. (] T Cast-in-place

or precast column

Fig. 2.23. Type of wet connections of precast structures, equivalent to cast in situ connections presented in FIB
bulletin 27, 2003 [Ref.: 034]

In addition to the guidelines for realization of moment resisting wet connections, this document also
contains recommendations for dry moment resisting connections, which have proved (based on this
document) to exhibit good behavior as moment resisting beam-to-column connections.

Fig. 2.24 shows some of the beam-to-column dry connections presented in this document.
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Fig. 2.24. Type of dry connections of precast structures, with performance equivalent to cast in situ connections in
regard to moment resistance, presented in FIB bulletin 27, 2003 [Ref.: 034]

As illustrated in fig. 2.24, these connections are dry connections, but they require some post tensioning
or pre-stressing. For this reason, these connections are called Hybrid Connections.

As presented in this publication, in Japan, there are some criteria for considering a precast connection
as a moment resisting one. The following is a citation from this document:
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“in Japan, a precast concrete system is considered to be equivalent to a monolithic system if the drift of
the precast system is within 80 to 120 percent of the cast-in-place counterpart and if the energy
dissipation in the second loading cycle is no less than 80 percent of that obtained from the response of
the cast-in-place counterpart”.

b) Design Guidelines for Connections of Precast Structures under Seismic Action, — Editors: Paolo
Negro and Giandomenico Toniolo, project financed by EU Commission, 2012 [Ref.: 025]

Also in this publication, the presented moment resisting beam-to-column connections require cast in
situ concreting, which means that they are wet connections.
As presented in figures 2.25, this type of connections are simple cast in situ connections with various

possible behavior and structure configuration.

e

Fig.2.25. Recommended moment resisting connections presented in “Design Guidelines for Connections of Precast
Structures under Seismic Action” publication of 2012, with cast-in-situ.

Fig. 2.25 a) shows a cast-in situ connection for a single story structure. The consideration in this
connection should be that the length of the connection should be adequate in order to enable the lap
splices as in the cast-in situ connection.

Fig. 2.25 b) displays a cast-in situ connection for a multi-story structure. The connection is done
outside the column joint, respectively at the column face. Similar to the previous case, the length of
the connection should be enough to accommodate lap splices as in the cast-in situ connection.

Presented in fig. 2.25 c) is a cast-in situ connection for a single and a multi-story structure. This
connection is done in the beam and outside the critical zone of the plastic hinge.

Another possible type of moment resisting connection/cast in situ connection is presented in fig.2.26.
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Fig.2.26 Recommended moment resisting connections presented in “Design Guidelines for Connections of Precast
Structures under Seismic Action” publication of 2012, with partial cast-in-situ.

These are connections used for multi-story buildings. In these connections, continuity of the columns is
enabled by extension of the longitudinal bars from the column of the story below through the
connection on the column of the story above.

Fig. 2.26 a) shows the case where the connection is of the same width as the column, whereas in fig.
2.26 b), the connection enters inside the width of the column.

Besides realizing moment resisting beam-to-column connections by casting in situ, there are also some
details on realizing connections with mechanical couplers, fig. 2.27.

a) - b)

Fig.2.27 Recommended moment resisting connections presented in “Design Guidelines for Connections of Precast
Structures under Seismic Action” publication of 2012, with mechanical couplers, top and side view of a
connection, b) details of mechanical couplers .
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2.5.2 Recent research investigations and publications on moment resisting beam-to-
column dry connections conducted under quasi-static loading conditions

In quasi-static loading conditions it is possible to be tested the behavior of the beam-to-column
connection only. In this way with quasi-static loading conditions the effect of the behavior of the
connection on the global deformation of the elements, respectively frame, will be determined.
Therefore the quasi-static loading conditions are more practical experimental procedure to determine
deformability capacity of the beam-to-column connection only since wit this loading conditions it is
possible to test the connection only.

Considering the advantages of dry connections, in the recent decade, there have been numerous
scientific studies and research investigations aimed at designing innovative moment resisting beam-to-
column connections and experimentally verifying their behavior.

2.5.2.1 Recent investigation performed on dry connections under quasi-static
loading conditions

Achieving moment resistance of dry beam-to-column connections is considered a difficult task
wherefore not many researches have been conducted on these type of beam-to-column connections.

Below are presented two experimental studies on beam-to-column dry connections.

a) Research: “BEHAVIOUR OF PRECAST BEAM-COLUMN TIE-ROD CONNECTION UNDER CYCLIC
LOAD”; researchers: R. Vidjeapriya and K.P. Jaya; published in 2012” [Ref.: 037]

This research was conducted on an external joint of a possible multi-story building. The connection is
realized with a tie rod and a steel plate, fig. 2.28b). The beam is connected to the column by a tie rod
positioned horizontally for transferring (resisting) flexural strength, in which case, the tie road is placed
on the top of the beam and also through the corbel by steel plates. Connection with the tie rod is
performed by preserving sleeve in bothelements, beam and column, and then following the positioning
of the elements, the rod is placed.

The connection of the beam with the column on the corbel is realized through steel plates, which are
welded with each other after the elements are positioned. Prior to this, the plates are welded with the
elements of the longitudinal reinforcement bars.

The results of the testing of this innovative connection were compared with the results obtained for
the cast-in-place referent connection, fig. 2.28a)
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~Jl~ L

Fig.2.28.Details of experiment, a) referent model and b) proposed moment resisting connection conducted within
“BEHAVIOUR OF PRECAST BEAM-COLUMN TIE-ROD CONNECTION UNDER CYCLIC LOAD; researchers: R.
Vidjeapriya and K.P. Jaya, published in 2012” [Ref.:037]

Graphical presentation of the results on both specimens; the referent monolithic model (ML) and the
proposed moment resisting tie-rod connection (PC-TR) are presented in fig. 2.29 in a Force-
Displacement format.
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Fig. 2.29. Results, F-D diagram from experiment, a) referent model and b) proposed moment resisting connection
conducted within “BEHAVIOUR OF PRECAST BEAM-COLUMN TIE-ROD CONNECTION UNDER CYCLIC LOAD;
researchers: R. Vidjeapriya and K.P. Jaya, published in 2012”[Ref.:037]

From observing the behavior of both ML and PC-TR specimens, the following conclusion is drawn (the
same conclusion is also presented in the referent paper):

In positive direction, the PC-TR specimen has less load bearing capacity for 32.55% compared to the ML,
whereas in negative direction, the reduction in load bearing capacity is 8.42%.
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The following are the general comments and conclusions in regard to this innovative moment resisting
connection:

- Positive side of this innovative connection:

0 This connection is a dry connection and its realization on the construction site is
manageable, despite the welding requirements;

0 The proposed connection does provide a considerable amount of deformability, which is a
key property regarding the seismic behavior of a structure.

- Potential negative side of this innovative connection:

0 Strength reduction of this innovative connection for 32% can be considered significant
setback for considering it as moment resisting connection, even though having 68%
moment resistance of the referent cast-in-situ specimen can still be considered an
achievement.

b) Research: “BEHAVIOUR OF PRECAST BEAM-COLUMN MECHANICAL CONNECTIONS UNDER
CYCLIC LOAD; researchers: R. Vidjeapriya and K.P. Jaya, published in 2011” [Ref.: 038]

This research was conducted on an outer joint of a multi-story building. Within the scope of this
research, two innovative connections were tested, PC1 and PC2, as presented in fig 2.30 a) and b).
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Fig.2.30. Details of experiment, a) PC1 and b) PC2 of proposed moment resisting connection conducted within
“BEHAVIOUR OF PRECAST BEAM-COLUMN MECHANICAL CONNECTIONS UNDER CYCLIC LOAD; researchers: R.
Vidjeapriya and K.P. Jaya, published in 2011”[Ref.:038]

- Connection “PC1”

In this connection, the beam was supported by a concrete corbel using a J-bolt. This connection
transmits vertical shear forces. The J-bolt with a diameter of 16 mm was kept inside the corbel and cast
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by keeping its straight portion protruding outside. The beam was inserted into the J-bolt and the nut
was tightened. Iso-resin grout was used to fill the gap between the J-bolt and the hole in the beam. The
schematic representation of the isometric view of precast concrete column with corbel and the beam
connected using a J-bolt is shown in Figure 2.30 *.

- Connection “PC1”

In this type of connection, two 16mm diameter bolts were used, in which one bolt connects the cleat
angle with the column and the other connects the cleat angle with both the beam and the corbel.
Figure 3 shows the schematic representation of the isometric view of the precast beam-column
connection using cleat angle. The cleat angle used for the connection is ISA 100x100x10. The bolts used
are high tensile friction grip bolts. The gap between the bolts and the groove was filled using iso-resin
grouts.”
The results of this specimen and the referent monolithic specimens are presented in fig. 2.31 a), b) and

c).
- Results on connection PC1

In positive direction, the PC 1 specimen has less load bearing capacity for 51.99% compared to the ML,
whereas in negative direction, the reduction in load bearing capacity is 61.11%.

- Results on connection PC2

In positive direction, the PC 2 specimen has less load bearing capacity for 61.65% compared to the ML,
whereas in negative direction, the reduction in load bearing capacity is 69.53%.

! This citation is extracted from the referent paper.
® This citation is extracted from the referent paper
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Fig.2.31. Results of experiments on: a) Monolithic specimen (ML), b) PC1 specimen and c) PC2 specimen, within
the research “BEHAVIOUR OF PRECAST BEAM-COLUMN MECHANICAL CONNECTIONS UNDER CYCLIC LOAD;
researchers: R. Vidjeapriya and K.P. Jaya, [Ref.:038]

2.5.2.2 Recent investigation performed on hybrid connections

The hybrid moment resisting joints are the joints that are combined with ordinary reinforcement of
member elements and post-tension elements introduced in joints.

As illustrated in FIB Bulletin 27 [Ref. 034] in the Kobe earthquake of 1995, most of the precast

structures with post-tension connection have shown very good performance and, as such, this type of
connection is highly recommended.

Recently, numerous investigations and studies have been performed on hybrid beam-to-column
connections for specifying a beam-to-column hybrid connection methodology and determining their
behavior, [Ref.:024], [Ref.:040], [Ref.:015], [Ref.:011]

Below are presented two recent studies/experiments on hybrid beam-to-column connections. There
have also been researches other than these two, but these are presented for a representative hybrid

beam-to-column connection since the concept of beam-to-column hybrid connection is generally the
same.
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a) Research: “Hybrid Moment Frame Joints Subjected to Seismic Type Loading” by M. I. Pastrav
and C. Enyedi, presented at 15WCEE-Lisboa 2012 [Ref.:023]

The subject of this research was investigation of the performance of a hybrid joint in typical precast

multi-story frame.
Under this research study, two types of joints (N1 and N2) were investigated.

The test specimen and details of joints are presented in fig.2.32and fig. 2.33 a) and b).
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Fig 2.32 Test specimen within the research “Hybrid Moment Frame Joints Subjected to Seismic Type Loading” by

M. I. Pastrav and C. Enyedi, presented at 15WCEE-Lisboa 2012”, [Ref.:023]
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Fig 2.33 Detail of connections tested within the research “Hybrid Moment Frame Joints Subjected to Seismic Type
Loading” by M. I. Pastrav and C. Enyedi, presented at 15WCEE-Lisboa 2012 [Ref.:023]
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- Results of the experiment

The force-deformation relationship for both types of joints is presented in fig. 2.34 given below.
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Fig. 2.34 Force-Deformation diagram for joint N1 and N2 [Ref.: 023]
The final results and conclusions after the testing are:

- In both types of joints, the cracks in the elements, except the interface opening, are less than
0.2mm;
- The estimated and actual flexural strength of the joints are as follows:

N1 Model N2 Model
Estimated flexural Test flexural strength® Estimated flexural Test flexural strength*
strength (kNm) (kNm) strength (kNm) (kNm)
157.6 150.6% 160.3 144.2%

* = Flexural moment corresponding to the maximum lateral displacement of 75mm.

b) Research: “Experimental study on a new precast post-tensioned concrete beam column
connection system” by Do Tien THINH, Koichi KUSUNOKI and Akira TASAI , presented at
14WCEE-Bejing 2008 [Ref.: 033]

The scope of this research was to investigate the performance of a hybrid joint of precast beam-
column connection.

One connection with three types of shear force transfer was tested, fig. 2.35:

- Connection (SP1-A) designed without shear bracket in which case shear gravity forces from beam
to column are transferred though the friction and the pre-stressed bars. Here the pre-stressed bars
are designed to resist demand moment and shear force.

- Connection (SP2-A) with shear bracket to resist shear forces from gravity. Here the pre-stressed
bars are designed to resist demand moment and shear force inducted by seismic load.

- Connection (SP3-A) similar to SP2-A with shear bracket to resist shear forces from gravity only 1.5
higher than SP2-A.
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Fig. 2.35 Details of realization of connections tested within the research: “Experimental Study on a New Precast
Post-Tensioned Concrete Beam Column Connection System” by Do Tien THINH, Koichi KUSUNOKI and Akira TASAI,
presented at 14WCEE-Bejing 2008 [Ref.: 033]

- Results of the experiment

The moment- deformation relationship for three types of connections is presented in fig. 2.36 given
below.

a) b) c)

Moment (kNm)
Moment (kNm}

2 2 0 2 4
Story Drift (%) Story Drift (%) Story Drift (%)

Fig. 2.36 Results of experiment, Moment-Story Drift diagram of: a) Connection SP1-A, b)Connection SP1-A, and c)
Connection SP3-A.

The results on strength and story drifts are given in table 2.1
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Table 2.1 Beam moment strength and story drift of experiments [Ref.: 033]

. _ Loading ) , ) ) g
Specimens Direction My (KNm) R; (%) M, (KNm) | R, (%) | My (KNm) | Rya (%)
7 5 / 5
SPL-A + 97 1! 0.09 18‘..6. 1.9_9 23_4.51 5.21
- -84.7 -0.20 -152.5 -1.74 -178.7 -4.0
52.7 / 3.82 7 497
SP2-A + ‘._2.. 0.09 109.4 3.82 118.7 4.97
- -50.3 -0.12 -94.2 -2.65 -95.4 -2.82
53. .07 . 3.85 . 5.
SP3-A + 8 0.0 101.9 8 1109 62
- -43.1 -0.15 -132.0 -2.61 -144.3 -1.82

The author of the research concluded that all three specimens provided story drift, 6% in positive
direction and 4% in negative direction. Also, the specimen with shear bracket exhibited a much
better behavior than the specimen without shear bracket.

2.5.3 Summary of current state regarding moment resisting precast connection

As presented in this chapter, moment resisting connections in precast structures are the best solution
and, for seismic areas, they are the necessary solution for construction of connections.

a) Wet connections

Currently, the widely spread solution for realizing moment resisting beam-to-column connections in
precast structures is the wet connection or partially wet connection. Wet connections are also
presented as means for realizing moment resisting beam-to-column connection in many publications.

The only limitation for realizing moment resisting wet connection is that the length of the “connection”
has to respect the requirement for length of lap splices. In all cases when this requirement is met, the
connection behaves as a monolithic connection and, to confirm this, there is no need for any
experimental investigation.

The downside (negative part) of the wet connections is that there is always a need for applying
formworks and scaffoldings and the implication of concreting activities. This cast-in-situ concreting
requirement is an obstacle for progress of the works on precast structures and, in a way, minimizes,
to a certain degree, the benefit that precast structures have in regard to the construction speed. This is
something that makes difference in decisions regarding choosing a structure type and connection type
and most likely is one of the main reasons that most of the beam-to-column connections that are used
in single story structures are dry pinned connections.

b) Hybrid connections

Recently, many investigations have been focused on realization of moment resisting connections
through application of post tensioning of the connections.

Most of the hybrid connections studied have post tension tendon in the center of element. From the
presented experiments, it is evident that the connection as a whole has good resistance under cyclic
loading and is capable of sustaining a large number of load cycles.
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The moment resistance offered with these hybrid connections is provided indirectly through axial
tension on the beam-to-column connection. Without consideration of axial tension, these types of
connections are hinged connections. Therefore, the only way to realize fixity in hybrid connections is
through axial compression in the connection as a result of axial tension on the beam.

Even though hybrid connections can be designed to offer moment resistance, the wide application of
such connections would still be difficult due to the complication that the execution of post tensioning
makes.

2.5.4 Coverage of precast moment resisting connections by Eurocode

The overall connections of prefabricated structures are only generally covered in EC2 and EC8. In
regard to moment resisting connections, Eurocode (EC2 and EC8) provides more requirements for the
anticipated behavior of the connection, but there are no technical guidelines on how to realize a
moment resisting connection.

In Eurocode 2, there is one Chapter dedicated to precast structures, “Chapter 10 - Additional Rules for
Precast Concrete Elements and Structures”. In this chapter, article 10.9.4.5 - Connections Transmitting
Bending Moments or Tensile Forces gives general recommendations/requirements for realizing a
moment resisting connection, as follows:

1. Reinforcement shall be continuous across the connection and anchored in the adjacent
elements.

2. Continuity may be obtained by, for example:
- lapping of bars
- grouting of reinforcement into holes
- overlapping reinforcement loops
- welding of bars or steel plates
- pre-stressing
- mechanical devices (threaded or filled sleeves)
- swaged connectors (compressed sleeves)

In Eurocode 8, there is a sub-chapter dedicated to precast structures, “Chapter 5.11 — Precast
Concrete Structures”, whereas connections are covered in “Chapter 5.11.2 — Connection of Precast
Elements”. In most of the part of EC8 dedicated to connections, recommendations on values of
parameters to be used and the procedure for evaluation of the resistance of non-seismically resistant
connections are given.

In regard to the requirements for the connections with seismic resistance properties, and especially
with regard to the requirements referring to the behavior of steel elements (sections or bars) fastened
into the concrete, demonstration of seismic resistance of the connection is required both analytically
and experimentally.
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2.6 Shaking table experiments of precast frames realized with prefabricated beam-to-
column connections

With shaking table experiments it is possible to determine behavior of the precast connection,
including precast beam-to-column connection. However, shaking table experiments are the best
experiments for determining the overall behavior of the reinforced concrete precast frame as a whole
with considering impact of respective prefabricated connections.

In shaking table experiments for determining total global deformation of the frame, or element, other
connections also will have impact.

2.6.1 “Shaking table tests on precast reinforced concrete and engineered
cementitious composite/reinforced concrete composite frames”; [Ref.:040]

The purpose of this experiment has been to assess performance of the prefabricated structure with
moment resisting connection under shaking table loading of a frames constructed as:

i Reinforced Concrete (RC) structure, and

iil Reinforced Concrete (RC) structure with replacing concrete with a high-performance fiber-
reinforced cementitious composite (ECC) at the beam-to-column joints and at the bottom
columns of precast RC frames.

a) Specimen details
This experiment is performed on the model, scaled by 3 (Dimension scale factor S=1/3), of a
prototype 4 floor building designed according to China Code. The building is square shape with
symmetrical singe-bay frames. The shape of the building is presented in the figure 2.37
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Fig 2.37 Geometric properties of the testes specimens: a) Floor layout of RC structure, b) Floor layout of ECC/RC
structure, c) Cross-section of RC structure, d) Cross-section of ECC/RC structure [Ref.: 040]

Design parameters used for design are:

- PGA0.10 g basic design acceleration which is magnified by 2

- imposed load (variable load) is 2.0 kN/m?* based on the load code for the design of building
structures (China Ministry of Construction, 2012), and

- Additional dead load 0.4 kN/m? which is considered as the finishes and screeding load.

The details of the section of the elements are presented in fig. 2.38
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Fig. 2.38 Section details of the elements following design; a) beam, b) column, c) beam base [Ref.: 040]
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b) Connection details of precast elements

The connection of the elements are performed as follows, fig. 2.39:
- Colum-to-column is performed on the middle of the column height
- Beam-to-column is performed near to beam inflection point

Fig. 2.39 Detail of connections of the elements, column-to-column and beam-to-column, [Ref.: 040]

The following loading programme is applied:

- the peak table acceleration progressively increased from 0.07 to 1.5 g for the eight loading
conditions in the tests

the predominant period of the recorded Castaic wave, Taft wave, and artificial wave is 0.32, 0.34,
and 0.37 s respectively, which is very close to the characteristic period of the site 0.35 s
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c) Results from experiments

In fig. 2.40 are presented final crack patters of tested specimens, a) Crack pattern of RC frame, and b)
Crack pattern of ECC/RC frame.

(b)
Fig. 2.40 Crack patterns after completion of experiments of tested specimens, a) RC frame, b) ECC/RC frame
[Ref.: 040]

From crack pattern presented in fig. 2.40 it could be noted that the main damages on both specimens
occurred away from the element connection point. This is a confirmation that when the beam-to-
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column connection is performed near to inflection point than the connection point will not be subject
to any flexural impact.

Following crack pattern from fig. 2.40 further it could be noted than in the specimen ECC/RC on the
area around joint where the concrete is replaced with ECC no cracks have developed.

The results of global performance of the specimen, presented by total global displacement, are
presented in fig. 2.41.
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Fig. 2.41 Total global displacement of specimens, a) RC frame and b) ECC/RC frame under different PGA values.
[Ref.: 034]

From fig. 2.41 it could be noted than overall trend of the global displacement on both specimen is
similar.

2.6.2 “Assessment of the seismic design of precast frames with pinned connections
from shaking table tests”, [Ref.: 024]

The purpose of this experiment has been to assess performance of the prefabricated frame with beam-
to-column pin connection under shaking table loading.

a) Specimen details

The experiment has been performed on single-story, one-bay frames constructed of precast column
and beam. The elements, beam and column are connected with dowels as a dry pinned connection.
Due to limitations in the span length imposed by the shaking table dimensions (4.00m X 4.00 m), only
one half of each frame has been tested, fig. 2.42 .At the mid-span in the prototype structure,
appropriate boundary conditions were applied.
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Fig. 2.42 Experimental set-up of a half of frame [Ref.:024]

In total 9 specimens have been tested. These specimens have been distinguished with type of
columns in respect to stiffness and strength. In general the types of columns applied on the
specimens are as follows:

- Flexible and Week, type “FW”
- Stiff and Strong, type “SS”
- Flexible and Strong, type FN

The details of the columns in regard to properties and design parameters are presented in the table
2.2

Table 2.2 Detail of specimen of experiment [Ref.: 024]

Column Specimen Dowels Coverd Column dimensions®/ Normal. Design parameters
type (m) reinforcement® axial force,
v
S-ag (g)F q,'f
FwW ST-1 2225 0.10 30x40/8 914 0.032 0.40 3.50
ST-2
SS ST-4 2225 0.10 6040/ 14 @20 0.018 0.50 1.00
ST-5
FS ST-3 2225 0.10 30x40/24 ©25¢ 0.031 0.50 1.00
ST-6 0.032
ST-7 2225 020 30x40 /24 @25¢ 0.048 0.50 1.00
ST-8 1225  0.10 30x40/24 ©25¢ 0.048 0.50 1.00
FN ST-9 2225 0.10 3040/ 12 @20 0.032 0.16 3.50

FW flexible—Weak, S5 stiff—strong, F§ flexible—strong, FN flexible—normal

4 The first dimension corresponds to the longitudinal direction of the frame (direction of base excitation)

b Concerns only the reinforcement placed at the two sides of the cross section that are normal to the direction
of shaking

©Placed in two rows at each side of the cross section

d Axial force normalized to A, fems fem being the mean concrete strength (Table 2)

€ Design ground acceleration according to ECS8, § being the soil coefficient

f Behaviour factor (also called reduction factor in some codes) used for the dimensioning of the column
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b) Experiment set-up and loading details
In the fig. 2.43 is presented picture of the experiment set-up.

a) b)

Fig. 2.43 Experimental set-up details; a) Overall specimen, b) detail of sliding achievement on the middle beam
[Ref.: 033]

Loading details and concrete strength of the specimen are presented in table....., whereas quality of
the reinforcement used is fy=580MPa.

Table 2.3 Loading details and material properties of the specimen [Ref.: 024]

Column  Specimen Concrete Excitationb Max
type strength scaled
fem (MPa) pga (g)
FW ST-1 36.17 JFA (H) 0.21
ST-2 36.17 JFA (HV) 0.21
SS ST-4 34.30 Petrovac (H) 0.65
ST-5 34.30 Sine Beat (H) 1.00/0.75¢
FS ST-3 37.68 Petrovac (H) 0.60
ST-6 36.74 Petrovac (HV) 0.60
ST-7 24.35 Petrovac (H) 0.65
ST-8 24.35 Petrovac (H) 0.65
FN ST-9 36.17 Petrovac (HV) 0.65

FW flexible—Weak, SS stiff-strong, FS flexible—strong, FN flexible—normal
b. H horizontal, HV horizontal and vertical

c.maxpga=1.00gforT=0.26sand 0.75gfor T=0.60s
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c) Experimental results

The results of shaking table experiment; the overall behavior of the specimen has been compared
with the results of similar specimens tested under quasi-static loading and the total strength of the
specimen has been compared with analytical calculations of strength of the pin connection.

The results of the experiment, in the form of global force-joint slip diagram are presented as follows:

- inthe fig. 2.44 are presented results of specimen ST-4
- inthe fig. 2.45 are presented results of specimen ST-6

- inthe fig. 2.46 are presented results of specimen ST-8
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Fig. 2.44 Shear force versus joint slip diagrams for ST-4 specimen (SS column) subjected to Petrovac earthquake
in the horizontal direction for stepwise increasing pga and comparison with the corresponding cyclic response
(Psycharis and Mouzakis 2012); d backbone envelope of the cumulative response. [Ref.: 024].
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Fig. 2.45 Shear force versus joint slip diagrams for the ST-6 specimen (FS column) subjected to Petrovac
earthquake applied in the horizontal and the vertical directions for stepwise increasing pga and comparison
with the corresponding cyclic response (Psycharis and Mouzakis 2012). [Ref.: 024].
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Fig. 2.46 a—c Shear force versus joint slip diagrams for the ST-8 specimen (FS column, connection made of one
dowel) subjected to Petrovac earthquake applied in the horizontal direction for stepwise increasing pga and
comparison with the corresponding cyclic response (Psycharis and Mouzakis 2012); d backbone envelope of

the cumulative response. [Ref.: 024]

2.7 Gap to be filled

As presented in this chapter, application of moment resisting beam-to-column connection will provide
redundancy for a structure which will directly have an impact on the increase of the earthquake
resistance capacity of the structure.

In order to enable mass application of precast structures with moment resisting beam-to-column
connections, they must be economically feasible, because otherwise, they will not be adopted as a
solution by investors.

Presently, connections which can ensure moment resistance are wet connections which are not so
much desirable since they require casting-in-situ.

The only dry moment resisting beam-to-column connection that have proved to behave well are the
hybrid connections. Despite the good behavior of the hybrid connections, their negative aspects can be
a big constraint for their wide use in engineering practice.

The best solution, which can be widely adopted in the precast structure industry is the moment
resisting beam-to-column dry connection. The potential solution is to develop a dry moment resisting
connection realized with dowel (s) only, with no post tension required. Such a connection can be easy
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adopted as a solution for applying seismically resistant precast structures in large span structures,
especially industrial buildings.

Developing moment resisting beam-to-column dry connection has been the main research subject of
this dissertation with the goal of contributing to further development of more seismically resistant and
practical solution.
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CHAPTER 3 - Numerical Modeling of Experiments Performed at UL under
SAFECAST Project

3.1 Scope

Precast connections realized with single dowels have structurally and generally been considered
pinned connections.

The main scope of this chapter is dedicated to verification/confirmation whether precast connections
realized with single dowels can be considered as pinned connections for general engineering practices.

In order to make this verification, the results from the experiments performed at UL under SAFACAST
Project have been used for further analytical research.

The following approach has been adopted for analytical research:

First step - A non-linear modeling of single dowel precast connections has been performed where the
respective model parameters of the adopted hysteretic model have properly been calibrated using
experimental results as a benchmark.

Second step — On the final non-linear model, a non-linear static analysis has been performed, using the
properly calibrated non-linear parameters of the adapted hysteretic model, with the purpose of
obtaining the member forces at the end column section (connection of the column with the
foundation). Specifically, the bending moment at the end column section has been monitored and used
as a reference.

Third step - Dynamic linear analysis of the same frame has been performed where, at the beam-to-
column connection, an elastic hinge has been used. In this analysis, bending moments at the same
location as in the non-linear analysis (b) have been obtained and both have been compared.

This verification has been performed on a specimen with centrically positioned dowels since such
connection in both directions of force acting (push and pull) exhibits the same behavior, specifically in
the elastic range.

Eccentrically positioned dowels have not been considered in this test since, in each direction of force
acting, they exhibit different behavior (elaborated in more details further in this chapter).

In addition to the centrically positioned dowels, also for other specimens, a non-linear analysis has
been performed for the purpose of calibrating non-linear parameters if needed in engineering practice
for any further study.

For this very purpose, the tool/software selected to develop the numerical model has been SAP 2000
software that contains non-linear dynamic modeling which, to an acceptable extent, models the actual
behavior of connections, but is also vastly spread out and used among engineers in practice.

The second goal of this chapter has been to determine and elaborate in detail the performance of the
tested connection for the purpose of using the acquired knowledge in desigh of moment resisting
connections, as the main goal of this research, and for general engineering practical use.

53



Doctoral Dissertation: Performance of innovative beam-to-column connections in precast

industrial buildings

3.2 SAFECAST project, description and goals [Ref.: 027]

The SAFECAST project is a project financed by European Commissions. This project succeeds two other
EU funded projects, ECOLEADER and PRECAST EC 8 project, where under these two projects, it was
confirmed that precast frames and buildings can experience ductile behavior.

The SAFECAST Project objective was to gain a deeper knowledge on the seismic behavior of precast
structures with emphasis on connections. Furthermore, the goal of the project was to develop reliable
numerical tools to be used in the design and finally in codifying new criteria for the design of precast
structures in seismic regions.

Part of the research under the SAFECAST Project was done at the University of Ljubljana, where the
experimental program was carried out.

3.3 Description of experiments performed at UL under SAFACAST project

Within the SAFECAST Project, 13 experiments on beam-column connection were performed.

The experiments were focused on behavior of pinned connections with variation of location and
number of dowels within the connection. Three types of connections were tested:

- Top centric connection,
- Top eccentric connection, and
- Intermediate story.

The objective of these experiments was to explore, to the best possible extent, the strength and
deformation capacity of the existing connections, including of the dowels, considering the large
relative rotations between the beam and the column.

The first connection type, top centric connection where the dowel is located in the center of the
column, was tested with different column stiffness, with column dimensions 40x40cm and 50x50 cm,
and different column strength within the column dimensions 40x40 cm by increasing the strength of
the column with longitudinal reinforcement, as presented in table 3.1. For each type of element
dimensions, the experiments were carried out by use of two different loading procedures, monotonic
(push pull) and cyclic loading in order to explore the possible degradation of stiffness and strength of
the connection under cyclic loading.

Fig. 3.1 shows the set-up for the top centric connection.
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Fig. 3.1 Top centric connection,[Ref.: 027]

For the second connection type, i.e., top eccentric connection with the dowel positioned eccentrically
within the column center and near the column face, the experiments were conducted with the same
column stiffness and strength, but with two different loading procedures, namely, push pull and cyclic.
Presented in fig. 3.2 is the set-up for the top eccentric connection.
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Fig. 3.2 Top eccentric connection, [Ref.: 027]

The third connection, i.e., an intermediate story beam-to-column connection with two dowels, was
tested by using the same loading procedure (cyclic loading), but with different column dimensions,
namely, one experiment with column dimensions 40x40cm and the other one with column dimensions
50x50cm. Fig. 3.3 shows the set-up for the intermediate story connection.
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Fig. 3.3 Intermediate story connection, [Ref.: 027]

Table 3.1. Detail of experiments on elements conducted under the UL program,[Ref.: 027]

Dowel Column | Column Column

Exp. No.: | Label Beam Typeg position type cross-section| long. reinforc| Test type

1 S1-1 Push-pull
Strong 50x50 cm 16F22
2 S1-2 Cyclic
3 S2 8F16 Cyclic
4 $3-1 8F14 Push-pull
Top centric
5 $3-2 8F14 Cyclic
T - beam Weak 40x40 cm
6 S4 8F12 Cyclic
7 S5-1 8F20 Cyclic
8 S5-2 4F18+4F20 Cyclic
9 S6-1 Push-pull
Top eccentric| Strong 50x50 cm 14F22
10 S6-2 Cyclic
11 S7-1
Omega ‘ Strong 50x50 cm 14F22 ‘
12 S7-2 Intermediate Cyclic
Beam

13 S8 Weak 40x40 cm 6F18+2F14 Cyclic
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3.4 Analysis of performance of connections

Understanding the performance of precast dry connections implemented with a dowel is very
important for further development of connections of higher performances. Also, the understanding of
the failure mechanisms of connections including dowels provided a deeper knowledge for the
development of successful moment resisting connections.

3.4.1 Analysis of behavior in experiment S 1-1

The actual strength, the failure point of the connection, was not determined since the maximum
loading equator force of 250kN was exhausted and the connection did not fail.

From the detailed force-deformation relationship from the push-pull test of specimen S1 presented in
fig.3.4 and from the photos of the broken dowel, the following can be concluded:

Fnax = 260.1kN

/‘ﬁ e = 32.3mm
f, =132.8kN f, =111.2kN

d,-_-31.9mm/—’/’f/ Tdﬁ =29.0mm

Fh [kN]

L1 [mm]
Fig. 3.4 Force-deformation relationship — push/pull test of specimen S1

a) b)

Fig. 3.5. Actual photos of a broken dowel after the test completed for specimen S1,[Ref.: 027]

During the pulling cycle, the initial loading cycle, until the force of around 132kN, the
connection/dowel behaved elastically. Following this point, the stiffness of the connection started to
degrade. This was when the dowel started to experience inelastic deformation (creation of a hinge).
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With the increase of force, at the force of 174kN, the deformation of the connection increased for over
3mm and this was where concrete around the dowel experienced further crushing, which can be
noticed in the diagram in fig. 3.4 with the straight line in the deformation line. With further increase of
the force, the force-deformation diagram continued with the straight line. This is probably because
crushing of the concrete around the dowel was already completed and the force was fully
concentrated on the dowel. With the increase of loading, the dowel experienced further bending and
since there was no drop in load bearing capacity, the dowel did not reach the ultimate strength.

Observing the standard stress distribution over the steel bars loaded in bending, presented in fig. 3.6,
during loading, there was a great possibility for the steel fibers in the compression part to experience
a crushing failure.

Fig. 3.6. Stress distribution within the dowel loaded in flexure

When the reverse loading began (pulling sequence), the dowel was already with plastic deformation at
the hinge location (with possible fiber crushing in compression), few centimeters inside the column
wherefore its overall load bearing capacity was reduced.

From the diagram in fig. 3.3, it can be seen that, during the pulling loading sequences, the connection
experienced a large deformation at a relatively small amount of force, compared to the push loading
sequence. At a load intensity of only 100 kN, the connection, respectively, the dowel experienced
deformation, which was the same as for the force of 260 kN during the push sequence. This explains
the fact that part of the steel may have crushed (the part that was compressed) during the push
loading and now, in the pulling sequence, it was in tension. With the increase of force, the
deformation increased as the concrete continued to crush around the dowel in the pull direction and
the rotation of the dowel around the hinge increased, as well. At the force of 203kN, the dowel broke.

From the stress distribution in flexure presented in fig. 3.6 and the shape of the broken dowel
presented in fig. 3.5.b, it can be concluded that the dowel failed in flexure.
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- Damages to the concrete elements

From the photos presented in 3.5 a), it is very well documented that both elements experienced large
cracks in the mode of splitting failure presented in Chapter 2.

The beam suffered a splitting crack in orthogonal direction in the direction of loading, as presented in
fig. 2.21 a). This crack happened during the pulling sequence where the load intensity was less than
that in the pushing direction. The column experienced a splitting crack in two fashions, orthogonal to
the direction of loading, fig. 2.21 a) and in an angle fashion in the direction of loading, fig. 2.21 b).
Normally, in the cases when the dowel was located in the middle of the column, the angular cracking in
the direction of the loading was not something to expect, but in this case, it happened.

Possibly, the reason for angular cracking in the concrete could be the arrangement of the stirrups. In
the column, all the stirrups were of the same shape and were positioned perimetrically.

3.5 Calibration of non-linear parameters for numerical model

The ultimate goal of calibrating the numerical model of behavior during the experiments was to
determine the most feasible and yet accurate procedure for modeling the behavior of the connection
that could be used, with a certain liability, for verifying whether the connections can be considered as
simplified hinge connections and whether it is possible to be used by engineering community for
design and analytical purposes.

3.5.1 Selection of non-linear model, type of hysteresis for numerical model

The connections were modeled though a link element. The hysteretic model of non-linear behavior of
the connections available in SAP2000, whose modeling results are considerably reliable, was the Pivot
Model. Fig. 3.7 graphically shows the selected Pivot Model.

Multilinear Plastic - Pivot
o . Fy. =P, P
r e
Fy, s J/--
EH.FV)' - PP.?" -
L -
A - =
- ("
AT PR B oFy;
- Fy,
- z
P& P, o, Fy,

Fig. 3.7 Pivot Model shape

a) The strengths of the Pivot Model are:
- Simplicity of use. The Pivot Model is relatively simple to be used and easy to be governed by
practitioner engineers.
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- Ability to capture the dominant nonlinear characteristics of a member (in our case, the
connection) that ensures acceptable results from the analysis compared to the actual behavior.
The following are the key characteristics of the Pivot Model from observation of experimental
investigations:

0 The unloading stiffness decreases as displacement ductility increases. In Pivot Model, this can
be well captured by parameters “a,” and “a,”

0 Following the nonlinear excursion in one direction, upon load reversal, the force-displacement
path crosses the idealized initial stiffness line. Experimental observation shows that unloading
is generally guided toward a single point in the force-displacement plane on an idealized
stiffness line. In the Pivot Model, this can be well captured by parameters “B1” and “b2".

- The force-deformation presented in the Pivot Model is general and can be used for moment-
rotation response of the hinge, for force-displacement response of an element or entire structure,
or force-displacement response of a link element (as in our case).

- The Pivot Model enables presentation of stiffness degradation.

b) Weakness of the Pivot Model
The current version of the Pivot Model incorporated in SAP2000 does not include:

- Continued strength degradation for multiple cycles to the same displacement level.
- Strength degradation in one loading direction caused by a sudden strength loss in the opposite
loading direction.

Acceptance of results achieved by the Pivot Model.

One of the biggest setbacks of the Pivot Model is the fact that it cannot capture the cycles during the
strength degradation (cycles beyond the peak in the force-displacement diagram). This setback means
that the Pivot Model does not provide:

- The force at the failure point of the connection;
- The total energy dissipation of the connection, considering that, in many situations, failure does
not happen right after the maximum force-displacement is achieved.

However, despite these important elements desired/required for the most accurate analysis, the Pivot
Model could be used for the purpose of this research since the purpose of this research was calibrating
the numerical model with the ultimate goal of using it in practice for design purposes, and the
following that the Pivot hysteretic Model offers is sufficient for that:

- The yielding point of the connection is crucial for the design purpose since, for the design, the
yielding point for the connection (being material or the section) is the maximum allowable point
for the serviceability limit state of the structure;

- The ultimate point (maximum bearing capacity) is the point to be used for determining the
maximum load bearing capacity of an element and this is important for determining the
performance of the structure at the collapse prevention state as well as for the Capacity Design
Approach.
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Capturing further behavior of the connection, pass the ultimate point for other potential analysis (such
as total deformability capacity of a connection, actual collapse point, total energy absorption) is very
important, but for the purpose of this research, these parameters are not needed.

3.6 Calibration of non-linear parameters of numerical model

For verification of the accuracy and the appropriateness of the non-linear parameters adopted of the
numerical model, results obtained from the numerical model were compared with the experimental
ones. For this purpose, the force & global deformation of the beam at the connection point was
followed and used as a reference.

The subsequent sub-paragraphs show the best results from the adopted numerical model and also the
main features that were calibrated and their respective values.

3.6.1 Experiment S1-1, pinned connection with single centric dowel, push-pull loading

This experiment was conducted with “strong column” of dimensions 50x50cm and longitudinal
reinforcement 16@#22mm.

Fig. 3.8 provides a graphic presentation of the result of the numerical model vs the result from the
experimental program in experiment S1-1, top center dowel with push-pull loading.

S1-1
300
200 /7
2
Z 100 e
~ - N
= —E t
= 9 / / xperimen
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-100 4
-200
-300
-100 -50 0 50 100 150

Lp [mm]
Fig. 3.8 Graphical presentation of numerical model vs experimental results from S1-1 experiment.

From fig. 3.5 showing the comparison of the force-deformation diagram, it can be concluded that the
adopted hysteretic model with the respective parameter and frame modeling gives very good results
and as such can be used for any kind of analysis desired.

3.6.2 Experiment S1-2, pinned connection with single centric dowel, cyclic loading

This experiment was conducted with “strong column” of dimensions 50x50cm and longitudinal
reinforcement 16 @22mm.

61



Doctoral Dissertation: Performance of innovative beam-to-column connections in precast

industrial buildings

Fig. 3.9 shows graphically the result of the numerical model v.s. the result from the experimental
program of experiment S1-2, top center dowel with cyclic loading.
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Fig. 3.9 Graphical presentation of numerical model vs experimental results from S1-2 experiment.

Form fig. 3.9 of the comparison of the force deformation diagram, it can be concluded that the
adopted hysteretic model with the respective parameter and frame modeling gives very good results.

3.6.3 Experiment S-2, pinned connection with single centric dowel, cyclic loading

This experiment was conducted with “weak column” of dimensions 40x40cm and longitudinal
reinforcement 8 @16mm.

Fig. 3.10 shows graphically the result of the numerical model vs the result from the experimental
program of experiment S2, top center dowel with cyclic loading.
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Fig. 3.10 Graphical presentation of numerical model vs experimental results from S2 experiment.
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In this experiment, the connection was stronger than the column, respectively, the column failed
before the connection.

3.6.4 Experiment S3-1, pinned connection with single centric dowel, push-pull loading

This experiment was conducted with “weak column” of dimensions 40x40cm and longitudinal
reinforcement 8 @14mm.

Fig. 3.11 shows graphically the result of the numerical model vs the result from the experimental
program of experiment S3-1, top center dowel with cyclic loading.
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Fig. 3.11 Graphical presentation of numerical model vs experimental results from S3-1 experiment.

Similarly to experiment S2, also in this experiment, the connection was stronger than the column,
respectively, the column failed before the connection.

3.6.5 Experiment S3-2, pinned connection with single centric dowel, cyclic loading

This experiment was conducted with “weak column” of dimensions 40x40cm and longitudinal
reinforcement 8 @14mm.

Fig. 3.12 displays graphically the result of the numerical model vs the result from the experimental
program of experiment S3-2, top center dowel with cyclic loading
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Fig. 3.12 Graphical presentation of numerical model vs experimental results from S3-2 experiment.

Similarly to other weak column experiments, also in this experiment, the connection was stronger
than the column, respectively, the column failed before the connection.

3.6.6 Experiment S4, pinned connection with single centric dowel, cyclic loading

This experiment was conducted with “weak column” of dimensions 40x40cm and longitudinal
reinforcement 8 @12mm.

Fig. 3.13 shows graphically the result of the numerical model vs the result from the experimental
program of experiment S3-2, top center dowel with cyclic loading.
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Fig. 3.13 Graphical presentation of numerical model vs experimental results from S3 experiment.
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Due to the very weak column, also in this experiment, the connection was stronger than the column,
respectively, the column failed before the connection.

3.6.7 Experiment S5-2, pinned connection with single centric dowel, cyclic loading

This experiment was conducted with “relatively strong column” of dimensions 40x40cm and
longitudinal reinforcement of 4 318+4 @20 mm.

In comparison with other experiments with column dimension 40x40, the column of these
experiments, even of the same dimensions, was characterized by a high reinforcement ratio, which
increased the strength capacity rotation ductility of the column, allowing the connection to exhaust its
load bearing and deformation capacity.

Since experiments S5-1 and S5-2 were very similar, the only difference being that, in S5-1, all 8
longitudinal bars were of 20mm, it was decided to model and analyze only one of these two.

Fig. 3.14 provides a graphic presentation of the result of the numerical model vs the result from the
experimental program of experiment S3-2, top center dowel with cyclic loading.
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Fig. 3.14 Graphical presentation of numerical model vs experimental results from S3 experiment.

Unlike other experiments with column dimensions 40x40, in this experiment, the connection failed.

3.6.8 Experiment S6-1, top eccentric connection, push-pull loading

This experiment was conducted with “strong column” of dimensions 50x50cm and longitudinal
reinforcement 16 @22mm.

Fig. 3.15 presents graphically the result of the numerical model vs the result from the experimental
program for experiment S6-1, push-pull loading.
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Fig. 3.15 Graphical presentation of numerical model vs experimental results from S6-1 experiment.

3.6.9 Experiment S6-2, top eccentric connection, cyclic loading

This experiment was conducted with “strong column” of dimensions 50x50cm and longitudinal
reinforcement 16 @22mm.

Fig. 3.16 shows graphically the result of the numerical model vs the result from the experimental
program of experiment S6-2, cyclic loading.
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Fig. 3.16 Graphical presentation of numerical model vs experimental results from S6-2 experiment.

3.6.10 Experiment S7-2, intermediate story connection, strong column, cyclic loading
This experiment was conducted with “strong column” of dimensions 50x50cm and longitudinal

reinforcement 14 @22mm. Fig. 3.17 shows graphically the result of the numerical model vs the result
from the experimental program of experiment S7-2, cyclic loading.
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Fig. 3.17 Graphical presentation of numerical model vs experimental results from S7-2 experiment.

3.6.11 Experiment S8-1, intermediate story connection, weak column

This experiment was conducted with “weak column” of dimensions 40x40cm and longitudinal
reinforcement 6 @18+2 @14mm.

Fig. 3.18 presents graphically the result of the numerical model vs the result from the experimental
program of experiment S8-1, cyclic loading.
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Fig. 3.18 Graphical presentation of numerical model vs experimental results from S7-2 experiment.

As in the previous experiments with weak column, also in this experiment, the strength of a connection
was not determined since there were significant damages to the column base wherefore the
experiment was stopped at 30mm displacement.

Therefore, assessment of the connection strength and comparison of the experimental connection
strength vs analytical strength was not possible.

Here, it should be mentioned that the connection strength was determined and the comparison was
made in experiment S7-2.
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3.7 Verification of application of simplified linear hinge for beam-to-column connection
with single dowel

In order to determine the accuracy of linear static analysis modeling parameters and procedures, the
member forces were followed and compared, as required output data for the design.

In this case,, the bending moments of the column at the contact point with the foundation were
compared with the ones from the non-linear analysis with the respective calibrated non-linear link
element.

Initially, a non-linear dynamic analysis using the non-linear link parameters of the models presented in
paragraph 3.5 was performed. Then, on the same frame model, a linear dynamic analysis was
performed, in which case, the beam-column connection was modeled as a simplified linear hinge. From
both models, non-linear and linear, the bending moments at the base column section were obtained
and compared.

Verification of the appropriateness of using a simplified hinge element was performed in experiments
in which the beam-to-column connection was performed with a centric dowel.

The verification was possible to be performed in experiments S1-1 and S1-2 since in the case of the
other centrically positioned dowels, experiments S2, S3-1, S3-2 and S4, the strength of the connection
could not have been explored since the column at the connection with the foundation failed before.

Therefore, the results from the analysis of experiment S1-1 and S1-2 could be considered sufficient for
verification of application of simplified hinge connection for static analysis of precast beam-to-column
connections performed with a single centric dowel.

3.7.1 Verification of application of hinge in experiment S1-1

Fig. 3.19 graphically shows the bending moments at the base of the column which are time dependent
in both cases, linear and non-linear dynamic analysis.
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Fig.3.19 Comparison of bending moments at the base of column in experiment S1-1 from non-linear analysis with
non-linear link element (N.L.L.E.) vs linear analysis with elastic hinge element.
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As presented in fig3.16, the following are the maximum positive and negative results of bending
moments at the bottom of the column from the non-linear analysis and linear analysis and the
difference.

a) Values of bending moment in the case of the non-linear model with a link element
maxM=445.45 kNm
minM=-578.95 kNm

b) Values of bending moment in the case of the linear model with elastic hinge
maxM=473.23 kNm
minM=-605.94 kNm

c) The difference between the bending moments from both analyses is:
maxM=4%
minM=6%

From the comparison of the member forces (bending moments), it can be concluded that it is
completely appropriate and accurate to use an elastic hinge at the beam-column connection and the
elastic analysis is appropriate for the design purpose.

3.7.2 \Verification of application of hinge in experiment S1-2

Similarly to experiment S1-1, in order to determine the accuracy of the linear static analysis, modeling
parameters and procedures, the member forces were followed and compared, as required output
data for the design. The bending moments at the column base were compared. The force input was the
same (time dependent). Fig.3.20 shows graphically the bending moments at the base of the column
which are time dependent.
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Fig.3.20 Comparison of bending moments at the base of the column in experiment S1-15 from non-linear analysis
with non-linear hinge element vs linear analysis with elastic hinge element.
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a) Bending moments in the case of the non-linear model with a link element
maxM=339.47 kNm
minM=-350.11 kNm

b) Bending moments in the case of the linear model with a simple hinge
maxM=336.40 kNm
minM=-356.98 kNm

c) The difference between the bending moments from both analyses is:
maxM=0.9%
minM=1.9%

From the comparison of the member forces (bending moments), it can be concluded that the results
are almost identical, that it is completely accurate to use a simple elastic hinge at the beam-column
connection and that the elastic analysis is appropriate for the design purpose.
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CHAPTER 4 - Design and testing of innovative moment resisting beam to
column dry connection

4.1 Objective

The objective of this research was to develop a precast beam-to-column dry moment resisting
connection. For the developed connection, there had to be a clearly defined design (analytical)
procedure as well as a construction methodology. The proposed connections were to be
experimentally tested to verify the anticipated behavior.

In order to be able to define a connection that will certainly behave as a fully fixed connection with
clearly defined design procedure and construction methodology, a large number of tests had to be
done, much higher than the number of tests that can be covered within the scope of one dissertation.
However, the main goal of this research was to test several moment resisting beam-to-column
connections in order to identify the connection that behaved as full moment resisting connection and
then to layout the path for experimental verification of the design procedures and construction
methodology.

4.2 Proposed moment resisting beam to column dry connections

4.2.1 Brief description of application of beam-to-column connections

For the last few decades, precast buildings have extensively been used in Europe and beyond.

Most of the multi-story buildings that are constructed with precast elements have structural system
composed of RC walls and slabs, whereas in single story buildings, which are mainly used as industrial
buildings, a precast frame structural system is used.

As to the frame structural systems, in most, if not all buildings that have been constructed until now,
the used types of connections have been as follows:

- Column-to-foundation, which are constructed mainly as fixed connections;
- Beam-to-column connections, which are constructed mainly as pinned connections.

The realization of fixity in column-to-foundation connection is not difficult, as described in Chapter
2.3.1, whereas the realization of beam-to-column fixed connection has appeared to be very difficult
and with many uncertainties regarding the performance of such connections. Furthermore, for fixed
beam-to-column precast connections, there is no standardized procedure for design and construction
which makes their application even more complicated.

While observing damages caused to precast industrial buildings with pinned beam-to-column
connections, it has been noticed that these structures, even though they are statically stabile and
behave well under gravity loads, experience considerable damages during earthquakes since they lack
the required redundancy to provide a sufficient energy absorption capacity (chapter 2.4). Due to this
fact, in recent years, many studies and experiments have been focused on achieving moment resisting
beam-to-column connections.
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4.2.2 Justification of investigating dry connections

The challenge for designing a moment resisting precast beam-to-column dry connection is an ongoing
process worldwide and the goal of this research has been to develop different design solutions for a
moment resisting beam-to-column dry connection. In addition, the goal has been to develop not only a
fixed connection, but rather a fixed connection that could be widely used in the construction industry.
In order to achieve this, the proposed connection had to be as simple as possible. The simplicity had to
arise from the design aspects, defined analysis and detailing procedure, as well as, simplicity in
construction.

From observing the behavior of the already tested beam-to-column dry moment resisting connections,
it is evident that there are many ways of developing a moment resisting connection and each way has
its own specificities and factors that have a direct impact on the performance of the connection. A
large number of influencing factors on the studied moment resisting connections makes it very difficult
to layout a design and construction procedure for a moment resisting connection with the desired
outcome.

Chapter 2 presents the types of fixed connections that are recommended and have mostly been
investigated. ltem 2.5.3 shows details of the positive and negative sides of these types of fixed
connections. Further on, item 2.8 displays the wide gap in precast moment resisting beam-to-column
connections and the possibility of contributing to the closing of this gap by a dry fixed beam-to-column
connection.

The best connection would be the connection with lesser number of influencing factors and simple
construction methodology. The simplest dry beam-to-column moment resisting connection is the
connection performed by dowels only, should this behaves as a moment resisting one. If a connection
implemented with dowels does not behave as a moment resisting connection, then adequate
measures for improvement should be taken. In order for the connection to be desirable, due to its
simplicity, to be used in the construction industry, the improvement method should be simple and
clear.

4.2.3 Overview of proposed connections

The proposed and tested moment resisting beam-to-column connections that were the subject of this
research, were:

- dry connections performed by dowels;
- innovative connections;
- up to the best knowledge of author were also unique and not tested before

In the review of existing literature performed during the work on this thesis, there was not found any
dry moment resisting connection constructed by dowels applicable in single story structures.

Developing a moment resisting (potentially with full fixity) beam-to-column dry connection
implemented with dowels only is a clear gap to be filled in the field of moment resisting connections
for single story precast structures.
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Most important, the connection implemented by dowels only is also the most simple connection.
Because of this, the proposed connections could have a high potential for application in engineering

practice.
- Type of connections regarding position of dowels

The developed and tested connections are connections constructed with vertically positioned dowels
and horizontally positioned dowels, (fig. 4.1 a), b) and c)). Even though the most feasible type of
connection in single story structures is the connection with vertical dowels, in some situations,
horizontally positioned dowels could be more appropriate.

Moreover, the findings from the experiments on specimens with connection performed with
horizontally positioned dowels could be, in that case, used as a basis for further investigation of the
performance of beam-to-column moment resisting connections in multi-story structures. For multi-
story buildings, the only way to implement dry connections of beam-column elements is with

horizontally positioned dowels.

The potential moment resisting beam-to-column connection with horizontally positioned dowels could
be a reliable solution in multi-story structures, especially for internal columns, where moments and

shear are not a risk factor.

a) b) c)

Dowels Grout
Grout

Beam Dowels/” Beam Dowels Beam

+
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Fig. 4.1. Possible use of connection performed with a) vertical dowels and horizontal dowels in b) single story
structure and c) multi-story structures.

4.2.3.1 Anticipated behavior of precast beam-to-column dry connection constructed
by dowels

The best way of understanding possible behavior of moment resisting connections constructed by
dowels is by observing the behavior of pinned connections with dowels. The behavior of dowels alone
and the behavior of pinned connections in general, under different loadings and with different position
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of dowels within the section can provide a good overview of possible failure mechanism of the
moment resisting beam-to-column connections with dowels. Studying in details the experiments
performed at UL under the SAFECAST project [,], it can be seen that precast beam-to-column pinned
connections enable understanding of the possible failure mechanisms and provide knowledge on the
requirements for preventing such failures. This knowledge can be used to develop a potential moment
resisting beam-to-column connection with dowels.

The most simple beam-to-column precast connection is the connection in which two elements are
connected with dowels only and the dowels are anchored, through grout, to an already preserved
sleeve, (fig. 4.1 a). The anticipated behavior of this type of connection will depend on which type of
stress will be predominant, flexure or shear.

In cast-in-situ elements/structures, stresses that affect cross-sections are flexure stresses. In normal
structures, shear does not affect cross-sections except for short elements (corbels). In precast
elements, shear stresses are predominant at section level only in pinned connections. In fixed
connections, at the cross-section level, flexure is usually predominant, whereas shear could be
predominant at the element level.

However, in industrial buildings, load arrangement could be such that shear could also be predominant
at the section level.

In the situation when shear is predominant, the strength of a connection will depend on the strength
of the dowel and the strength of the concrete around the dowel. In the situation of predominant shear
force, the shear force will be equally transferred to all the dowels of the connection and the behavior
of the connection will depend on the behavior of the dowels.

If required, the best strengthening methods for connections with dominant shear behavior are very
simple:

- Increasing the diameter of the dowel,
- Increasing the quality of materials, dowels and concrete, including the grout for the sleeve.

The challenge is to develop performance improving methods for the flexural behavior of precast
elements with dowels. In order to develop potentially successful performance improving methods, first
of all, the flexural behavior of the connection with dowels only has to be analyzed.

The anticipated behavior of beam-to-column precast connection with dowels only, is explained as
follows:

When flexure is predominant, the precast section will rotate. Flexure stresses can appear as a result of
gravity loads and combination of gravity and lateral loads. The combination of gravity loads with lateral
loads can lead to various flexure stresses, particularly in single story structures. In combination of
gravity loads with lateral loads of push direction (+), (fig. 4.2), flexure stresses from lateral loads and
flexural stresses already existing from gravity loads will have the same sign. In such a way, the flexural
stresses will become higher. When the lateral loads act in the opposite - pull direction (-), flexural
stresses from lateral loads will be opposite to the existing ones from gravity loads and this will reduce
and even eliminate the already existing flexural stresses.
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Therefore, the most realistic scenario for analyzing the rotational behavior of a connection, is to load a
specimen in the push direction.

Gravity

I
I
I
I

Beam | - Lateral
I
I
I

Bending

Moment Rotating zone of section

Fig. 4.2 Potential flexural behavior of precast beam-to-column connection

When flexural behavior is dominant, part of the dowels are loaded in tension and part of them are
loaded in compression .From the previously analyzed behavior of dowels loaded in tension, Engstrom
et al. (1998),the anticipated failure is the pullout failure, fig. 4.3. [Ref.: 012]

Fig. 4.3 Behavior of dowel in pullout [Ref.: 012]
The situation presented in fig 4.3 is one of the cases when the dowel is fully anchored within the

concrete element and thus provides full dowel-concrete bonding strength. Full bonding strength is the
situation when the dowel will not fail in pullout, but instead, either concrete will fail in shear as a result
of pullout generated force or the dowel will fail in tension at the connection point.

In situations when the height of the element where the dowel is anchored is not sufficient to provide
full anchorage, which is usually the case with precast beam-to-column connections and also the
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connections studied under this dissertation, in that case, the exact failure of the dowel/connection
cannot be completely anticipated.

The possible mode of failure will be:
- Failure of the dowel — concrete bondage

In this situation, the bonding strength between the dowel and the grout/concrete will be much less
than the required one, in which case, the dowel will come out completely from the element, fig . 4.4 a).

- Failure of the dowel — concrete bondage in combination with shear failure of concrete due to
pullout

Also, in this situation, the bonding strength between the dowel and the grout/concrete will be less
than the required one, but higher than that in the case under a). In this situation, the higher the
bonding strength, the deeper the cracking pattern will go into the section, (fig. 4.4 b) and the bigger
cone will be created.

a) b)
RC element RC element
Bondage failure Bondage failurg
Dowel \Dowel
Force Force

Fig. 4.4 Possible dowel pullout failure in the case of a short anchorage height

4.2.4 Possibilities for improving performance of connections and options adopted for
the tests

Methods for improving the flexural performance of connections are a matter of research options,
where each researcher may potentially come to particular innovative proposals and solutions. For this
research, a number of solutions have been considered and the most feasible ones have been tested.

4.2.4.1 Connection upgrading for preventing dowel pullout failure

One connection upgrading method is to confine dowels that are in tension due to flexure with steel
plates. The confinement should be implemented from the top of the dowel as presented in fig. 4.5.
These plates should prevent failure of the dowel in pullout. The use of such a plate is noted in pinned
connections for positioning of the dowel in the middle of the sleeve. Analyzing the pullout failure

76



Doctoral Dissertation: Performance of innovative beam-to-column connections in precast

industrial buildings

mechanism, it has been noted that the same way of use of the plate may also serve for pullout failure
prevention. This use of such a plate has been adopted as one possible method for performance
improvement purposes and it has experimentally been tested under this dissertation.

The anticipated behavior of the connection/dowels with this method of strengthening is explained as
follows:

During the pullout loading, the dowel-concrete bonding strength will initially start to resist. With the
increase of the pullout force, the bonding strength will be reached and this bond will fail, as presented
in fig. 4.4 a) or b). Upon bonding failure, all the pullout force will be transferred to the plates and the
concrete element will be loaded in shear as a result of the tension force in the plates. In such situation,
the strength of the connection will depend on the shear strength of the concrete element.

Plates

Steel plates Dowels
Grout

Beam

uwnjod

Fig. 4.5 Upgrading of the connection with steel plates to prevent pullout failure

4.2.4.2 Connection upgrading for preventing dowel pullout failure and concrete
spalling failure

In addition to pullout, from flexure, the dowels in the tension zone could also be subject to horizontal
deflection due to rotation, (fig. 4.2). This horizontal deflection due to rotation can generate shear force
on the dowel. This shear force on the dowels, in combination with the shear force from the external
loading may result in failure of the concrete, referred to as concrete spalling. When concrete spalling
occurs, then the entire connection fails.

Concrete spalling occurs when the shear force on the dowels is greater than the concrete strength in
tension.
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a) Preventing concrete spalling failure by stirrups

There are many possible ways to prevent failure of a connection due to transversal stresses. One of the
practical solutions is to insert stirrups in the connection. In this way, even though concrete spalling
occurs, the joint will not fail since all the shear force from the dowels will be transferred to the stirrups.

b) Preventing concrete spalling failure with fiber strips

Another possible solution to prevent failure of the joint, and even concrete spalling, , is by introducing
reinforced carbon fiber (of glass fiber) strips, as presented in fig. 4.6.

This type of strengthening presented in fig. 4.6 may potentially strengthen the connection against all
possible modes of failure as a result of flexure.

|
hd Plateg |
@ ® |
|
|

Steel plates Reinforcing strip

|
|
Beam !
|
|

uwnjod

Fig. 4.6 Upgrading of a connection strength with carbon fiber strips for preventing concrete spalling

The proposed strengthening method by reinforcing strips has been considered during the performance
of the experiments within the frames of the thesis, however, it has not been tested since it has been
considered a little bit complicated for wide application in the construction industry.
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4.2.4.3 Connection upgrading by a steel plate for preventing dowel pullout failure
and concrete spalling failure

The key element for wide application in construction industry is simplicity. Therefore, another simpler
method for additional strengthening is proposed. This method consists of applying a large plate bolted
to all dowels of the connection, (fig. 4.7).
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Fig. 4.7 Strengthening dowels by a large steel plate to prevent all failure modes

In addition to preventing pullout failure, this strengthening method should also prevent failure due to
transversal forces, as well as, concrete spalling since the transversal force will be transferred to the
dowels located in the compression zone of the section.

4.3 Experimental program

For verification of the anticipated behavior of precast connections and precast elements in general,
with and without additional strengthening, an experimental program has been designed and
performed.

4.3.1 Design of the experimental program

Precast connections can experience, depending on the position of the dowel within the connection,
one of the following three types of failure mechanisms:

- Pullout failure;
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This is a type of failure when the dowel is pulled from the sleeve due to short anchorage length, fig.
4.4.

- Failure of concrete around the dowel,

This is a type of failure that occurs in the case of dowels loaded in shear and when dowels are
positioned on the edge of section, fig. 2.6.

- Failure of the dowel due to shear

This is a type of a dowel failure in a connection loaded in shear. This type of failure occurs in the cases
when the dowel is positioned in the center of the connection. This type of failure could be very rare in
a moment resisting connection, but it is still possible.

Which type of failure will occur depends on the type of loads and consequently the type of stresses
(flexure and shear) as well as the position of the dowel within the connection/section. For moment
resisting connections, where the dowels have to be positioned eccentrically, at both ends of the
section, the connection can be subject to a pullout failure, failure of concrete around the dowel or both
types of failure simultaneously.

In a precast connection, which in our case, is the critical section within the element, the bending
moments and shear force may have different intensity as a result of the influence of many external
factors. The experimental program within this research has been designed to test the proposed
connections, presented in paragraph 4.2.4, regarding all failure modes. The specimens were tested for
the scenario where flexure was the predominant force, the scenario where shear was predominant
and for the scenario where both forces (flexure and shear) acted with equal intensity (a possible
situation in which both are predominant).

The type of loads/stresses acting on the element and subsequently on the connection depend on the
following factors:

- Span of the frame

The frame with a shorter span will be subject to intensity of shear force at the critical section higher
than the intensity of the flexural forces under the same load combination; the opposite holds for a
larger span structure. For example, for the frame with a span of 5m, the intensity of shear force at the
critical section could be up to twice the intensity of bending moments, i.e., the moment/shear ratio is
M/V=0.5. With increasing the span, the intensity of bending moments will become higher in respect to
the intensity of shear force. For a frame with a span of 15m, the intensity of bending moments could
be twice the value of the intensity of shear force, i.e., moment/shear M/V>2.0 and so on.

- Type of loads acting on the structure

Depending on the location, the building is subject to various types of loads (gravity, high snow, high
wind, earthquakes, etc.). For various load combinations with different load intensities of each load
type, the moment/shear ratio could vary from a situation when bending moments are higher to the
situation when shear is higher. For example, the higher the intensity of gravity loads in respect to
lateral loads, the higher the shear force in respect to bending moments, and vice versa.
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- Designation of the building

In many situations, industrial buildings could have a moving crane installed within the structure.
Usually, a moving crane is placed on the corbel of a column, but there could be a situation when a
crane is hooked to the roof elements. The location where the crane is hooked and the maximum
weight that the crane can carry may have a direct impact on the moment/shear ratio at the critical
section, respectively further increasing shear in respect to flexure.

In real life, the M/V ratio may never be the same in buildings since each building is different in many
ways. Even in the same building, this ratio changes in continuity, depending on the variation of load
intensity especially during an earthquake.

Consequently, it is not possible to design an experimental program to cover all the situations in real
life. Generalization of possible critical situations was adopted that could be representative for many
(most of the real life scenarios). The moment/shear ratio, acting on the critical connection (precast
connection level), adopted for the testing specimens was:

a) Higher Moment/Shear ratio, M/V= 1.5

This experiment covered all the situations where moments are predominant in respect to shear and
the behavior of the connection and specimen was anticipated to be a pure flexural behavior. The
performance of the connection/specimen under this ratio could be generalized for all real life
situations when bending moments are predominant.

b) Equal Moment/Shear ratio, M/V=1.0

These experiments covered situations where the moments and shear are of the same range with the
potential of both being predominant forces in the critical section of the specimen. The behavior of the
connection was anticipated to be coupled moment/shear behavior. The performance of the
connection/specimen under this ratio could be generalized for all real life situations when intensity of
bending moment and shear force is similar.

c) Higher Shear/ Moment ratio, M/V= 0.5

This experiment covered all situations where shear forces are higher than the flexure forces. The
predominant type of behavior of the connection in this case is shear. The performance of the
connection/specimen under this ratio could be generalized for all real life situations when the intensity
of shear force is much higher than the intensity of the bending moment.

Through these testing combinations, the goal was to get a clear insight into the behavior of the precast
connections under the most possible situations in construction practice.

In order to determine if the developed precast connection is behaving as a monolithic connection, the
results obtained for a precast connection had to be compared with the ones obtained for a monolithic
(cast-in-situ) connection. For proper and reliable comparison, both connections had to be constructed
by using the same properties and in such a way as to have same analytical strength.
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4.3.2 Type of connections tested

Table 4.1 shows the types of tested connections.

Table 4.1. Description of types of experimental tests under this research thesis

Nr. Label Moment/Shear ratio | Description

at connection level

1 S1,V.D M/V=1.0 Connection performed with vertical dowels where two
dowels in tension are strengthened with individual plates,
fig. 4.8 b). M/V=1.0 at the joint face on both sides.

2 S2,V.D M/V=1.0 Connection performed with vertical dowels where dowels
are anchored with grout only, with no additional
strengthening, fig. 4.8 a)

3 S3,V.D M/V=1.0 Connection performed with vertical dowels where two
dowels in tension are strengthened with individual plates,
fig. 4.8 b).

4 S4, R.M M/V=1.0 Referent model, cast-in-situ connection, fig. 4.8 c).

5 S5, H.D M/V=1.0 Connection performed with horizontal dowels where two
dowels in tension are strengthened with individual plates,
fig. 4.8 d). M/V=1.0 at the joint face on both sides.

6 S6, V.D M/V=1.5 Connection performed with vertical dowels where dowels
are anchored with grout only, with no additional
strengthening, fig. 4.8 a)

7 S7,V.D M/V=1.0 Connection performed with vertical dowels where all four
dowels are strengthened with one large plate, fig. 4.8 e)

8 S8, H.D M/V=1.0 Connection performed with horizontal dowels where all four
dowels are strengthened with one large plate, fig. 4.8 f).
M/V=1.0 at the joint face on both sides.

9 S9, H.D M/V=0.5 Connection performed with horizontal dowels where all four
dowels are strengthened with one large plate.

10 $10,R.M | M/V=0.5 Referent model, cast-in-situ connection, fig. 4.8 c).

Note:

V.D. — Stands for Vertical Dowels
H.D. — Stands for Horizontal Dowels
R.M. — Stands for Referent Model
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Fig. 4.8. Connection performed with vertically positioned dowels where dowels are anchored with grout only (a),
connection performed with vertically positioned dowels where two dowels in tension are strengthened with
individual plates (b), cast-in-situ connection (c), connection performed with horizontally positioned dowels where
two dowels in tension are strengthened with individual plates (d), connection performed with vertically positioned
dowels where all dowels are strengthened with one large plate (e), connection performed with horizontally

positioned dowels where all dowels are strengthened with one large plate (f).
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4.4 Preliminary design of precast connection

One of the constraints regarding precast connections is the position of the dowel within the cross-
section. The dowel has to be positioned inside the stirrups, (fig. 4.9). The exact position of the dowels
depends on the type of grout that is used and the requirement for minimum thickness of the gout. This
limitation effects clear distance between the dowels in the compressed and the tension zone which, as
a result, this distance (d,) is smaller than the distance between the reinforcement in the compressed
and the tension zone in the same element. For this reason, in order that the element has the same
bearing capacity as the monolithic one, the dowels should have a higher strength than the
reinforcement, or if the same material is used, then the dowel diameter needs to be larger than that of
the reinforcement bars.

Sleeve

@%

.©.8.

Fig. 4.9. Position of the dowel within the cross-section

Another important factor for consideration in design of precast connections is the approach to flexural
strength analysis of the section.

If the connection of two precast elements is constructed with rubber between them, (fig. 4.10 a)), then
the strength of the section should be calculated by taking into consideration the dowels only. The
dowels should be calculated by converting the bending moment into a pair of forces:

M

F= d_1 (4.1)

Where,

F —force demand for the dowels

M — bending moment acting upon the section

d, — distance between compressed and tension dowels

If the connection of the precast elements is performed directly through concrete to concrete contact,
(fig. 4.10 b)), then the most reliable method for calculating the potential strength of the section is to
treat it as a regular reinforced concrete section.
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Fig. 4.10 Connection of precast elements, a) with rubber between elements and b) direct contact.

4.4.1 Case study

To obtain the best representative results, a hypothetical case study was considered for analysis and
design.

As a case study, a building with a small span, not usual for a prefabricated building, was used for the
purpose of having element dimensions that could be experimentally tested.

The reason as to why this building could be considered as representative was that the behavior of its
connections could be used as a reference for designing connections of other buildings (with different
spans and heights) since the design and analysis method is same regardless the size of a building.

Another reason for adopting this case study is that in regard to the buildings with larger span this
building with smaller span represent higher lateral force vs. gravity force ration (V/G).

a) Details of case study building
For the case study the following was adopted:

- Building geometry, fig. 4.11:
0 Frame layout 25x5m
0 Frames spacing of 5m
0 Height of the building 3m
- Loads
O Building is covered with hollow panels with equivalent load of: g=2.5kN/m?2
0 Claddings are adopted also to be of hollow panels with the same weight: g=2.5kN/m2
0 Live load from snow: Q=1kN/m2
0 For seismic analysis and design, the provision of EC 8 design criteria are used, with PGA 0.35g
- The same material is used for all the elements, as follows:
0 Concrete C35
0 Steel S500 B for the reinforcing bars and the dowels.
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b) Results from the static analysis of the structure

In the table 4.2 are presented the higher values of member forces under various load combination,

based on which forces the frame is designed. Also in this table is presented bending moment at

yielding point of the cross-sections based on adopted cross-section properties.

Table 4.2. Maximum member forces on the frame elements and the flexural strength at yielding point of designed

section.
Case study | Cast-in-situ section | Precast section
Design bending moment (M) | 54kNm’ N/A N/A
Design Shear forces (Vq) 69kN N/A N/A
Design axial forces (Nsg) 138kN N/A N/A
Yielding flexural strength of N/A 98kNm’ 99kNm’
designed section

c) Design details of the frame elements

The following is the outcome of the design of the building:

a)

b)

The cross-section dimensions of the frame elements are adopted 25x35cm. In the real
construction scenario, the cross-section dimensions of the same case study can be adopted
with different geometrical properties, e.g., 25x40cm. The reason that a 25x35m cross-
section is adopted is that, since one of the main failure mode of the precast section, the
pullout failure of the anchors, is in direct function of the length of the anchorage, the
height of the section has a direct impact on the performance of the connection in regard to
the pullout failure. For this reason, the smaller cross-section is adopted for this research
because its performance is more critical compared to a bigger cross-section. Therefore, the
goal is to test the connection under the most unfavorable conditions.

Since the results from the experiments should be validated with the results on the cast-in-
situ connection, the reinforcement amount in the cast-in-situ connection and the
dimensions of the dowels in the precast connection are adjusted (regarding strength and
position within the cross-section) in such a way that the flexural strength of the cast-in-situ
section at the face of the joint and of the precast connection is approximately the same.
The flexural strength of both sections (cast-in-situ and precast) is calculated by using the
same method, as RC elements, since the precast element is with no intermediate element
and it is in direct contact concrete with concrete of the connected elements. For the
adopted cross-sections presented in figs. 4.12 a) and b), the flexural strength at yielding
point of the cast-in-situ (referent model) and of the precast connection are presented in
table 4.2.

The analytical verification of the flexural strength of the cast-in-situ specimen and the specimen with

precast connection was done with software “Response 2000” [Ref.: 026]. The flexural behavior of the

cross-sections is presented in figs. 4.12 c) and d).
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a) Referent model b) Prefabricated connection
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Fig. 4.12. Cross-section properties of the referent model (a), precast model (b), M-f diagram for the referent model
(c) and M-f diagram for the precast model (d).

In the construction of the specimen, the monolithic side of the joint, (fig. 4.13) was constructed to have
a higher flexural strength than the precast section of the joint in order to explore the strength of the
precast connection preventing failure somewhere else.

Monolithic side of joint
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Fig. 4.13 Monolithic side of the joint
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4.4.2 Details of the elements for testing

Details of the elements for testing of the referent cast-in-situ model are presented in fig. 4.14, while
details of the model with precast connection with vertical dowels and horizontal dowels are given in
figs. 4.15 and 4.16, respectively.

REFERENT MODEL
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Fig. 4.14. Details of the referent cast-in-situ model.
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Prefabricated connection with Vertical Dowels
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Fig. 4.15. Details of precast element with vertical dowels.
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Prefabricated connection with Horizontal Dowels
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Fig. 4.16. Details of precast element with horizontal dowels.

4.4.3 Construction methodology

It should be noted that the construction of precast elements and connection of the elements are
performed on open construction site using standard construction equipment.

An important factor during the construction of the elements is the requirement for minimum
temperature of the air and substrate for grout pouring which should be minimum 8°C. This
requirement becomes a great constraint since it limits the construction of precast elements only during
specific weather conditions otherwise the compression strength and consequently the bonding
strength could not reach the maximum that the grout offers.

The process of construction of test specimens is presented further.

a) Construction of the referent model

Construction of the cast-in-situ element is performed as it would be in the real life situation. The
column is constructed first and the reinforcement from the column is anchored to the beam. Then, the
beam is constructed and the beam reinforcement end within the joint. At the potential critical cross-
section, the column side (column face) of the joint, there is no overlapping of reinforcement.
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b) Construction of connection with vertical dowels (V.D.)

Considering the goal of the research, to design and construct as simple as possible connection, the
construction has been performed as follows: prior to the concreting, the dowels are inserted in the
column and concreted inside the column. The anchorage length is 35¢. During the construction of the
beams, sleeves are preserved by using a steel pipe. The diameter of the sleeve is chosen in correlation
with the injected grout. In this case, non-shrinkage cement grout - SIKA 212 of high performances is
used for grouting. The compressive strength of the grout is 60MPa and the bonding strength is 13.7
MPa, at full curing time. For this type of grout, the minimum thickness between the dowel and the
sleeve should be 1.25cm, and since the dowel diameter is 20mm, in order to meet this requirement,
the sleeve diameter is adopted (4.0+2x1.25=4.5cm) 5cm.

At the free end of the dowels, threads are formed for bolting, allowing strengthening with plates, (fig.
4.15). The construction of elements with vertically positioned dowels is presented in fig. 4.17.

a) b)

Fig. 4.17. Photo taken during construction of the column of connection performed with vertically positioned
dowel; a) dowels inserted in column prior to concreting, b) sleeves preserved in beam by steel pipes prior to
concreting for performing the connection.

Connection of the elements is performed after the concrete is fully cured and the experiments are
performed after the grout is fully cured, too. Initially, the elements are positioned and then the sleeves
are filled with grout. Fig. 4.18 shows a photo taken during the connection of the elements with
vertically positioned dowels.
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Fig. 4.18. Photo taken during connection of elements with vertically positioned dowels

The black strips on the photo at the connection level are duct tape for preventing grout flowing off the
connection.

a) Construction of connection with horizontal dowels (H.D.)

The construction process for elements with horizontal dowels is different than that for vertical
connections. This is due to the fact that, for the horizontal connection, the dowels have to be inserted
in both elements during the connection phase. For this reason, the sleeve has to be preserved in both
connected elements, beam and column. Fig. 4.19 presents a photo of sleeve preservation with
removable steel pipes in both elements.
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Fig. 4.19. Photo taken during construction of elements with horizontally positioned dowel, a steel pipe being
inserted for sleeve preservation.

A challenge in connecting elements horizontally is positioning the dowel in the middle of the sleeve as
well as filling the sleeve with grout. Positioning of dowels in/or approximately in the middle of the
sleeve is a key factor for ensuring adequate anchorage. For this, there could be many different
methodologies. It is very important to adopt the methodology that is considered consistent and could
be used with certainty for assuring a reliable outcome. For this experiment, the following approach has
been adopted:

0 For allowing the same diameter of the sleeve, a steel tube of diameter 50mm is used on both
elements, column and beam. Proper positioning of the tube is done on both elements, fig.
4.19.

0 During actual construction, in order to ensure proper position of the dowel in the sleeve, three
short reinforcing bars $10 with a length of 10cm each, are welded on three sides of the
dowel, (fig. 4.20). These bars serve for positioning the dowel at the same distance from all
sides of the sleeve walls, respectively, in the middle of the sleeve.
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Fig. 4.20. Positioning the dowel within the sleeve; a) longitudinal view of the dowel within the connection, b)
cross-section view of the dowel within the sleeve.

Pouring of the sleeve with concrete is performed using four holes which are left open during the
concreting (fig. 4.16). Fig. 4.21 shows some photos taken during the actual connection of the element,
presenting the process of injection of the grout in the sleeve. For pouring the sleeve, a simple plastic
water bottle is used as a funnel.

Fig. 4.21. Photo taken during performance of a connection with horizontally positioned dowels; a) filling of the
upper sleeves, b) filling of the upper and the lower sleeves.

- Treating sleeve for adequate roughness.

For proper anchorage, not only the dowel has to be bonded by the grout, but also the grout mass has
to be bonded by the concrete element. For proper bondage of grout with concrete element, the

95



Doctoral Dissertation: Performance of innovative beam-to-column connections in precast

industrial buildings

surface/walls of the concrete have to be rough enough, otherwise the grout mass could be pulled out
and the connection could fail in pullout. For this activity, there could be different methodologies
adopted. For this experiment, the following has been adopted:

Two and a half hours after pouring the concrete in the elements, just at the moment when the process
of concrete hardening is started (the concrete is hard enough not to yield but still soft for scratching),
the steel tubes are removed. The hardness state of the concrete is observed on spot and, at the right
timing, a plastic brush (fibers of which are previously trimmed to meet the sleeve diameter) is used to
make the roughness of the inside sleeve by twisting the same in and out one time, as presented in fig.
4.22.

Fig. 4.22 Method used for treating sleeve walls for adequate roughness.

4.5 Experiment set-up
4.5.1 Boundary conditions

The boundary conditions of the tested specimens are presented in fig. 4.23. The element is simply
supported.
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Fig. 4.23. Boundary conditions

Since the goal of the research is to test a connection, due to this boundary condition, all flexural
deformations are concentrated in the joint. In this way, all deformation resulting from the experiment
will be attributed to this connection/joint only.

The test set-up and scheme of instrumentation are presented in fig.4.24.
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Fig. 4.24 Test set-up of the specimen with vertical dowels

The position of support Ay and the position of the actuator are flexible and they are used to achieve
different moment/shear ratio at the section. In the case of vertically positioned dowels, for achieving
M/V=1.0 at the connection level, the distance of the actuator from the connection level is L=1.0m
whereas for achieving M/V=1.5, the equator is positioned 1.5m from the connection level. All other
supports remain at the same locations for all experiments. Table 4.3 shows data on the location of the
supports and the actuator for all experiments.
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In the case of horizontally positioned dowels, to simulate the real life situation, the element is placed
with the dowels positioned horizontally, (fig. 4.25). On horizontally positioned dowels, support Ay is
used to achieve the respective M/V ratio whereas the actuator remains at the same location. For
achieving M/V=1.0 at the connection level, support Ay is positioned at distance L=1.0m from the
connection level, whereas for achieving the M/V=0.5 ratio, the Ay support is positioned at a distance
L=0.5m from the connection.

Support B

LVDT 1

Actuatoff

NLoad Cell=§;

100

Support Ax Idealized pin
support

LVDT 4

Dowels

Fig. 4.25 Test set-up for the specimen with horizontal dowels

Table 4.3 shows details of boundary conditions of the tested specimens.
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Table 4.3 Boundary conditions for the specimens tested under this research thesis

Experiment/Label | M/V ratio Position of actuator and supports
Rv=F
Rwi=F E
Ru=F <~
S1, V.D. 1.0
I oo I
Rv.=0.77xF %
Rv:=0.68xF
Ru=F
S2,V.D. MlaF
S3, V.D. 1.0 ; l
S7, V.D. : s
4& 0 ] :.1
L
Rv>=1.08xF % F
Rw=F : n
Rvw=F
S6, V.D.
1.5 B
140
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Ru
£
Rv2=0.77xF 8
Rv:i=0.68xF
Ru=F
4 F
S4, R.M.
’ 1.0
Ry Beam
140 i
Ru
R
Rv.=F
Rvui=F F
S5, H.D. e <~
S8, H.D.
’ 1.0
Ru
100—1
Ru
Rv.=1.82xF
Ru=1.72xF F
R+«=F
S9, H.D.
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4.5.2 Loading Programme

For technical reasons and practical purposes the following loading programme is adopted:

Until the anticipated yield point of the specimens force controlled loading program is applied. After the
yielding point the loading programme is continued in deformation control mode. The graphic of
loading programme adopted in presented in fig. 4.26

The designed flexural yielding strength presented in table 4.3 is in the level of the section. In cast-in-
situ frames this also is considered as flexural yielding of the element and also of the joint. The behavior
of precast connections are different from the behavior of the cast-in-situ joints and the strength
properties of the section of the precast connection cannot be considered to be strength properties of
the connection as an element. The flexural yielding strength of the precast connections to be
experimentally tested is anticipated to be lower than flexural yielding strength of the section. For this
reason the flexural yielding strength, for purposed of planning the experimental programme, is
reduced. The adopted flexural yielding strength of the precast connections is adopted My=75kNm.

For loading programme the anticipated yielding flexural strength is divided in 5 equal increments
(Ay/5=A) and three loading cycled are performed for each increment (A=15kN, 2A=30kN, 3A=45kN,

4A=60kN, 5A=Ay=75kN)
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Fig. 4.26 Loading programme adopted for performing experiments

4.5.3 Description of equipment and sensors used in the experimental program

The equipment used for the performance of the tests and the processing of the results has been the
following:

a) Multifunctional Control Console (MCC 8)

Multifunctional Control Console (MCC 8), fig. 4.27 a), with the following characteristics has been used
as equipment for conducting the testing program:

- General description: Automatic hydraulic systems for static and low frequency dynamic tests on
building materials under control of Load/Stress, Displacement, Strain;

- Hydraulic Group: dual stage pump, 700 bar max. pressure, 2 hydraulic outputs extendable to 4
with the accessories 50-C7022/UP1 and /UP2 (see Upgrading Options), servo-control system for
load control with proportional valve;

- Hardware and on board firmware:

0 Resolution 132000 divisions, closed loop control with high frequency PID,

0 4 channels for deformation sensors used in Elastic Modulus determination (normally strain
gauges or digital compressometers),

0 Diagnostic menu to identify possible problems,

- Saving of calibration curves of different sensors;

- Digital linearity of calibration curves with automatic selection of coefficients;

- User interface: The system is controlled via the PC. An alphanumerical keyboard and an icon driven
display are also provided for factory settings and use of unit in local mode;

- Graphical display 320x240 pixel;

- Software: automatic execution of fully customized tests under load/stress, displacement strain
rate control which are for materials such as fiber reinforced concrete (FRC), Shotcrete, concrete
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elements lined with polymeric membranes, structural reinforcement elements. It is also possible
to program a sequence of steps with different feedback parameters. All test parameters can be
easily modified to meet the Standards requirements.

b) Hydraulic Cylinder (fig. 4.27 b)
Single Acting Cylinder — ENERPAC
Stroke 159mm

Capacity 500kN

c) Force Transducer (AEP Italy) — TC 4 (fig. 4.27 c)

Force transducers for the measurement of static and dynamic loads
in COMPRESSION and TENSION

Load capacity 500kN

Class (ISO 376) 1

Linearity and hysteresis 0.05%

Output 2mV/V

d) Linear potentiometer transducer (fig. 4.27 d)
Input voltage 10 V DC

Nominal displacement 100 mm

Repeatability: better than 0.002 mm

Accuracy: better than 0.002 mm

LDT standard output 2mV/V

e) Displacement Transducers (AEP Italy) — LDT (fig. 4.27 e)
Input voltage 10 V DC

Nominal displacement 50 mm

Resolution: Infinite

Linearity: 0.5%
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Fig. 4.27 Photo of items used for the experiments; a) Multifunctional Control Console (MCC 8), b) Hydraulic
Cylinder, c) Force Transducer, d) Linear Potentiometer Transducer and e) Displacement Transducer

4.5.3.1 Positioning of LVDT’s

A total of four LVDS-s were available and they were positioned to best capture the global and local
performance of the specimens. In fig. 4.24 and fig. 4.25 are presented positions of the LVDT-s in the
specimen with a vertical dowel and the specimen with a horizontal dowel respectively.

- LVDT 1, is positioned to measure the global deformation of the specimen, which deformation is
solely attributed to the deformability of the joint where the connection is performed. This LVDT
measured the deformation on one element (column) in respect to the other element (beam). In
this way, all other outside factors that could affect the deformation are eliminated.

- LVDT 2, is positioned at the connection level to measure the deformation (gap opening) of the
connection section.

- LVDT 3, is positioned on the other side (monolithic part) of the joint, at the location where the
biggest potential flexural crack would perform with the intention to follow the deformability of the
connection in respect to this anticipated crack formation in the element.

- LVDT 4, is positioned to measure the shear displacement of the beam in respect to the column at
the connection level, respectively to measure the shear split of the connection.
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4.6 Results from experiments

In this item, the results from the experiments and comments on the performance of each specimen
during the testing are presented.

4.6.1 Specimen “S1,V.D”

This experiment was performed on a connection with vertical dowels strengthened by individual
plates, (fig. 4.8b).

In this experiment, the M/V ratio at the precast connection section as well as at the monolithic side of
the joint face was M/V=1.0.

The results for the behavior of this connection are presented in figs. 4.28 — 4.31.
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Fig. 4.28 F-D diagram of global displacement of specimen “S.1 V.D.”
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Fig. 4.29 F-D diagram of opening of section at the connection level of specimen “S.1 V.D.”
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Fig. 4.30 F-D diagram of opening of section at the monolithic part of the joint (beam face) of specimen “S.1 V.D.”
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Fig. 4.31 F-D diagram of shear slip of the connection of specimen “S.1 V.D.”

Observation during the experiment

At the last loading cycle, the global deformation of the specimen exceeded the LVDT measuring
capacity. Even though the readings of the LVDT 1 stopped, the loading continued. At the moment when
the LVDT 1 reached the maximum, the curve was already in slow descending. With the continuation of
the experiment, the force was decreasing. Since LVDT 1 was not able to perform the measuring, it was
impossible to register the descending curve.

4.6.1.1 Description of the specimen performance

Until force F=110 kN, the specimen experienced the following behavior, (figs. 4.32 and 4.33):

a) The joint of the specimen behaved in shear due to the tension force from the plates due to the
dowel pullout (this is covered in more details further in text).

b) The beam exhibited a pure flexure behavior, namely, there were no shear cracks until that
force.

c) The global behavior of the specimen, until force F=105kN, was mainly governed by the
behavior of the precast section, and to a certain extent, also by the beam-joint section. This is
clearly evident by observing the F-D diagram of global displacement (fig. 4.28) and the F-D
diagram of the precast section (fig. 4.29). With the increase of force on the beam, a large shear
crack started to be developed in it, (fig. 4.33). Following the formation of this crack, all flexural
deformations started to be concentrated on the beam only and at two places, both slightly
away from the joint face. The crack that was initially formed on the joint face did not
propagate further after the force exceeded the intensity of 105kN. Both of these other cracks
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that governed the behavior of the specimen (section that failed) were cracks that were initially
formed due to flexure and then, with the increase of force (over 105kN) and hence, increase of
shear stresses, the same section experienced further shear cracks. After the concrete failed in
shear, the longitudinal reinforcement started to behave like a dowel in shear. From that
moment, this section started to behave like a precast section loaded by a shear/flexure
combination. While in the other cracked section, the longitudinal reinforcement was loaded in
tension due to flexure, in this section, the reinforcement started to rotate due to the kinking
effect. As a result of this, it could be concluded that the specimen failed by a shear/flexure
combination which occurred on the beam.

The resistance of the precast beam-to-column section was bigger than that of the other element
(beam) of the connection. This is because shear/flexure interaction proved to be more critical than
pure flexure. The reason that the column did not experience any damage at all, except for the few
hairline flexure types of cracks, (fig 4.32), was that there were also four dowels in addition to the
longitudinal reinforcement in the column. This made the column (except for the connection section)
much stronger than the other element of the precast specimen. In this way, due to the construction
methodology requirements for precast structures, the element of the structure where the dowels were
anchored became much stronger than the other element of the precast structure. For the same
flexural capacity and under flexure/shear ratio of M/V=1.0, the precast connection was not a critical
section of the structure.

The total deformability of this specimen was very high D>10cm.

Note:
As total deformability were considered the global deformation values of the specimen at the force
80% of the ultimate force pass the ultimate point.

All the deformability of the specimen was provided by the beam (the element with no dowels
anchored in it). This is due to the fact that the strength of the column is much higher than that of the
beam, which was also confirmed with the experiment. This is a very good outcome because, in the
standard seismic design approach, the goal is just this, namely, the column to be stronger than the
beam, and this was achieved in this specimen (in this type of connection).
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Fig. 4.32 Cracks in the specimen after the sixth loading cycle applied on specimen “S.1 V.D.”

Fig. 4.33 The specimen after the last loading cycle, failure state of specimen “S.1 V.D.”

4.6.2 Specimen “S2,V.D.”

This experiment was performed on the element with vertical dowels (VD) where the connection was
done by grout only. The M/V ratio at the beam-to-column connection level was 1.0. By observing the
behavior of specimen “S 1, V.D.”, where the beam failed in the shear/flexure mode, by which the
properties of the connection could not been explored, in order to prevent such failure of the other
specimens, the boundary conditions were changed to allow this element to behave in flexure. Instead
of 100cm from the joint face, the support was placed at a distance of 140cm, as presented in table 4.2.

The experimental results represented through F-D diagrams are given in figs. 4.34 — 4.37.
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Fig. 4.34 F-D diagram of global displacement of specimen “S.2 V.D.”
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Fig. 4.35 F-D diagram of opening of section at connection level of specimen “S.2 V.D.”
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Fig. 4.36 F-D diagram of opening of section at the monolithic part of the joint (beam face) of specimen “S.2 V.D.”
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Fig. 4.37 F-D diagram of shear slip of the connection of specimen “S.2 V.D.”

4.6.2.1 Description of the specimen performance

During the first five cycles, up to the load of 75kN, the specimen exhibited a flexural performance. This
is shown in the F-D diagram on global displacement, (fig4.34). During these cycles, all parts/sections of
the specimen were still in the elastic range. At the sixth cycle, under a load of 77kN, the joint of the
specimen experienced the first shear crack from pullout of the dowel. This crack is also detectable in
the F-D diagram of global displacement, (fig 4.34).
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With further increase of the load, the F-D curve increased under a different (smaller) angle which was
an evidence of the drop of the stiffness of the specimen (joint) at this load intensity (F=77kN).
However, this degradation of stiffness was due to concrete shear crack occurrence, wherefore this
point was not to be considered as a yielding point of the joint since no section (longitudinal
reinforcement) of the specimen passed the yielding point. This is evident from observing the F-D curves
presented in fig.4.35 and fig. 4.36 where none of the potential critical sections exceeds the elastic
range.

With the increase of the load, there appeared another shear/pullout crack in the joint. These
shear/pullout cracks appeared due to rotation of the section presented in fig. 4.39. At the force of
F=90kN, the joint underwent a shear brittle failure caused by pullout of the dowels loaded in tension.
This is evident from the F-D diagram presented in fig 4.34 as well as in fig 4.38. The pullout of the
dowels was visible at the end of the experiment.

After the pullout failure occurred at two dowels loaded in tension, due to rotation of the section, the
dowels in tension also started to rotate and caused concrete spalling. This is also evident in the F-D
diagram showing the measured slip of the connection, (fig 4.37) where, at load F=90 kN, the
deformations started to develop on the opposite side of the slip, indicating concrete spalling.

The overall behavior of this connection, “S 2 V.D.”, constructed with vertical dowels and grout only,
was dowel pullout failure with small deformability and limited ductility.

The total deformability of specimen “S 2 V.D.” was D=2.4cm.

Fig. 4.38 Crack pattern of the specimen at the last loading cycle -photo from experiment of specimen “S.2 V.D.”
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Concrete spalling

Fig. 4.39 Rotation of the section of specimen “S.2 V.D.”

4.6.3 Specimen “S 3,V.D”

This experiment was performed on the connection with vertical dowels strengthened by individual
plates. This specimen was the same as specimen “S 1, V.D”, the difference being only in the boundary
conditions. The boundary conditions of this specimen and all other specimens are presented in Table 2.
The results on the behavior of this connection are presented in figs. 4.40 — 4.43.
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Fig. 4.40 F-D diagram of global displacement of specimen “S.3 V.D.”
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Fig. 4.41 F-D diagram referring to the connection level of specimen “S.3 V.D.”
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Fig. 4.42 F-D diagram referring to the monolithic part of the joint (beam phase) of specimen “S.3 V.D.”
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Fig. 4.43 F-D diagram of shear slip of the connection of specimen “S.3 V.D.”

4.6.3.1 Description of the specimen performance

The overall performance of the joint can be considered as a shear/flexural performance.

During the sixth loading cycle, up to the load of 90kN, most of the cracks were concentrated on the
joint. These cracks were not from the pullout force of the dowel, but rather from the shear force
generated from the strengthening plate as e result of pullout prevention. These cracks did not
propagate throughout the joint, but stopped at around 85% of the joint depth. This was an indication
that this crack was initiated as a shear crack due to the shear force from the plate, but then continued
to propagate further as a flexural crack due to rotation of the section.

At the load of F=90kN, the specimen reached the yielding point, and the monolithic section of the joint,
started to yield. The yielding is evident in the F-D diagram of global displacement (fig. 4.40).

Yielding of longitudinal reinforcement did not occur as expected in the regular flexural behavior
section. In the regular flexural behavior of the section, the longitudinal reinforcement would be loaded
in tension only due to rotation of the section. In this particular situation, the forces acting on the
section are:

a) shear force from the strengthening plates acting on the joint that caused the shear crack
marked in red in fig. 4.45 which force is generated on the plate as a result of tension force on
the dowel, and

b) transversal force acting perpendicularly to the dowel axis generated due to rotation of the
dowel as presented in fig. 4.45.

The combination of these forces caused the longitudinal reinforcement of the beam to be loaded in
bending and tension at the same time. This kind of loading of the longitudinal reinforcement also
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occurred in Specimen “S 1, V.D.”. Similar to Specimen “S 1, V.D.”, this specimen also failed due to the
shear/flexural stresses, but in this case, the failure occurred at the joint.

This specimen provided a considerable amount of total deformability, D= 7.1cm.

Fig. 4.44 Crack pattern of the specimen under the last loading cycle - photo from the experiment on specimen “S.3
V.D.”
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Fig.4.45 Deformation of the connection/joint at the last loading cycle applied on specimen “S.3 V.D.”

4.6.4 Specimen “S 4, R.M”

This experiment was performed on the referent cast-in-situ specimen. The results of the experiment “S
4, R.M.” are presented in figs. 4.46 — 4.49.

54, R.M.

Global Displacement
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Fig. 4.46 F-D diagram of global displacement of specimen “S.4 R.M.”
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Fig. 4.47 F-D diagram referring to the column face of the joint of specimen “S.4 R.M.”
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Fig. 4.48 F-D diagram referring to the beam face of the joint of specimen “S.4 R.M.”
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Fig. 4.49 F-D diagram of shear slip of the joint (column face vs joint)of specimen “S.4 R.M.”

4.6.4.1 Description of the specimen performance

The overall performance of the joint can be considered as a flexural type of performance.

At the load of 75kN, during the sixth loading cycle, the joint experienced concrete cracking (start of
concrete spalling) because of the rotation of the section. This is noticed in the F-D diagram of global
displacement as well as in the shear slip diagram, (fig. 4.46 and fig. 4.49).

With further increase of the load, during the sixth cycle, a new flexural crack was formed in the joint,
and it appeared to be the critical one. At the load of 102kN, this section achieved the maximum
bearing capacity. Due to the cross-section properties, including arrangement of the longitudinal
reinforcement of the column and the loads acting on the section (axial and shear), the section provided
a limited ductility, since the compressed concrete crushed as soon as the longitudinal reinforcement
started to cross the elastic range. This is presented in the F-D diagram of global deformation by an
abrupt curve declination.

At the last loading cycle, the tensile reinforcement continued to yield, however, under continuous
strength degradation. The critical section and its rotation are presented in fig. 4.51.

The total deformability of this specimen was D=4.8cm.
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Fig. 4.50 Photo of the specimen after the last loading cycle applied on specimen “S.4 R.M.”

Fig.4.51.Deformation of the connection/joint at the last loading cycle applied on specimen “S.4 R.M.”

4.6.5 Specimen “S5,H.D.”

This specimen was constructed with horizontal dowels and strengthened by individual steel plates. It
was tested under the same boundary conditions as the “S 1, V.D.” specimen.

Figs. 4.52 and fig. 4.53 display the force-deformation diagrams referring to the element with
horizontally positioned dowels (H.D).
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Fig. 4.52 F-D diagram of global displacement of specimen “S.5 H.D.”
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Fig. 4.53 F-D diagram referring to the connection level of specimen “S.5 H.D.”

In this experiment, the LVDT 3 did not capture the main crack wherefore the readings of this LVDT are
not relevant. The measurements from LVDT 4 during this experiment failed.
4.6.5.1 Description of the specimen performance

Fig. 4.54 shows the crack patterns after the last loading cycle applied on the joint of the element with
H.D strengthened by individual steel plates.
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Main shear/flexure crack

\
Fig. 4.54 Crack pattern of a joint of an element of specimen “S.5 H.D.”

The overall performance of the joint can be considered as a shear/flexural type of performance.

At the load of 90kN, during the sixth loading cycle, the joint experienced concrete cracking (start of
concrete spalling) from rotation of the section, respectively, the first shear slip.

At the load of F=105kN, the joint reached the yielding point, which can be seen from the F-D diagram
of global displacement (fig. 4.52).

At the load of 122kN, this section achieved the maximum bearing capacity. As a result of observation
during the experiment and investigation of the specimen after the test, it can be noticed that the
specimen experienced shear/flexure failure, not at the beam, as in the case of element “S 1, V.D”, but
at the joint.

This specimen provided a considerable amount of the total deformability, D= 7.3cm.
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Fig. 4.55 Photos after the last loading cycle applied on specimen “S.5 H.D.”

4.6.6 Specimen “S6,V.D.”

This experiment was performed on the specimen with vertical dowels (VD) in the case when the
connection was performed by grout only, the same as experiment “S 2, V.D.”, with the only difference
being that, in this experiment, the M/V ratio at the connection level was 1.5. The experimental results
are given in figs. 4.56-4.58.
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Fig. 4.56 F-D diagram of global displacement of specimen “S.6 V.D.”
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Fig. 4.57 F-D diagram referring to the connection level of specimen “S.6 V.D.”
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Fig. 4.58 F-D diagram referring to the monolithic part of the joint (beam phase) of specimen “S.6 V.D.”

The measurements from LVDT 4 are not available since this LVDT was displaced during the first steps of
the experiment.
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4.6.6.1 Description of the specimen performance

Fig. 4.59 shows the crack pattern after the last loading cycle.

Pullout Failure
|

Fig. 4.59 Crack pattern of specimen “S.6 V.D.”

During the first loading cycle, the specimen started to experience flexural performance. This can be
best identified from the cracking pattern presented in fig.4.60 which, for better presentation, is
figuratively illustrated in fig. 4.59

At the fourth loading cycle, at a load level of 46kN, the joint of the specimen experienced shear failure
due to pullout of the dowels. This crack is presented in fig. 4.59, but is also detectable in the F-D
diagram of global displacement, (fig 4.56).

After inspecting the specimen, it was noticed that the dowels (the dowels in tension) were
eccentrically positioned within the sleeve, (fig. 4.61). Due to this, the thickness of the grout on that side
of the dowel was smaller than the minimum required (1.25cm) and did not provide full anchorage.

Therefore, the full length/perimeter of the dowels was not fully active against pullout, which caused
lower anchorage strength.

The total deformability of the specimen “S6, V.D.” was D= 2.4cm.
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Fig. 4.60 Photo taken after the last loading cycle applied on specimen “S.6 V.D.”

Fig. 4.61 Eccentrical position of the dowels in the sleeve of specimen “S.6 V.D.”

4.6.7 Specimen “S7,V.D.”

This experiment was performed on the specimen with vertical connections/dowels strengthened by a
large steel plate.

The experimental results are presented in figs. 4.62-4.65.
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Fig. 4.62 F-D diagram of global displacement of specimen “S.7 V.D.”
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Fig. 4.63 F-D diagram referring to the connection level of specimen “S.7 V.D.”
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Fig. 4.64 F-D diagram referring to the monolithic part of the joint (column face) of specimen “S.7 V.D.”
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Fig. 4.65 F-D diagram of shear slip of the connection of specimen “S.7 V.D.”
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4.6.7.1 Description of the specimen performance

Fig. 4.66 shows the main crack after the last loading cycle.

Rotation section

Rotation point

Fig. 4.66 Main crack after the last loading cycle applied on specimen “S.7 V.D.”

With the application of a large plate as a strengthening element, the unfavorable failure modes of the
specimen with precast connections with grout only and failure modes of the specimens strengthened
by individual steel plates were eliminated.

The performance of the specimen was of a typical flexural performance type. This is evident from the
F-D diagram (fig 4.62) and the crack formation presented in fig. 4.67.

From observing the F-D diagram at the connection level, (fig 4.63), and the critical section at the
monolithic part of the joint, (fig. 4.64), it can be noticed that both sections reached the yielding point
at a force of 96kN. However, with further increase of the load, the deformation was concentrated in
the monolithic section (beam face) (fig. 4.62 and fig. 4.64) and this section governed the behavior of
the specimen.

The total capacity of the specimen and the bearing capacity of the sections was not achieved due to
the limitations of the testing equipment (10cm was the limit of the LVDT and the available free stroke
of the actuator).

The yielding point of the specimen could be considered to have taken place at the force of 98kN,
respectively, for the monolithic part of the joint face - My=105kNm, whereas for the precast
connection - My=96kNm.

Due to the limitations mentioned above, the total deformability of the specimen could not be
explored, but it could be concluded that total deformability was over D>10cm.
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Fig. 4.67 Photos of the specimen after the last loading cycle applied on specimen “S.7 V.D.”

4.6.8 Specimen “S 8,H.D.”

This experiment was performed on the specimen with precast connection conducted by horizontal
dowels strengthened by a large steel plate.

The measured results are presented in fig. 4.68-4.70.
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Fig. 4.68 F-D diagram of global displacement of specimen “S.8 H.D.”
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Fig. 4.69 F-D diagram referring to the connection level of specimen “S.8 H.D.”
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Fig. 4.70 F-D diagram referring to the monolithic part of the joint (column face)of specimen “S.8 H.D.”

4.6.8.1 Description of the specimen performance

The performance of the specimen was of a typical flexural performance type. This is evident from the
F-D diagram of global displacement, (fig 4.68), and from observing the behavior of the element during
the experiment (crack pattern as well as failure mode, figs. 4.71 and 4.72).

Even though the global and ultimate behavior of the specimen was to be considered as flexural
behavior, shear cracks from dowel pullout were formed in the joint during the experiment. This was
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because, in order that the force from the dowels be transferred to the plate, first, the bonding
between the dowel and the grout had to fail and only then the force started to be sustained by the
plate. During the loading process, while the bonding was active due to the pullout force, these cracks
appeared in the joint.

The yielding point of the specimen could be considered to have taken place at the force of 115kN,
respectively, the flexural strength at yielding point was My=115kNm at the critical section, the joint
face.

The ultimate strength of the specimen could be considered to have taken place at the force of
F=124kN, respectively, the ultimate flexural strength of the section was M=124kNm.

At the last loading cycle, the dowels failed in tension inside the bolt which was used for tightening the
dowel to the strengthening plate, (fig. 4.73). Since reinforcing bars were used for the dowels in order
to tighten them to the plate, the bars had to be threaded, which reduced the effective diameter of the
dowel from 20mm to 18mm, meaning that the strength of a connection was in function of the tension
strength or the reinforcing bar with a diameter of 18mm.

From the behavior of this specimen strengthened with such plate, it was evident that the total strength
of the connection depended on the strength of the dowel, which meant that the anchorage strength of
the grout (bonding strength) did not have any effect on the connection strength. This is very important
since for this strengthening method, the bonding strength is not crucial for the strength of the
connection. Therefore, the application of this type of strengthening will avoid any possible defects
during anchorage, which proved to be very important in experiment M/V=1.5, (S6, V.D) in the case of a
connection made with grout only. This kind of strengthening will provide full fixity of the connection.

The deformability of this specimen was also very high. The total deformability of this specimen was
D=9.3cm.

The pattern of the main critical crack is given in fig. 4.71.

Rotation section

Rotation point

Fig. 4.71. Main critical crack of specimen “S.8 H.D.”
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Fig. 4.72 Photos of the specimen at the last loading cycle applied on specimen “S.8 H.D.”

Fig. 4.73 Failure of the joint after the last cycle applied on specimen “S.8 H.D.”

4.6.9 Experiment “S9,H.D.”

This experiment was performed on the specimen with precast connection conducted with horizontal
dowels strengthened by a large plate and M/V=0.5 at the precast connection level.

The M/V=0.5 ratio was predefined for the precast section only, whereas for the monolithic side of the
joint, the M/V ratio was left M/V=1.0 in order to eliminate any possibility for the monolithic element to
fail in shear, as was the case with specimen “S 1, V.D.”.
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The purpose of this experiment was to test the connection in the case where shear is predominant but
also flexure is present, which is realistic for moment resisting (fixed) beam-to-column connections.

The experimental results are given in figs. 4.74-4.77.
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Fig. 4.74 F-D diagram of global displacement of specimen “S.9 H.D.”
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Fig. 4.75 F-D diagram referring to the connection level of specimen “S.9 H.D.”
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Fig. 4.76 F-D diagram referring to the monolithic part of the joint (column phase)of specimen “S.9 H.D.”
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Fig. 4.77 F-D diagram of shear slip of the connection of specimen “S.9 H.D.”

4.6.9.1 Description of the specimen performance

Besides the M/V ratio being equal to 0.5, the performance of the specimen was of a typical flexural
performance type. This is evident from the crack formation presented in fig. 4.78 and from observing
the behavior of the specimen during the experiment (crack pattern as well as failure mode). The
behavior of this specimen was almost the same as that of specimen S 8, H.D.
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The yielding point of the specimen could be considered to have taken place at the force of 131kN and
displacement d,=25mm, respectively, the flexural strength at the yielding point was My=119 kNm at
the critical section, which was a precast section.

The ultimate strength of the specimen could be considered to have taken place at the force of F=160kN
and displacement d,=65mm, respectively, the ultimate flexural strength of the section was M=145
kNm.

The behavior of this specimen was governed mainly by the behavior of the precast section. This can be
concluded by analyzing the F-D diagram of global displacement (fig. 4.74) and the F-D diagram of the
precast section, (fig. 4.75).

The total deformability of this specimen was D=8.2cm

Fig. 4.78 Photo of the specimen after the last loading cycle applied on specimen “S.9 H.D.”

4.6.10 Specimen “S 10, R.M.”

This experiment was performed on the cast-in-situ specimen for M/V=0.5 ratio at the joint face. This
experiment was performed to serve as a reference for comparison of the performance with that of “S
9, H.D.” specimen.

This experiment was performed with the same boundary conditions as “S 9, H.D.” The results from the
tests are presented in figs. 4.79-4.80.
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Fig. 4.79 F-D diagram of global displacement of specimen “S.10 R.M.”
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Fig. 4.80 F-D diagram referring to the connection level of specimen “S.10 R.M.”

During the experiment, LVDT-s 3 and 4 were displaced by a crack wherefore their readings are not
relevant.

4.6.10.1 Description of the specimen performance

The performance of the specimen with M/V ratio 0.5 was of a typical flexural performance type, almost
similar to “S 4, R.M” (cast-in-situ specimen with M/V=1.0).
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The yielding point of the specimen could be considered to have taken place at the force of 125kN and
displacement d,=23mm, respectively the flexural strength at the yielding point was My=125 kNm at the
critical section, which was a precast section.

The ultimate strength of the specimen could be considered to have taken place at the force of F=131kN
and displacement d,=31mm, respectively the ultimate flexural strength of the section was M=132
kNm.

The total deformability of this specimen was D=7.2cm

Fig. 4.81 Photo of the specimen after the last loading cycle applied on specimen “S.10 R.M.”

4.7 Comparison of the performance of the tested specimens

The results obtained during the testing of the specimens were compared as follows:

a) The overall behavior of the specimens. The specimens with the same boundary conditions
were compared since the boundary conditions have an impact on the F-D relation;

b) The total flexural strength of the specimens measured at the critical section;

c) The total deformability capacity, elastic and inelastic/ductility.

4.7.1 Comparison of overall performance of the specimens

4.7.1.1 Comparison of specimens “S 2, V.D.”, “S 3,V.D.”, “S4, R.M.” and “S 7, V.D.”

This comparison was performed among specimens constructed with vertical dowels and with:

- cast-in-situ specimen, referent specimen, “S 4, R.M.”;
- connection performed by grout only, “S 2, V.D.”;
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- connection with grout and strengthening of the two tension dowels by an individual steel plate, “S
3,V.D.”; and,
- connection with grout and strengthening of all four dowels by a large steel plate, “S 7, V.D.”

a) Comparison between the specimen with connection performed by grout only, “S 2, V.D.”,
and the specimen with strengthening of the tension dowels by individual steel plates, “S 3,
V.D.”.

Specimen “S 2, V.D.” exhibited a pullout/shear behavior, whereas specimen “S 3, V.D.” exhibited
flexure behavior (fig. 4.82).

Both specimens had the same stiffness, the same yielding strength and the same ultimate strength.

Specimen “S 2, V.D.” provided a limited total deformability (d=2.4cm), whereas specimen “S 3, V.D
provided a considerable total deformability (d=7.1cm), respectively around 300% higher than that
of specimen “S 2, V.D.”
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Fig. 4.82 Comparison of global behavior of specimens “S2, V.D.” and “S3, V.D.”

b) Comparison of the specimen with connection performed by grout only, “S 2, V.D.” and the
strengthened specimen by steel individual plates, “S 3, V.D.” with the referent cast-in-situ
specimen “S 4, R.M.”

The strength of the precast specimen “S 2, V.D.” and the strength of the precast specimen “S 3, V.D.”
were about 90% of the strength of the referent cast-in-situ specimen, “S 4, R.M.” (fig. 4.83).

The elastic stiffness of the precast specimen “S 2, V.D.” and of the precast specimen “S 3, V.D.” was
80% of that of the referent cast-in-situ specimen, “S 4, R.M.”. The reason that the precast element had
less elastic stiffness than the referent model was that the position of the dowels within the cross-
section was farther from the edge of the section and due to this, the opened gap of the section was
larger than that of the referent model. This larger gap created larger global deformations.
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Comparison of "S 2, V.D." and "S3, V.D." with "S 4, R.M.."
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Fig. 4.83 Comparison of global behavior of specimens “S2, V.D.” and “S3, V.D.” with “S4, R.M.”

c¢) Comparison of the specimen with strengthening of tension dowels by individual steel plates,
“S 3, V.D.” and the specimen strengthened by a large steel plate, “S 7, V.D.” with the referent
cast-in-situ specimen, “S 4, R.M.”.

Since specimen “S 7, V.D.” was not able to be tested to its ultimate capacities due to the limitations of
the testing equipment, only the following could be concluded (fig. 4.84):

The strength of specimen strengthened by a large plate, “S 7, V.D.”, was:

0 over 20% higher than the strength of the referent cast-in-situ model;
0 over 30% higher than strength of specimens “S 2, V.D.” and “S 3, V.D.” performed under the
same boundary conditions.

The total deformability of the specimen strengthened by a large plate, “S 7, V.D.” was over 10cm,
which was over 140% higher than the total deformability of specimen “S 3, V.D.” performed under the
same boundary conditions.

The initial/elastic stiffness of the specimen with precast connection “S 7, V.D.” was the same as that of
the other two specimens with precast connections, “S 2, V.D.” and “S 3, V.D.”.
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Comparison of "S 3, V.D." and "S 7, V.D." with "S 4, R.M.."
Global Displacement
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Fig. 4.84 Comparison of global behavior of specimens “S3, V.D.” and “S7, V.D.” with “S4, R.M.”

4.7.1.2 Comparison of specimens “S 1, V.D.”, “S 5, H.D.” and “S 8, H.D.”

Comparison was done among specimens constructed with:

- connection by grout and with strengthening of the two vertical tension dowels by individual
steel plates, “S 1, V.D.”;

- connection by grout and strengthening of the two horizontal tension dowels by individual steel
plates, “S 5, H.D.”;

- connection by grout and strengthening of all four horizontal dowels by a large steel plate, “S 8,
H.D.”

All these specimens were tested under the same boundary conditions, presented in table 4.3, enabling
comparison of their global behavior.

a) Comparison between the specimen with the connection with strengthened vertical tension
dowels by individual steel plates, “S 1, V.D.”, and the specimen with the connection with
horizontally positioned dowels strengthened by individual steel plates, “S 5, H.D.”.

The beam of specimen “S 1, V.D.” experienced shear/flexure failure, but under considerable total
deformability, whereas in the case of specimen “S 5, H.D.”, the beam experienced a joint shear/flexure
failure with limited deformability, fig. 4.85.

Even though the beam of specimen “S 1, V.D.” and the column of specimen “S 5, H.D.” had the same
reinforcement and cross-section properties and forces acting on them, still the performance of these
two elements of the specimens was not the same. The beam of specimen “S 1, V.D.” experienced
shear/flexure failure, whereas the column of “S 5, H.D.” experienced flexure behavior.
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Comparison of "S 1, V.D." and "S 5, H.D."
Global Displacement
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Fig. 4.85 Comparison of global behavior of specimens “S1, V.D.” and “S5, H.D.”

b) Comparison between the specimen with connection with two horizontal tension dowels
strengthened by an individual plate, “S 5, H.D.” and the specimen with horizontal dowels
strengthened by a large steel plate, “S 8, H.D.”

The strength of the specimen strengthened by a large plate, “S 8, H.D.”, was almost the same as that of
specimen “S 5, H.D.”(fig. 4.86).

The total deformability of the specimen strengthened by a large plate, “S 8, V.D.” was d=9.3cm,
whereas that of specimen “S 5, H.D.” was d=7.3cm. For comparison, the total deformability of
specimen “S 8, V.D.” was higher than that of specimen “S 5, H.D.” for 1.27.

Comparison of "S 8, H.D." with "S 5, H.D."
Global Displacement
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Fig. 4.86 Comparison of global behavior of specimens “S5, H.D.” and “S8, H.D.”
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4.7.1.3 Comparison between specimens “S 9, H.D.” and “S 10, R.M.”

This comparison was performed between specimens, under M/V=0.5, constructed with:

- connection with grout and horizontal dowels strengthened by a large steel plate, “S9, H.D.”
- cast-in-situ specimen, referent specimen, “S 10, R.M.”,

Specimen “S 10, R.M.”, at the critical section, experienced crushing of concrete in compression before
the longitudinal reinforcement was loaded to its ultimate strength, wherefore, in addition to no
ductility, this specimen provided less ultimate strength.

The strength of the specimen strengthened by a large plate, “S 9, H.D.”, was 20% higher than that of
the specimen “S 10, R.M.”(fig. 4.87).

The total deformability of the specimen strengthened by a large plate, “S 9, H.D.” was d=8.2cm,
whereas that of specimen “S 10, R.M.” was d=7.2cm. For comparison, the total deformability of
specimen “S 8, V.D.” was higher than that of specimen “S 5, H.D.” for 1.14.

Comparison of "S 9, H.D." with "S 10, R.M."
Global Displacement

—S9,H.D.
—5S 10, R.M.

-5000 15000 35000 55000 75000 95000

Displacement (um)

Fig. 4.87 Comparison of global behavior of specimens “S9, H.D.” and “S10, R.M.”

4.7.2 Summary of the results

For presenting the behavior of the connections the followed parameters were followed:

- Flexural strength of the connection
- Lateral displacement

Since all specimens were not tested under the same boundary conditions, the best way to compare the
strength of the specimens, respectively, the precast connection, was to compare their flexural strength
rather than the applied force intensity. The flexural strength was calculated by using the forces from
the F-D Diagram of global displacement of the specimen and was computed at the respective critical
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section. The relations of the reaction forces in regard to the acting force, presented in table 4.2, were
used for calculating flexure at the critical section.

Taken as total deformability was the global deformation value of the specimen at the force amounting
to 80% of the ultimate force pass the ultimate point.

The horizontal drift was calculated based on the total deformability and the distance from the axis of
the horizontal element to the position global displacement is measured, LVDT 1, which was 142 cm.

Table 4.4 shows summary of results of all tested specimens, whereas table 4.5 shows the comparison
results. The comparison was done between the results of each precast specimen tested in regard to
respective cast-in-situ specimen.

144



Doctoral Dissertation: Performance of innovative beam-to-column connections in precast

industrial buildings

Table 4.4. Summary of results, flexural strength (at yielding and ultimate points), total deformability and the
lateral displacement of the specimens.

Summary of the results from experiments

Specimen

M/V
Ratio

N/M
Ratio

My
(kNm’)

Mu
(kNm’)

A
(%)

General comments on performance of the
connection

S1,V.D.

100

115

>7

In general the specimen has experienced
flexure behavior. The specimen failed
outside of the connection in shear/flexure
failure mechanism.

S2,V.D.

0.77

90

90

1.7

Specimen failed in the connection. Mode of
failure is brittle pullout failure

S3,V.D.

0.77

90

92

In general the specimen has experienced
flexure behavior. Specimen failed in the
connection. Failure mode is flexure.

S4, R.M.

0.77

96

102

34

In general the specimen has experienced
flexure behavior with limited ductility.

S5, H.D.

106

122

51

In general the specimen has experienced
flexure behavior with limited ductility.
Specimen failed in the connection. Failure
mode is shear/flexure failure.

S6, V.D.

1.5

72

72

1.7

Specimen has failed in the connection. The
connection has experienced brittle pullout
failure. The failure is to be considered as
premature due to faults during the
construction.

S7,V.D.

0.77

95

120

The specimen has experienced flexure
behavior with high ductility. The specimen
has failed outside the connection, therefore
the connection is considered with the
strength of cast in situ.

S8, H.D.

118

124

6.5

The specimen has experienced flexure
behavior with high ductility. The specimen
has failed outside the connection, therefore
the connection is considered with the
strength of cast in situ.

S9, H.D.

0.5

1.7

121

145

5.7

The specimen has experienced flexure
behavior with high ductility. The specimen
has failed outside the connection, therefore
the connection is considered with the
strength of cast in situ. Hi shear force did
not have impact on inducing shear failure.

$10, R.M.

0.5

1.7

125

132

51

In general the specimen has experienced
flexure behavior with limited ductility.
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Table 4.5. Comparison of results of precast connections vs cast-in-situ connection.

Comparison of the results of the precast connection with cast-in-situ reference connections
Values presented in percentage in respect to cast-in-situ reference model

Specimen

M/V
Ratio

N/M
Ratio

My
(kNm’)

Mu
(kNm’)

A
(%)

General comments

S1,V.D.

104%

113%

206%

Overall behavior of the connection can be
considered as cast-in-situ connection, in
regard to strength and the deformability.

S2,V.D.

0.77

94%

88%

50%

The strength of the connection is near to
cast-in-situ connection, whereas there is no
deformability capacity of the connection.

S3,V.D.

0.77

94%

90%

147%

Overall behavior of the connection can be
considered as cast-in-situ connection. The
strength of a connection is slightly less
whereas the deformability capacity is
higher than of a cast-in-situ connection.

S5, H.D.

110%

120%

150%

Overall behavior of the connection can be
considered as cast-in-situ connection, in
regard to strength and the deformability.

S6, V.D.

1.5

75%

70%

47%

The specimen experienced brittle pullout
failure. The construction flaws on mis-
positioning of the dowels within the sleeve
have been noted on the specimen.

S7,V.D.

0.77

99%

118%

>206%

Overall behavior of the connection can be
considered as cast-in-situ connection, in
regard to strength and the deformability.

S8, H.D.

123%

122%

191%

Overall behavior of the connection can be
considered as cast-in-situ connection, in
regard to strength and the deformability.

S9, H.D.

0.5

1.7

97%

110%

112%

Overall behavior of the connection can be
considered as cast-in-situ connection, in
regard to strength and the deformability.

Note:

My, bending moment at yielding point
Mu, bending moment at ultimate point

A, total horizontal displacement of the specimen

The yielding point is read from F-D diagram of global displacement by personal judgment. There may
be a possibility for other viewer to consider some other point as a yielding point. For the purpose of
this research similar approach is followed in all the cases, therefore comparison results could be

considered reliable.

146




Doctoral Dissertation: Performance of innovative beam-to-column connections in precast

industrial buildings

CHAPTER 5 - Numerical modeling of moment resisting beam to column dry connections

5.1 Objective

The objective of the investigations presented in this chapter has been to develop a numerical model
that can be used in further research programs and most important, to define a modeling procedure
that can be used in engineering practice with an acceptable reliability.

For application in practice, considering that practical engineers do not need to have deep knowledge
on complicated nonlinear modeling procedures, the ultimate goal has been to develop modes that
have a great chance to be easily adopted and used by practical engineers. For this reason, the model
should be such that it will present, in an acceptable manner, the behavior of the connection, but
should also be user friendly.

5.2 Challenges in modeling precast beam-to-column connections and possible options

Each precast connection, especially moment resisting beam-to-column precast connection, is
independently unique.

To achieve fixity at monolithic elements, there is only one requirement, which is respecting the
reinforcement lap splices. For this reason, for as long as this requirement is met, monolithic
connections are easily generalized, which means that an adopted principle of any kind in one case can
be applied in all cases with an acceptable reliability.

In moment resisting beam-to-column connections, especially dry connections, from previous
experimental research on behavior of such connections and from the observation of the behavior of
the connections tested under this thesis, presented in Chapter 4, it is evident and it can be concluded
that:

a) Moment resisting beam-to-column connections are very specific connections and their
realization can be performed in many different ways. This makes each individual connection
specific and with unique behavior.

b) Achieving moment resisting beam-to-column dry connections requires application of additional
construction procedures and materials for strengthening purposes, where each developed
connection proposal requires the use and application of unique elements and materials. For
this reason, the behavior of beam-to-column moment resisting dry connections is complex,
involving joint and simultaneous behavior of each element taking part in the connection, such
as the concrete element, the reinforcement of the element within the part of the joint, the
dowels implemented in the connections, the sleeve composition tying the dowels with the
concrete element, and any adopted strengthening/improving element.

Since there are many ways of achieving moment resisting beam to column dry connections (subject to
design innovation), each connection design has its own specificities so that the general approach that is
used for monolithic connections cannot be applied to precast dry connections. This implies that a
modeling procedure to be applied in all cases cannot be established, wherefore the development of
each connection requires unique modeling procedures and parameters.
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To model the behavior of any connection, including also moment resisting beam-to-column
connections, there are currently two available general options:

a) Macro-modeling, and
b) Micro-modeling

5.2.1 Application of macro-modelling for beam-to-column moment resisting
connections

The procedure for application of macro-modelling to beam-to-column connections is the same as the
one presented in Chapter 3 which means that two precast elements, beam and column, will be
connected with non-linear link elements. For moments resisting connections, the displacement in both
directions of the link element would be restricted whereas the behavior of the connection would be
determined by applying a hysteretic model to the rotation degree of freedom.

This method is very simple to be used and could provide very satisfactory results for each individual
connection.

However, since each connection is unique, the modelling parameters for one connection cannot be
applied for another connection.

This fact has its own positive and negative sides.

- The positive side is that the calibrated parameters of the model can be used, with high
reliability, for modeling structures where that specific connection is used;

- The negative side is that there is no way of determining, even preliminarily, the parameters of
a connection which has not been tested before. An additional negative side is that the
behavior of moment resisting precast connections depends on the behavior of each
constitutive element of the connection and with macro-modeling, there is no way of
presenting the behavior of each element.

This negative side of macro-modeling, especially in industrial buildings where the structures have one
span, has no specific practical use. The reason for this is that each designed connection is unique and in
order to know the behavior of the connection, an experimental program has to be performed. Once
the experimental program is performed, we can use the experimental data to obtain the behavior of
the connection (maximum capacity and degree of fixity), which for practical design purposes, is
sufficient to design a structure by applying linear elastic analysis only.

Considering the above mentioned, it can be concluded that macro-modeling of precast connections is
not something that can have a wide range of application.
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5.2.2 Application of micro -modelling for beam-to-column moment resisting
connections

Micro-modeling with 3D finite element is a modeling approach that has recently begun to be widely
used, especially in mechanical engineering connections since through micro-modeling, there is a
possibility to follow the stress and deformation including the failure mechanism of each of the
elements that constitute a connection.

Since moment resisting beam-to-column connection is a connection that is composed of many
elements and factors, such a connection can easily be considered as a “mechanical connection” and as
such, an approach to modeling of mechanical connection is appropriate to be applied here.

Ability to follow stress distribution over the elements composing the connection can be a very good
indication of the possible behavior of each specific moment resisting beam-to-column connection by
observing the behavior (stress distribution) of each element constituting the connection.

In this way, application of micro-modeling can be useful in research programs where, prior to
conducting an experiment, a researcher may have an indicative information on the possible behavior
of the designed connection and make potential improvement and strengthening before even the
experiment is performed. In such a situation, a researcher can exclude from testing, connections with
no promising outcome and focus on the ones with a high potential. Micro-modeling can also be applied
in everyday engineering practice for obtaining the potential behavior of modifications of the already
tested connections (if the number of dowels is changed, or the type or size of dowels is changed, other
specific material is used for grouting, additional strengthening elements are changed, etc.) and
indicating the behavior of new innovative connections and applying these connections without any
previous experimental verification.

5.3 Micro-modelling procedure adopted for this research program

As indicated in article 1 of this chapter, the ultimate goal of this research program in regard to
modeling has been to identify a modeling procedure that will provide satisfactory results and, at the
same time, be reasonable in respect to simplicity of use so that it can be applied by the wide
engineering community.

Considering the complexity of the moment resisting beam-to-column connections and the importance
of having, as an output result, the stress distribution on the connection and on each element of a
connection (concrete, reinforcement, dowels, gout sleeve), Abaqus V14 has been used for developing
micro-modeling of moment resisting beam-to-column connection.

The reason for using this software has been:

a) It is widely used in different fields of engineering especially in mechanical engineering,
including also structural engineering;

b) It has a friendly users’ interface for modeling preparing and output results reading;

c) There are tutorials available for application of such software, which makes it easy to be learned
and applied by the engineering community;
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d) It contains many analysis and output choices which can provide many kinds of results needed
for practical use;

e) The results obtained by Abaqus in many engineering fields are of a high reliability, including
structural engineering; and,

f) It is developed such that it will allow building up a connection in the same way as it has been
constructed, by applying all materials and elements as used for constructing the connection.

5.3.1 Procedure of modeling specimens in Abaqus [Ref.: 001]

The modeling procedure in Abaqus is performed in such a way as to reflect, to the best possible extent,
the real situation in regard to material properties as well as connection elements interaction.

Since the connections studied have been composed of more than two elements, and since the
behavior of the connection is in direct dependence on the interaction between the elements, the
model in Abaqus has been prepared and the elements have been connected with each other in the
same pattern as in the real situation.

a) Connection assembly approach adopted

In principle, there are many ways of preparing a model, bringing together all elements and specifying
their interaction. For this research, the following approach has been used:

- Each element, beam and column, is initially modeled as a volume independent element, fig.
5.1;

- Reinforcement of each element is modeled as line elements, including stirrups, which are lined
with an axis of longitudinal reinforcement, creating, in this way, a “mini frame” structure, fig.
5.2. Further, this “mini frame” is then embedded in the concrete element where the concrete
elements are defined as a host element. This is the best way to ensure proper steel
reinforcement and concrete interaction;

- The dowels, part of which, in the real case, are concreted in the column, are embedded in the
column, the same as the reinforcement;

- As to the beam element, sleeves are preserved by creating a hole in the elements, with the
same dimensions as in the real scenario.
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Fig. 5.1 Presentation of independent elements, column, beam, steel plate and sleeve elements for composing the
model.
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Fig. 5.2 Presentation of reinforcement assembling.

The main challenge in developing the model in the way to best reflect the real scenario has been
proper connections of dowels, sleeve, column, beam and strengthening plates. During the
development ofthemodels, few options have been tried and the option that has been analyzed
successfully and has also provided the best results has been the following:
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- The cement grout that is used to fill the sleeve in the real scenario is modeled as a separate
element, the “sleeve element in the model”, fig. 5.1;

- In the real scenario, the connection of the column with the beam is done through a dowel in
the way that, in one part, the dowels are concreted inside the column where, with the beam,
the dowels are connected through the cement grout of the sleeve. For the model, the
following has been adopted:

0 The “sleeve elements” are merged with the columns creating one element, fig. 5.3. In
this way, when the dowels are embedded in the concrete element, they are also
embedded in the sleeve element. In this way, the dowel-sleeve connection is solved.

0 Sleeve elements are tied with a surface tie mechanism enabled by the “surface-to-
surface tie” software. Since, in the real scenario, all precautions are taken to ensure
full connection of the cement grout with the concrete beam element, the “surface-to-
surface” connection is modeled as a full connection, with no limitations nor
constraints.

- For the models strengthened with steel plates, where in the real scenario, the steel plates are
tied with dowels only through bolts, for the model, the following has been adopted.

0 Initially, the steel elements are merged with the beam elements, since no other way is
enabled by the software, fig. 5.4. This merge cannot have any negative impact since, in
the real scenario, the plates are loaded in tension where, even if they are to be
concreted inside the beam element, the overall behavior of the connection will be the
same.

0 Finally, the dowels are connected with the plate by the point-to-surface tie method,
which is enabled by the software. Since, in the real scenario, the connection of these
elements is done by bolts, ensuring full connection, in the model, the tie connection is
performed also as a full connection, with no limitation nor constraints.

The above steps constituted the full model in Abaqus, fig. 5.5
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Fig. 5.4 Graphic presentation of assembling beam, steel plate, and their connection with dowels.
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Fig. 5.5 Graphic presentation of the complete assembled model, the column-sleeve element and the beam-plate
element are presented in blue color, while the steel reinforcement rebar and the dowels are presented in red
color.
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b) Material properties input data

For the dynamic explicit analysis and the option chosen for running the analysis, the following material
properties have been entered as input data:

- The concrete elements, beam and column have been modelled to have the following

properties:
O DENSItY.cciicietieteee e 24 kN/m?
0 Concrete yield strength 35MPa
0 Concrete tensile strength 3.2MPa
0  Young's Module.......oeevecrrireceeeere e e 20 GPa
0 Concrete Damage Plasticity parameters
= Dilatation angle......cccoveveeeereinnnee 37
B EcCentriCity....cccevenininininieeeeeenn 0.1
B RAtio fBy/ FComiminriimininireie e 1.16

Where,
fbo — initial biaxial compressive yield stress
fco — initial uniaxial compressive yield stress

K - ratio of the second stress invariant on the tensile meridian to compressive meridian at initial yield
with default value of 2/3 (Abaqus User Manual, 2008). This material has been defined based on
full triaxial test of concrete.

- Reinforcement steel including the dowels:

O DENSItY..ciiciericteeee e 78 kN/m?*
0 Yield strength.....ccoovevivvineceneeecee e, 500MPa
0 Ultimate strength......ccccocevevecceeeee 560MPa
0  Young's Module.......ocevecerireeeeerere e e 200 GPa
O Plastic straiN......ccceeveveecece e 0.12

- Cement grout for sleeve element:
Lo T 0 T=13 111 2V 20O 21 kN/m?
0 Compressive strength.......ccocovevveceinenecneenn, 60MPa
0 Tensile strength......cocccieneveccrcecee, 8MPa
0  Young's Module.......ocevecnrereeeeercre e e 40 GPa

5.4 Theoretical background of features of applied model [Ref.:002], [Ref.:003]

The elements composing connection are used in the following formulation:
- Reinforced concrete elements (column and beam), sleeve element and the steel reinforcing plates

are adopted as “SOLID, Homogeneous” elements. In the fig. 5.6 is presented print screen shot of the
modeling of the beam with respective assignment.

154



Doctoral Dissertation: Performance of innovative beam-to-column connections in precast

industrial buildings

£ AbaquUCAR .41 aptopi et TNl s 7o ne oot 1] g X

W fle Model Viewpot Wew Mutghal Secton Profile Composte dmign Specal Festpe ook Plugins Help AY - Eox

LiTEes 2 e BlUBA - & | 2 71890 0 2o Pan R | 5 Propery defonts - () -
LetPiteliath 12 34 4 L ] [ RRNEVES (Y]

Model  Reults  Matenial Liveary wacdute: [Feropery & wtodet [T hodeia ER 7

S Model Database H2c o

e oI g

x

oy

Pats (13)

fram

& Festures (1)

B Gection:| ConcrcteElements B

Mates List comains snly sestns
appheable o the selected regroed.

Type  Selid Homogeneous
Materiah C3505

118 Ingineering Festures
Srarmplate
Zement Greut Seeve

tebar Beam
bebar Cxlumn
Hurrug Bram
Humug Column
Mstriale (7}
Cabeations
Sections (7]
Prefiles (4]

2% sinauLies

™ . #= M Fib ot the Ldit Section Assignment duleg

G [Tkl b 0L . Nt M T R e M . et Ptk AT ) Tk B e it
el

Fig. 5.6. Print screen shot of the modeling of the beam element.

- The reinforcements of the elements and the dowels are adopted as “BEAM” elements, fig. 5.7.
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Fig. 5.7. Print screen shot of the modeling of the rebar element.

5.4.1 Solid Elements

The principle of finite elements is to formulate the problem in to the system of algebraic equations.
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In the library of ABAQUS application of solid elements are of two and three dimensional application.
The solid element library includes isoparametric elements: quadrilaterals in two dimensions and
"bricks" (hexahedra) in three dimensions which are more often preferred.

In fig.5.8 are presented isometric parametric elements
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.- 11
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Fig. 5.8 Isometric parametric elements

Isoparametric interpolation is defined in terms of the isoparametric element coordinates, g, h, r,
fig.5.8 since ABAQUS is a Lagrangian code. They each span the range -1 to +1 in an element.

Bellow are presented interpolation functions for first-order quadrilateral, second order quadrilateral
and 20 nods brick:

a) First-order quadrilateral:

u=1(1-g)1 - +;0+gA—Du +71+ @A +Duz +7(1— A +hu,  (5.)
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b) Second —order quadrilateral:

u=—21-g9)A-hA+g+hu —zA+g)A-hA-g+hu,—z1A+g)A+h)(1-g -
Wug —7(1— @)1+ (A + g —hus +5(1 - g) A+ g)(A — h)us +5 (1 — D)1+ WA + g)ug +
~(1—g)A+g)A+huy +2(1 - (A +R)(A - gug (5.2)

c) 20 nods brick:
u=--1-g)A-hA-rQ+g+h+ru —z(1+gA-hNA-1)R-g+h+ru, -
S+ gA+MNA-NR—g—h+Muz —z(1—g)A+hA-1)2+g—h+mu, -
c(1-g)A-MA+PNR+g+h—rus—=(1+g)(1—hA+1)2—g+h—7)ug—
S+ gA+NA+PNR—g—h—1u; —=(1-g)A+hA+r)2+g—h—rug +
21— A+ g) A - -Pug+7 (1 - WA +DA+g) A —uge +5 (1 - 9)(1+g)(1 +
WA =gy +5 1= DA+ (A=) (1= Nuz +51 = )A+ )AL~ (A +ugs +
A=A +DA+ A+ +5 (1= g1+ g1+ WA +ugs +5 (1= (A +h)(1 -
A +)uge +7 A=A +1)A =)A= hug, +7 (A =) A +1)A + g)(A — hyusg +
A=A+ + @A +huge +7 A=A +7)(1 - @A + huyg (5.3)

Solid elements are provided with first-order (linear) and second-order (quadratic) interpolation where
the second order is preferred.

All solid elements are written to include fine-strain elements. The strain are calculated as integral of
the rate of the deformation:

D= sym(g—Z) (5.4)
, where D is rate of deformation, v is velocity and x is spatial coordinates of the point.
For kinematic linear analysis the strain is defined as:
&= sym(g—; (5.5)

, Where u is displacement and X is spatial position

5.4.2 Beam Elements

The “beam” element is used in the contest where the problem is reduced to one dimensions where the
primary solution variables are function along the axis only.

For the assumptions where the plane cross section initially normal to the axis of the means remains
normal Euler-Bernoully classic theory is applied. For the beam elements that use linear and quadratic
interpolation that also allow "transverse shear strain"; the cross-section are not normal to the beam
axis. In such a case Timoshenko beam theory (Timoshenko, 1956) is applied.
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For the numerical modeling of the specimens of this research the Euler-Bernoully classic theory is
applied. In the elements it is assumed that the internal virtual work rate is associated with axial strain
and torsional shear.

The internal virtual work associated with axial stress is:
oWy = [, [, 07 0eSdAfLS (5.6)
, where of and d¢f are material stress and strain associated with axial deformations of the beam.
Following application of Green strain and further development the expression of the virtual work is:
owy = [ [6¢ [,07dA - 6K, [, go7dA + 6K, [, hal dA + Se;, [, t/rdAldL (5.7)
, Where K; and K, are axial strain, e, is torsional strain.

5.4.3 Rebar modeling in three dimension solid element

The rebar is integrated using 2x2 or 1x1 Gauss points. The volume of integration at a Gauss point is:

Ay |0X _ 0X
=422 92
4 or;  0n,

=4 Wy (5.8)

,where Ar —is cross-sectional area of each rebar, Sr is the rebar spacing, W\ is the Gauss weighting
associated with the integration point, X is the position of the Gauss point.

oXx _ 09X 9g: (5.9)
orq  0g; 07Ty ’

The strain in the rebar is:

= Xn@
e=-In® (5.10)
, Where

ox Ox

= E * E (5.113)
and

ox dx O0r;

E = 6_1‘1 * E (5.11b)

5.4.4 Procedure for modeling reinforced concrete elements model used for
reinforcement and concrete

The reinforced concrete elements in ABAQUS are modeled by combining standard elements by using
plain concrete with rebar elements as one dimensional elements that are solved with one dimensional
theory. The rebar are embedded in the plain concrete where are superposed on the mesh of the plain
concrete. Behavior of the rebar is described by standard metal plasticity models. This modeling
approach allows concrete behavior to be considered independently.
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5.4.4.1 Metal elasto-plasticity model

In ABAQUS main options for modeling metal plasticity are between rate-independent and rate-
dependent plasticity, Mises yield surfaces for isotropic materials and Hills yield surfaces for anisotropic
materials and a option between isotropic and kinematic hardening.

Rate-independent plasticity is used in modeling response of metal with low temperature and low
strain.

For rate-dependent there are two types of modeled. In the first model the yield strength is introduced
in material model. This model is to be used for high strain rate application such as dynamic loading.

Hardening theory is presented with two models. Isotropic hardening with Bauschinger effect that is
used for dynamic problems involving large plastic strains. Another model that is used for low strain
amplitude is kinematic hardening model.

a) Isotropic elasto-plastic material model

This material model is used for common metal plasticity calculations for either rate-independent or
rate-dependent models.

The strain rate decomposition is:
g =gl 4 P! (5.12)

The elasticity of metals is written with parameters bulk module K and shear module G.

E

= sy (5.13)
and

- 2(119) (5.14)
The elasticity can also be written in deviatoric components.
S =2Ge% (5.15)
Following further development of expressing, the final expressions for uniaxial stresses is:
g = %S (5.16)
Final expression for stiffness for uniaxial stress is:
do = EQ — Ro?]0e (5.17)
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5.4.4.2 Inelastic model for concrete — Concrete damage plasticity
a) Stress-strain relation

Stress-strain relation are governed by scalar damage plasticity:
o= (1-d)D§:(e—e®) =D (e — &) (5.18)

, where D¢ is undamaged elastif stiffness of material, D¢* = (1 — d)D§ is degraded elastic stiffness
and d is scalar stiffness degradation variable.

Following continuum damage mechanics the effective stress is:

o = D¢ (e — P!) (5.19)
The Cauchy stress is related to effectivr stress through the scalar degradation relation:

c=0-d)d (5.20)
, where the factor (1 — d) represent the ratio of effective load carrying area to overall section area.

b) Hardening variable

The expression of hardening variable is:

&P

grl = [ ‘ l]; (5.21a)
g"sp

&Pl = p(g,&Pt) - P! (5.21b)

The elastic-plastic response of concrete damaged plasticity model is described in terms of the effective
stress and the hardening variables:

o =Dg: (e —¢eP) e {GIF(a, &PH <0 (5.22)
&Pl = h(g,&Pt) - P! (5.23)
‘ol _ dG (o)

& /1_6(6) (5.24)

, where the A\ and F obey Kuhn-Tucker conditions: AF=0, A>0, F<0

c) Damage and stiffness degradation of uniaxial conditions

Stress-strain curves can be converted into stress versus plastic strain curves of the form:
pl =pl

o, = a.(eV", €, 0, 1) (5.25)
pl =pl

Oc = O-C(SZ') 'SZ') 'H'fi) (5-26)

. . =pl =pl . .
, Where t refers to tension and c refers to compression, whereas sf and ef are equivalent plastic
strain rates
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gt = [ &t dt, and (5.27)

=&t de (5.28)

Under uniaxial loading conditions the effective plastic strain are given:

-_pl
&t

€P!, in uniaxial tension and

&P1 = ¢Pl in uniaxial com i
- , pression.

In the fig. 5.9 is presented diagram of response of concrete to uniaxial tension (a) and compression (b)

As shown in figure 5.9, when the concrete specimen is unloaded from any point on the strain softening
branch of the stress-strain curves, the unloading response is observed to be weakened: the elastic
stiffness of the material appears to be damaged (or degraded).
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Fig.5.9 Response of concrete to uniaxial loading in tension (a) and compression (b).
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If is the initial (undamaged) elastic stiffness of the material, the stress-strain relations under uniaxial
tension and compression loading are, respectively:

Oy = (1 - dt)EO(St - gfl) (5.29)
0. = (1 —d.)Eo(e. — &) (5.30)

The effective uniaxial cohesion stresses a; and &, after crack propagation and reduction of load
bearing capacity and the considerable amount of concrete crushing, are:

— O, _ _pl
g, = (1_;t) = Eo(et - & ) (5.31)
- Oc _ —pl
0, = oas = EO(EC — & ) (5.32)

The effective uniaxial cohesion stresses determine the size of the yield (or failure) surface.

5.4.5 Contact modeling

The contact pressure in defined as Hard Contact. The contact is defined between two surfaces at the
point, p, as a function of over closure, h, of the surfaces.

In the case of hard contact is the following:
p =0 for h <0 (open), and
h =0 forp > 0 (closed)

The contact constrain is enforced with Lagrange multiplier where the virtual work contribution is:

STl = Sph + pSh (5.33)

5.5 Results from micro-modelling and comparison with experimental results

The models in Abaqus are built up in the same way as they are constructed. The included material
properties have been as of the elements used in the experiment and also the strengthening elements,
the individual plates and the large plate in the respective specimens.

As the main output results the stress distribution in the connection and the connection elements has
been considered. The results of stress distribution have been compared with the performance of the
connection from the experiment, the crack pattern and the failure mode. Through observation of the
stress development and propagation and their comparison with the experiment, there is a possibility to
determine the accuracy of the output results from the modelling and the reliability of the results for
the given modeling procedure for further application.

Additional output results is global force-deformation curve plot of specimens, which have been
compared with the results from the experiment.
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5.5.1 Results of stress distribution

Modeling has been performed for each representative case and the stress distribution results are
obtained for following specimens:

- For the referent cast in situ specimen, on the specimen

- For the precast connection implemented with grout only

- For the precast connection strengthened with individual plate, and
- For the precast connection strengthened with one large plate

For better illustration, the tension stresses have been left on in order to follow the propagation of

these stresses, whereas the compression stresses have been turned off and are shown in the figures
with light grey color.

a) Comparison of stress distribution on specimen “S 4, R.M."”.

Fig. 5.10 shows the tension stresses in the referent model. Observing the main crack (failure crack)
from the experiment, presented in fig. 5.11, it can be noted that the stresses in the Abaqus model are
very close to the ones from the experiment and as such the modelling procedure performed in Abaqus
is providing reliable results.
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Fig.5.10 Tension stress distribution on referent model specimen S4
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Failure location

Fig.5.11 Crack distribution on Specimen S4 after failure.
b) Comparison of stress distribution on specimen “S 2, V.D.”.

This is abeam-to-column precast connection realized with dowels only.

Fig. 5.12 shows the stress distribution on the cross-section of the connection, at the dowel level, with
force intensity of 92kN. This is the force intensity at which the specimen failed in the experiment.
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Fig. 5.12 Stress distribution on the cross-section of connection of specimen “S 2, V.D.”

While observing the stress distribution in the models, it can be noticed that maximum tension stresses
have been built up in the sleeve due to the dowel pull out.
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Observing the photo from the experiment on the same specimen, fig. 5.13, we see that there is a
similar pattern of stress distribution in the experiment and the model.

———— =y

Location of tension/pullout
failure of the sleeve and the
connection.

Fig.5.13 Photo of specimen “S 2, V.D.” after failure indicating the failure mode of dowel pullout.

By further observation of damages from the experiment on Specimen S2, it has been noticed that
concrete spalling also occurred due to the rotation of the dowels as a result of the rotation of the
section. This is presented in fig 5.14.

Fig.5.14. Concrete spalling in specimen “S 2, V.D.”due to rotation of the dowel
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Stress distribution on the model at the cross-section from top view, fig. 5.15, is showing the same
pattern as that from the experiment.
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Fig.5.15 Tension stress distribution on specimen “S 2, V.D.”due to rotation of the dowel

c) Comparison of stress distribution on specimen “S 3, V.D.”.

This is a beam-to-column precast connection realized with dowels and strengthened with individual
plates.

This experiment has been performed on a connection with vertical dowels strengthened by individual
plates.

Similar to specimen S2, this connection also failed at the force of 92kN, but the failure mechanism has
been completely different. As described in Chapter 4, specimen S3 has not failed due to dowel pullout
since this failure has been prevented by implementation of individual strengthening plates on the
tension dowels.

Observing the tension stress distribution on the connection at force 92kN, presented in fig.5.16, and
comparing with the tension stress distribution presented in fig.5.12 it is noticed that the effect of the
strengthening plate preventing the dowel pullout also appears in the Abaqus model. In fig. 5.16, it is
visible that the sleeve grout is now almost completely in compression due to the compression applied
on the connection from pulling of the plate by the dowels.
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Fig.5.16 Tension stress distribution on specimen “S3, V.D.” in x-y cross-section plane.

By observing the photo from the experiment, fig.5.17, on Specimen 3, after failure, one can see the
pattern of tension stress distribution on the model, fig. 5.16, with cracks, from the experiment.

Location of
connection failure

Fig.5.17 Crack distribution on specimen “S 3, V.D.” after failure.
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d) Comparison of stress distribution on specimen “S 7, V.D.”

Fig. 5.18 shows the stress distribution on the model of connection strengthened with one large steel

plate.
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Fig.5.19 Crack distribution on specimen “S 7, V.D.” after failure

From comparing the stress distribution on the model, fig. 5.18, with cracks developed in the
experiment, fig. 5.19, there are notable similarities on the stress distribution patterns and the crack
development patterns on the tested specimen. Also, the maximum tension presented in the model, fig.
5.18, has occurred at the same location as that of the main crack, failure location.
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Also in this case the results of modeling are showing the sleeve grout been in compression.
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Fig.5.20 Tension of dowels on model specimen “S 7, V.D.”

Apart from the accuracy of stress distribution on the concrete element, when stress distribution on the
reinforcement and the dowels is observed, fig. 5.20, it is easily noticeable that the maximum stresses
develop in the dowels (blue color).

e) Comparison of stress distribution on specimen “S 9, H.D.”

The tension stress distribution on Specimen S9, H.D - connection strengthened with a large plate and
tested with M/V=0.5, is presented in fig. 5.21. Compared with the crack development at the failure
mode, fig. 5.22, there is a similarity in stress distribution in this case, too.
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Fig.5.22 Crack distribution on specimen “S 9, H.D.”after failure
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Fig.5.23 Stress on tension and compression dowels of specimen “S 9, H.D.”

Also, by observing the stress distribution on the reinforcement and the dowels, fig. 5.23, it can easily
be noticed that maximum stresses develop in the dowels (blue color- tension tresses and red color-
compression stresses).
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5.5.2 Results of global behavior

The global behavior results, force-deformation plot, is obtained for two specimens, “S2 V.D” and “S10
V.D” and the same are compared with the results from the experiment. In the fig. 5.24 and fig.5.25

are presented results of model vs. results from experiment for specimen “S2 V.D” respectively for
specimen. “S10 V.D”.
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Fig.5.24 Results of force-deformation plot of global displacement from modeling and comparison with results
from experiment of specimen “S2, V.D”
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Fig.5.25 Results of force-deformation plot of global displacement from modeling and comparison with results
from experiment of specimen “S10, R.M”

172



Doctoral Dissertation: Performance of innovative beam-to-column connections in precast

industrial buildings

CHAPTER 6 - Conclusions and Recommendations for Further Research

The main goal of the research within the doctoral dissertation has been to investigate performance
of dry precast beam-to-column connections, especially moment-resisting ones, by applying scientific
approach and using science tools. Practitioner engineers in the field of precast structures and the
construction industry in general, should benefit from the outcomes of this research.

The objective of this research are focused on experimental and numerical analysis of innovative
moment resisting dry precast beam-to-column connections. Additionally, in order to give better
insight in the performance of the most frequent distributed pinned beam-to-column connections in
the existing structures, numerical analysis of such connections were carried out, also.

The following investigations were carried out:

1) Determining proper modeling for general design purposes of beam-to-column connections
realized with centrally positioned dowels. For this research the results of experiments on
pinned beam-to-column connections realized in University of Ljubljana (UL), under the
SAFECAST Project [Ref.: 027], have been used as input data for calibration of the numerical
model.

2) Develop innovative moment resisting dry beam-to-column connections simple enough for
practical use in engineering practice in precast structures and reliable as monolithic RC joints.
For developing such a connections a full scale quasistatic testing of ten specimens, were
carried out.

3) Determine the most appropriate numerical modeling procedure that will reflect, as
accurately as possible, the performance of the connections developed under item 2) as a
whole and the behavior of the each separate element in the connection. For this purpose
micro modeling is applied and one of the most advanced existing software packages for
numerical simulation has been used.

6.1 Conclusions referring to modeling procedure of connections realized with single
centrally positioned dowel

The goal of this part of the research was to verify whether the connections realized with single
centrally positioned dowel could be considered as a hinge connections, from structural point of view,
and could this assumption continue further to be applied in engineering practice for design purpose,
with necessary reliability.

For proper verification of whether this type of connection should be considered as hinge connection
the following is conducted:

- Non-linear modeling of singe dowel precast connections has been performed where
respective numerical model parameters of the adopted hysteretic model have been properly
calibrated using the experimental results conducted in UL under the SAFECAST Project [Ref.:
027]
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- Nonlinear dynamic analysis of a beam-to-column connections (under same loading conditions
as in experimentally tested within SAFECAST Project) using calibrated non-linear model were
carried out and the bending moments of columns at base point were obtained.

- Linear dynamic analysis with elastic hinge element for modeling beam-to-column connection
were carried out under same loading history as in the case of non-linear dynamic analysis and
the bending moments on the same location column at base point were obtained.

- Finally, analyzing the results from both, non-linear dynamic analysis with non-linear model
for the connection and linear dynamic analysis with applying elastic hinge as a beam-to-
column connection, comparing time history of the calculates bending moments the following
conclusion was drawn:

Beam-to-column connections implemented with a dowel positioned vertically and in the center of the
connection in regards to structural modeling are to be considered as hinge connections.

In addition to the above conclusion, from analyzing the behavior of the beam-to-column connections
implemented by dowels positioned vertically and eccentrically in respect to a plane, it could be
concluded that such a way of realizing a connection cannot be considered as pinned connection
(hinge). This type of connection should be considered as fixed connection since these dowels prevent
rotation of the section. Depending on the actual location of the dowel, fig. 2.6 a) and b), and the
strength and deformability of the dowel the degree of fixity of this connection could vary. Whenever
such a connection is selected, during the design of precast structure the following should be
considered:

i. In the vicinity of a connected element, the upper zone of the element will be loaded with
bending moments and will have to be designed and detailed to resist these bending
moments. If the connection is realized as in fig.2.6 b), then the beam in the upper zone will
have to be reinforced with proper longitudinal reinforcement to resist moments due to
fixity that is provided by the dowel.

ii. These connections are subject to failure mechanisms of moment resisting connections,
such as dowel pullout failure, (similar to Specimen “S 2, V.D”) and concrete spalling due to
rotation of the dowel wherefore, in order to provide moment resistance to the connection,
proper measures against potential failures must be taken.

6.2 Conclusions on developed innovative dry moment resisting beam-to-column
connections

The ultimate goal of this part of the research was to develop a moment resisting dry beam-to-column
connection whose performance is quite similar to the performance of a moment resisting monolithic
beam-to-column connection. In addition, the proposed innovative moment resisting dry beam-to-
column connection should be simple enough for construction and application in everyday engineering
practice.

For purpose of developing such innovative moment resisting beam-to-column connection a full scale
experimental programme has been undertaken, where eight precast specimens were tested. In
addition to them and in order to determine whether a proposed connection could be considered as a
moment resisting one, two moment resisting cast-in-situ connections have been constructed and
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tested. The results of these two cast-in-situ connections, “S4 R.M” and “S10 R.M”, have been used as a
reference for developed precast connections.

The precast industrial buildings in real engineering applications could be constructed in different
seismic hazard zones, with different frame spans and various loadings, thus beam-to-column
connections could be exposed to various ratios of member forces. Depending on these circumstances,
there could be a situation when on the precast connection the flexural forces are predominant one,
situations when shear forces could be predominant ones and there could be situations when both
flexure and shear are equally present. In order to cover these potential situations the experimental
programme has been extended to test the developed moment resisting dry beam-to-column
connection under different loading situations:

- Flexure/Shear=1.5, where flexure forces are predominant
- Flexure/Shear=0.5, where shear forces are predominant, and
- Flexure/Shear=1.0, where potentially both flexure and shear forces are equally predominant

6.2.1 Conclusions based on experimental results

6.2.1.1 Connections implemented by dowels only

Two specimens of a connection implemented by dowels only have been tested. One is tested with M/V
ration of 1.0 (S2, V.D.) and the other one is tested with M/V ration of 1.5 (S6, V.D.). Both connections
are designed with vertical dowels (V.D.)

a) SpecimenS2,V.D.

Specimen S2, V.D. has experienced brittle failure. The flexural strength of the specimen is considerable
whereas the deformation capacity is very limited due to nature of failure. The specimen failed since the
tension dowels failed in pullout. Below are provided the strength and deformation properties of the
specimen S2, V.D. compared by the referent model (54 R.M.):

- Yielding strength........... 94% of the referent model
- Ultimate strength.......... 88 % of the referent model
- Total deformability ........ 50 % of the referent model

b) Specimen S6, V.D.

Specimen S2, V.D. has experienced brittle failure. Both, the flexural strength and deformation capacity
have been very limited due to nature of failure. The specimen failed since the tension dowels failed in
pullout. After close look to the failed specimen it has been noted that mistake was made during the
construction of the specimen. The dowels were not completely positioned in the middle of the sleeve.
This caused that the area of the dowels that should resist the pullout has been reduced. Below are
provided the strength and deformation properties of the specimen S6, V.D. compared by the referent
model (54 R.M.):

- Yielding strength........... 75% of the referent model
- Ultimate strength.......... 70 % of the referent model
- Total deformability ........ 47 % of the referent model
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c) General conclusions of connections implemented by dowels only

- Positive side of connections implemented by dowels only
If properly constructed, the connections implemented by dowels only could have flexural
strength high enough to be considered as similar to cast-in-situ connections,.

- Negative side of connections implemented by dowels only
i.  The connections implemented by dowels only have very limited or no deformability

capacity.

ii. For implementing such a connection, a high construction precision is required where
there is a great chance for faults during construction. Very small mistake in
construction cold result with drop in flexural strength and significant decrease of
deformability capacity.

6.2.1.2 Connections with dowels strengthened by individual steel plates

Regarding the moment resisting dry beam-to-column connections with dowels and strengthened by
individual steel plates on the tension dowels, three specimens have been tested, two with vertically
positioned dowels “S1 V.D.”, “S3 V.D.” and one with horizontally positioned dowel “S5 H.D.”.

The overall behavior of these three specimens could be considered as flexure behavior with shear force

influence. In general these three specimens are characterized with good flexural strength and high
deformability capacity. The detailed results of comparison of these connections with referent model
are presented in table 4.5.

Comparing the results it could be concluded that strengthening tension dowels with individual steel
plates eliminates pullout failure since it transfers tension force on top of the connection, which force
than acts as compression force on the connection. This type of performance improvement method has
been shown as successful and the performance of such a connections could be considered similar as of
a cast-in-situ connection.

e General conclusions

- Positive side of these connections
i.  These connections have both flexural strength and deformability capacity very similar
to a reference cast-in-situ connection and as such could be considered as moment
resisting.
ii. Construction method is very simple and does not require special precision.

- Negative side of these connections
The tension force that is transferred on top of the connection as compression force on the
connection could have negative impact by action as shear force in combining with flexural
force. In such a combination connection could experience shear failure of initially flexural
behaved section, as did the specimen “S3, V.D”. It should be point out that this consideration
is based on observation of single specimen only and shouldn’t be taken as general one.
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6.2.1.3 Connections with dowels strengthened by single large steel plate

Regarding the moment resisting dry beam-to-column connections with dowels and strengthened by a
single large steel plate, three specimens have been tested, “S 7 V.D”, “S8 H.D.” and “S9 H.D.”,.

All three specimens have experienced pure flexural behavior. In general, these three specimens have
provided considerably high amount of flexural strength as well as deformability capacity. The detailed
results of comparison of these connections with referent model are presented in table 4.5.

This type of performance improvement method has shown successful and the performance of such a
connections could be considered as of a cast-in-situ connections. By applying this method of
performance improvement all the negative sides of two previous types of connections, connection
implemented by dowels only and connection with dowels strengthened by individual steel plates, are
eliminated.

e General conclusions

Based on the obtained results the above connections can be considered as full moment resisting
connections and can be treated as cast-in-situ connections.

With the application of this strengthening method, the performance of a connection becomes simpler,
having in mind that all the forces on the connection are transferred onto the dowels as pair of force.
This is a very good attribute since it offers the possibility of calculating the strength of such a
connection with a high accuracy and desirable reliability for practical use.

An additional benefit of the connections strengthened by a large plate is the fact that this
strengthening method does not require high precision for construction and eliminates the
consequences of any possible mistake during the construction of connection, such as, treating the
sleeve wall for adequate roughness, miss-positioning the dowel in the center of the sleeve, etc.

6.2.1.4 Impact of flexure/shear ratio on precast dry moment resisting beam-to-
column connections

In all the connections tested during this research, the effect of M/V (flexure/shear) haven’t any
significant impact on the performance of a connections. It could be concluded that the proposed
innovative moment resisting dry beam-to-column connections are not affected by shear force and
their performance could be considered as flexural.

6.2.1.5 Impact of axial force on the precast dry moment resisting beam-to-column
connections

Based on conducted testing it has been noted that the increase of axial force caused increasing of the
flexural strength of the connection in a similar way as in monolithic reinforced concrete elements.

This fact is important to underline and to consider since with increase of the span of the precast
structure frame the N/M ratio decreases. For proper design of connection and to benefit from
positive influence of increasing N/M ratio on the flexural strength of the connection, the M-N

177



Doctoral Dissertation: Performance of innovative beam-to-column connections in precast

industrial buildings

interaction diagram should be determined. Whenever the N/M ratio passes “balance point” than for
vertically positioned dowels the appropriate strengthened method could be implementation of single
large steel plate.

6.2.2 Conclusions based on numerical analyses

Moment resisting dry beam-to-column connections are composed of several intermediate elements,
such as dowels, sleeve grout and strengthening elements. This composition of connection elements

III I " III

makes these connections rather “mechanical” than typical “structural” connections. Therefore, for the

purpose of numerical analysis it is more appropriate to treat these connections as mechanical ones.

The behavior of a connection depends directly of the all elements as an assemblage, as well as of the
behavior of each element, taken separately.

The best way for numerical modeling of these innovative moment resisting dry precast beam-to-
column connections is micro-modeling since it enables following of the stress distribution within each
individual element of the connection. In this way, there is a possibility to map the weak elements in the
assemblage and possible failure mechanism of a connection.

The micro-modeling procedure adopted within this research using Abaqus software [Ref.: 001], as
presented in chapter 5 of this dissertation, has provided very good results in regard to stress
distribution within the connection and the connecting elements when comparing them to the
experimental results. Therefore, the modeling procedure adopted herein is appropriate for
understanding the overall behavior of a connection and the behavior of each connecting element,
separately and the use of such modeling procedure in further innovative developed connections could
provide a good indication of their performance nd thus reduce the need for experimental
testing/verification.

6.3 Limitations of the drawn conclusions

The experimental program is conducted in quasi-static conditions in half cyclic tests. This procedure
of half cyclic test could be considered appropriate for outer beam-to-column connections of the
frame for the following reason:

In real engineering applications the connection is constantly loaded with gravity loads. When the
connection is additionally loaded with lateral loads than the influences from gravity loads and lateral
loads will be superimposed. For lateral loads acting in one direction the member forces (bending
moments) will have the same “sign” as the bending moments from gravity loads and this will further
increased total bending moments, at the location of the connection. When the lateral loads act in
opposite direction than the bending moments from lateral loads, at the same considered location,
will have different “sign” than the ones of gravity loads which lead to the decreasing of the total
bending moment.

Precast industrial structures could be considered gravity load governed structures where the bending
moments from gravity loads are usually higher than the ones from lateral loads. Therefore the
moments from lateral loads in combination with the ones from gravity loads usually are never high
enough to push the connection in reverse cycle. Considering this practical fact, the half cyclic tests
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have been considered to be more appropriate and closer to real loading of a connection under real
engineering situation in practice.

The one possible situation when there could be a full cycling loading (deformation in both directions)
of the connection from lateral loads is in the continuous connections that are located in the middle of
the frame in multy-bay frames. Usually, in such a case bending moments from gravity loads are very
low. So, the bending moments from lateral loads are predominant and will govern behavior of the
connection where the effect of full cyclic loading will be present.

It should be noted that very often precast industrial buildings are one bay frames. Also, in a case of
multy-bay frames, most of the inner connections aren’t continuous connections but rather the beams
are simply supported. In such a case again the principle of outer connection applies.

Based on the above stated the following are the limitations of the tested precast beam-to-column
connections:

1. The results and conclusions presented herein couldn’t be applied for continuous middle
beam-to-column connections.

2. Connections under this research are tested under half cycle quasi-static conditions and
despite the fact that in practice outer connections might not be exposed to reverse cycling
loads, still the their actual performance under real seismic conditions remains assumptive.

6.4 Recommendations for further research

6.4.1 Recommendation for further investigation of connections strengthened by a
single large steel plate

Among the proposed innovative connections, this type of connection shown best performance. The
connection with this type of strengthening could be considered as full moment resisting connection
(structurally fully fixed connection). Considering the importance of moment resisting connections in a
structure and the improvement of the seismic performance that a moment resisting connection could
offer to precast structures, it is of a great importance to define, with undoubted certainty, a
connection that will act as a full moment resisting connection. Nevertheless the performed tests
shown that the connection strengthened by a single large steel plate behaved as a full moment
resisting connection, it is highly advisable to confirm its behavior with additional experiments in order
to prove its moment resisting capacity.

It is of high interest to determine an expression for calculating the strength of a connection which will
include the strength of the dowel and the minimum requirements for the strengthening plate. If and
when such an expression will be defined as a result of more extensive experimental programme, then
this connection could be easily and successfully applied by practitioner engineers in the construction
industry.

In this research, through investigation of the behavior of connections strengthened by a single large
steel plate, i.e. specimens “S 7 V.D”, “S 8 H.D.” and “S 9 H.D.”, it become obvious that, when the
elements are connected face to face, then the factor of surface imperfection can play a role in the
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strength capacity of a connection by transferring different loads to the tension dowels. Since faces of
elements cannot be treated to have a perfect flat surface, this imperfection in the flatness may have an
impact on the location of rotation of the section (neutral axis). Since, in each case, the surfaces of the
elements may have a slightly different imperfection, this may affect the position of the neutral axis and
consequently it may transfer different force to the tension dowels, each time differently. This is an
uncertainty that may become a big obstacle in defining an expression for calculating the strength of a
connection and design of a connection.

In order to eliminate this obstacle, a possible investigation could be performed for the case when an
intermediate element is placed in-between structural elements, namely, the beam and the column.
This intermediate element could be rubber (plain or reinforced rubber) allowing pure transfer of force
to the dowels, equally to tension and compressing dowels. However, in this approach, the moment will
be transferred to the joint as a pair of forces. Performing experiments with this approach, there is a
possibility to confirm an expression for the relation between the moment and the pair of forces and
adopt it as an expression for calculating the strength of the dowels in this type of moment resisting
connections.

6.4.2 Recommendation for further investigation of connections strengthened
without any steel plates ,

There could be a situation in structures where a strengthening plate might complicate the construction
of the claddings and the roof covering where the dowels should not extend outside the sleeve,
respectively, outside the face of the structural elements. In such a situation, the pullout dowel is the
potential failure mechanism.

From observation of the performance of the tested specimens and analyzing the failure modes in each
case, the following improving methods that could be applied to provide a desired moment resisting
behavior:

a) Strengthening performed by a bolt placed inside the sleeve

Observing the behavior of specimen “S5 H.D.” which behaved differently than specimen “S 3 H.D.”,
there is high possibility that reinforcement bars of a smaller diameter, welded to the dowel for
ensuring centering of the dowel within the sleeve, may have an impact on the transferring of the load
from the dowel to the connection. These elements, when placed away from the connection section, as
in the case of the experiments within this research, may eliminate dowel pullout failure since they
transfer the load to the connection from the top of the connection, similar to the strengthening plate.

For simplicity of construction, for preventing pullout failure, the bolt could be placed on the top of the
dowel, instead of the three rebar pieces presented in fig. 4.19, by which the tension force would be
transferred to the top of the dowel and, in this way, pullout failure will be prevented. This approach
could make easier centering of the dowel and simplify overall construction of the connection.
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b) Increasing anchorage length of the dowel

Anchorage strength of a dowel is in direct function of the length of an anchorage, respectively, the
I,/ P(lp — length of anchorage, & — diameter of dowel) ratio.

For this research, the I, /® —17.5 ratio has been adopted.

The increasing of this ratio, respectively, the height of the beam elements in the case of vertically
positioned dowels and the depth of the column in the case of horizontally positioned dowels, may have
a direct impact on improvement regarding the pullout failure.

c) Use of sleeve grout reinforced with fibers

Observing damages to connections performed by grout only, specimen “S 2, V.D”, the main cause of
failure of the connection was the pullout failure. This failure occurred due to concentration of tension
forces in the sleeve due to dowel tension and consequently their transfer from the sleeve to the
concrete in the adjacent area.

Application of cement grout reinforced with fibers could eliminate concentration of tension forces in
the sleeve by transferring the force from the tension dowel to all the sleeves. This approach may
eliminate pullout failure.

6.4.3 Recommendation for further investigation of connections regarding their
seismic performance

Half-cycling quasi-static testing protocol of the outer beam-to-column connections was adopted
within this research. As already explained in item 6.3 above, performance of outer beam-to-column
connections of the single story precast industrial structures is governed mainly by gravity loads.
When these type of connections are additionally exposed to lateral loads, also the following situation
might appear:

a) When lateral loads act in one direction (e.g positive direction) their flexural effect will
superimpose with already existing flexural force from gravity loads, and

b) When lateral loads act in opposite direction (e.g negative direction) their flexural effect will
decrease already existing flexural force from gravity loads.

However, in order to have better understanding of performance of dry precast moment resisting
beam-to-column connections exposed to actual seismic loads, full scale shaking table experiments is
recommended to be carried out. By performing such type of experiments complete insight in the
seismic behavior of these innovative beam-to-column connections will be accomplished.

As a first phase of research it is recommended that the same connections (same geometry, materials
and construction methodology) already tested within this dissertation to be investigated under
simulated earthquake loads. Further research, as second phase, could cover scaled (2D or 3D) models
of frames where these innovative beam-to-column connection will be applied. In such a way a solid
base for more relevant conclusion regarding seismic performance of these connections (structures) will
be created.
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