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Abstract

The use of precast reinforced concrete elements is rapidly increasing since

this technique has several advantages over traditional cast-in-situ structural

members such as lower manufacturing time and costs and a better qual-

ity control. Nevertheless, cast-in-situ solutions intrinsically allow building

moment-resisting frames, a behavior that is usually hard to achieve using

precast elements. In this paper a technical solution able to offer both high

strength and ductility, simplicity of construction of the prefabricated ele-

ments and ease of assembly on site is presented. The solution realizes the

continuity between beam and column by means of loop splices and cast-in-

place concrete with steel fibers to improve the ductility of the concrete struts

∗Corresponding author
Email addresses: brec@unipg.it (Marco Breccolotti), sgentile@technip.com

(Santino Gentile), tom@mostsrl.eu (Mauro Tommasini),
annibale.materazzi@unipg.it (Annibale Luigi Materazzi),
federico.bonfigli@strutture.unipg.it (Massimo Federico Bonfigli),
bpasqualini@technip.com (Bruno Pasqualini), vcolone@technip.com (Valerio
Colone), mgianesini@technip.com (Marco Gianesini)

Preprint submitted to Engineering Structures July 28, 2016

*Manuscript
Click here to download Manuscript: BtCjoints.pdf Click here to view linked References

http://ees.elsevier.com/engstruct/download.aspx?id=719105&guid=b402912a-730d-4edc-bfc4-905c30f9a194&scheme=1
http://ees.elsevier.com/engstruct/viewRCResults.aspx?pdf=1&docID=15921&rev=4&fileID=719105&msid={A619D4D8-4170-41E3-9D95-C406E3644969}
Marco Breccolotti
Text Box
The published version of the paper “Marco Breccolotti, Santino Gentile, Mauro Tommasini, Annibale Luigi Materazzi, Massimo Federico Bonfigli, Bruno Pasqualini, Valerio Colone, Marco Gianesini, Beam-column joints in continuous RC frames: Comparison between cast-in-situ and precast solutions, Engineering Structures, Volume 127, 2016, Pages 129-144, ISSN 0141-0296 ” is available at: https://doi.org/10.1016/j.engstruct.2016.08.018.



in the wet joint. The connection has been experimentally tested and com-

pared to an analogous cast-in-situ one. The experimental results confirmed

its good structural performances in terms of strength and ductility. Numeri-

cal investigations tuned on the basis of the experimental results allowed the

improvement of the design to achieve reduced column damages for higher drift

values while maintaining practically unchanged structural performances.

Keywords: Earthquake resistant structures, Precast structures,

Beam-column joints, Experimental tests, FE Modeling

1. Introduction1

Precast reinforced concrete techniques are increasingly replacing the cast-2

in-situ reinforced concrete solutions. This can be ascribed to the remarkable3

advantages that the prefabrication offers against traditional techniques such4

as the better quality of the components made in the workshop, the lower5

manufacturing costs, the possibility of realizing the precast components even6

in adverse weather conditions and the speed of construction. The cast-in-situ7

structures possess, however, the advantage of providing continuous frames8

intrinsically resistant to bending moment. This behavior should, instead,9

be specifically created in the prefabricated structures. Hence the choice of10

the right technology for the precast system is of major importance and the11

aim, for the designer, is to obtain a solution that is capable of obtaining the12

required performances in terms of load bearing capacity and ductility while13

minimizing construction manpower, time and costs. A number of technical14

solutions have been proposed for this purpose in the past, mainly focusing the15

attention on the load bearing capacity of the connection system. This study16
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presents a technical solution able to offer both high strength and ductility17

in the plastic range, simplicity of construction of the prefabricated elements18

and ease of assembly on site. The comparison of cyclic tests with imposed19

displacements up to a drift ratio of 3.5% on a couple of external beam-column20

joints allowed verifying the structural behavior of the prefabricated solution.21

The results of the experimental tests showed a seismic performance of the22

prefabricated joint very similar to that of the ’twin’ cast-in-place joint. A23

sophisticated arrangement of sensors has also allowed to analyze in detail the24

behavior of both technological solutions. Finally, FE analyses tuned on the25

results of the experimental tests have been used to improve the design of the26

precast joint moving the critical region outside the connection zone without27

reducing stiffness, strength and ductility of the joint.28

2. Literature review on beam-column joint in precast structures29

The first researches on beam-column joints have been carried out, obvi-30

ously, with reference to cast-in-situ joints.31

Paulay et al. [1] were among the firsts to investigate the behavior of32

interior beam-column joints under seismic actions. They highlighted the33

existence of two shear resisting mechanisms, one involving joint shear rein-34

forcement and the other the concrete strut. Based on extensive experimental35

results carried out in more than 15 years, Paulay [2] demonstrated the dis-36

position of internal forces with diffuse diagonal cracking of the concrete core37

and that joint shear reinforcement is necessary to sustain a diagonal com-38

pression field rather than providing confinement to the compressed concrete39

in the joint core.40
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Later on, similar research efforts have been provided also for precast struc-41

tures. In this case the importance of connection detailing for structures sub-42

jected to severe seismic action emerged since the beginning of the 90’s and43

different technical solutions have been proposed for the beam-column joints.44

A wide joint research project called PRESSS was carried out by re-45

searchers from the United States and Japan on the seismic design and per-46

formance of precast concrete structural systems [3]. The objectives of this47

program were the development of effective seismic structural systems for48

precast buildings and the preparation of seismic design recommendations49

for incorporation in the building codes. The attention of U.S. researchers50

was focused on ductile connections capable of protecting the precast ele-51

ments against inelastic deformations by means of a capacity design while the52

Japanese program was concentrated on the strong-connection approach. The53

results of the research project were pointed out by Priestley et al. [4].54

Restrepo et al. [5] tested six types of subassemblages of moment resisting55

frames located at the perimeter of buildings. Connections between the pre-56

fabricated elements were realized at beam midspan or at the beam-to-column57

joint region with cast-in-place concrete. The experimental results showed58

that the connection details can be successfully designed and constructed to59

emulate cast-in-place construction.60

Priestley and MacRae [6] tested two ungrouted post-tensioned, precast61

concrete beam-column joint subassemblages under cyclic reversals of inelas-62

tic displacements to determine their seismic response. The test units were63

designed with greatly reduced beam and joint shear reinforcement compared64

with equivalent monolithic joints, but implementing a special spiral confine-65
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ment of the beam plastic hinge regions. Both subassemblages performed well,66

with only minor cosmetic damage being recorded up to drift ratios of 3% or67

more. Energy absorption of the hysteretic response, though small, was larger68

than expected. A very low residual drift was observed after a severe earth-69

quake. This is a characteristic of the unbonded prestressing system and is a70

significant advantage over conventional cast-in-place reinforced concrete con-71

struction, where very high residual drifts generally occur. It was concluded72

that satisfactory seismic performance can be expected from well-designed73

ungrouted precast, post-tensioned concrete frames.74

Two full-scale beam-to-column connections of a precast concrete frame75

were designed, following the strong-column weak-beam concept, and tested76

by Alcocer et al. [7] under uni-directional and bi-directional cyclic loading.77

Conventional mild steel reinforcing bars, rather than welding or special bolts,78

were used to achieve beam continuity. Test results showed that the perfor-79

mance of both beam-column connections was roughly 80% of that expected80

from monolithic reinforced concrete constructions with a ductile behavior81

due to hoop yielding. Bar pullout and strength values were nearly constant82

up to drifts of 3.5%.83

Korkmaz and Tankut [8] tested six 1/2.5 scaled beam-beam connection84

subassemblies under reversed cyclic loading. The first specimen was a mono-85

lithic one used as reference. The others were precast specimens composed of86

a middle precast beam placed between two cantilever beams connected to the87

columns. The connection between the precast elements region was obtained88

by lap splicing of the top reinforcement and welding between the steel plates89

anchored to the bottom of the middle and cantilever beams. Cast-in-situ90
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concrete on the top of the beams completed the connection. The results of91

the tests allowed recognizing that this connection detail was not suitable for92

seismic use. Proper modifications to obtain significant performance improve-93

ments have been subsequently proposed and tested by the Authors.94

A similar solution has been proposed also by Ong et al. [9] who used95

the DfD (Design for Disassembly) method to increase material reusability in96

the construction industry, allowing the reuse of the structural components97

after the decommissioning of the structure instead of their demolition and98

recycling of the resulting debris. Parastesh et al. [10] tested a new duc-99

tile moment-resisting beam-column connection capable of providing good100

structural integrity in the connections and reduced construction time. Their101

solution eliminated the need for formworks and welding and minimized cast-102

in-place concrete volume by realizing a discontinuity in the column filled by103

the cast-in-situ concrete.104

A wide research project, SAFECAST [11, 12], has been recently com-105

pleted by the Joint Research Center of the European Commission. In this106

project a full-scale three-storey precast building was subjected to a series of107

pseudodynamic tests to evaluate the behaviour of various parameters like the108

types of mechanical connections (traditional as well as innovative) and the109

presence or absence of shear walls along with the framed structure.110

2.1. Classification of precast beam-column connections111

Nowadays connections between precast beams and columns can be sepa-112

rated into three main classes: dry, hybrid and wet connections.113

The mechanical connections made with steel elements and bolts belong to114

the dry class. Among these connections are those tested by Vidjeapriya and115
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Jaya [13]. The Authors carried out tests on two types of simple mechanical116

1/3 scale concrete beam-column connections realized with cleat angle with117

1 or 2 stiffeners, subjected to reverse cyclic loading. The results of the118

tests were then compared with the performance of a reference monolithic119

beam-column connection. The Authors observed that ultimate load-carrying120

capacity of the monolithic specimen was superior to that of both precast121

specimens, while satisfactory behavior of the latter was found in terms of122

energy dissipation and ductility.123

Hybrid connections are those where mechanical connections and cast in124

situ concrete are used at the same time. Hybrid connections have been tested125

by Choi et al. [14], Ong et al. [9]. Sometimes with the same term has been126

indicated a combination of mild steel and post-tensioning steel where the127

mild steel was used to dissipate energy by yielding and the post-tensioning128

steel was used to provide the shear resistance through friction developed at129

the beam-column joint [15].130

Wet connections are generally made up of rebar splices and cast-in-situ131

concrete. Among the different types of rebar splices, very good mechani-132

cal properties have been shown by loop splice connections. Several studies133

showed that the mechanical behaviour of this type of joint, if properly de-134

signed, can be considered similar to that of ordinary RC elements [16, 17].135

Moreover, the use of loop splice is also frequently used in practice to establish136

continuity between precast deck elements in steel-concrete composite bridges137

[18].138

Since the beginning it was recognized the usefulness of steel fibers to139

develop ductile moment resisting wet connections designed to act as a plastic140
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hinge during earthquakes [19]. High performance fiber reinforced cement141

composite (HPFRC) matrix was used to develop a high energy absorbing142

joint for precast/prestressed concrete structures in seismic zones reducing the143

amount of transverse reinforcement in the connection by using steel fibers in144

the connection matrix [20]. Ultra high performance fiber reinforced concretes145

(UHPFRC) were also used in conjunction with short reinforcement splice146

lengths to develop continuity connections between precast elements to achieve147

a safe construction process, reduced construction time and avoid the use of148

complex reinforcing details, while maintaining high quality level [21].149

3. Proposed wet joint for beam-column connection150

The wet joint between precast beams and columns presented in this study151

has been developed as a standard solution for pipe rack structures, commonly152

used within worldwide oil and gas plants but it could be also adopted in other153

continuous precast RC frames. The standard cast-in-situ solution has been154

designed according to the ACI 318 code [22]. An example of the pipe rack155

structures is shown in Fig. 1. They are generally composed of transversal156

frames that are repeated along the path of the piping lines at a given spacing.157

Considering the significant heights that can be reached by such structures158

is clear the importance of having in seismic-prone regions a moment resist-159

ing frame, especially in the transversal direction. The construction of such160

facilities, which are very often located in remote regions, could turn out to161

be far too complicated with the traditional cast-in-situ technique. A precast162

solution would instead allow a much easier building process with reduced163

construction time and costs.164
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Assuming initially a cast-in-situ frame, the demand of the beam critical165

section at the beam-column intersection has been evaluated as Mu = 1100166

kNm. By taking into account the capacity reduction factor for tension con-167

trolled failure φ = 0.9, the rectangular beam section 500 mm wide and 900168

mm tall has been reinforced with 4 bars of 28 mm diameter and 2 bars with169

25 mm diameter placed in the upper and lower sides. The nominal bending170

strength of this section is equal to Mn = 1233 kNm.171

A wide variety of solutions for precast concrete pipe racks has been de-172

veloped along the years. All of them aimed at obtaining a monolithic frame173

from precast pieces. Three big families of solutions can be identified:174

• Cast-in-situ joints between precast beams and columns;175

• Mechanical connectors between precast beams and columns;176

• Monolithic precast frames.177

Transversal frame

Figure 1: Example of pipe rack for oil and gas plants.

For the structure under study an innovative kind of cast-in-situ joint178

which limits the cast-in-situ volume to a minimum amount, without con-179
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nectors, scaffolding, formworks and extra material has been designed and180

developed. In the proposed construction technique the transversal frames181

are made up of two precast concrete columns connected with several beams182

at different heights (Fig. 2). Each beam hosts specific elements (pipes, main-183

tenance platforms, ...) functional to the developing plant.184

Figure 2: Full-scale RC structure for pipe racks (dimensions in mm). The beam-column

connection realized in 1:3 scale for the experimental tests is highlighted.
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Fiber reinforced concrete (FRC) has been chosen to realize the wet con-185

nection between the precast beams and columns for its favorable properties,186

both in tension as in compression. The protruding rebars from column and187

beams that will be embedded in the FRC casts are shown in Fig. 3. At the188

beam ends the cross section of the prefabricated beam is gradually enlarged,189

and thereafter divided into two prismatic elements with rectangular section,190

called shoulders, which define a containment, the formworks, for the next191

cast-in-situ.192

Figure 3: Protruding rebars from column and beam for the wet joint connection.

Special attention has been paid during the design process to the strength193

and ductility aspects but also to the ease of installation. The analyses of194

stresses and forces inside the column joint and on the hooked rebars have195
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been carried out using well established design procedures [23, 24].196

The assembly process and completion is shown in Fig. 4. In phase 1197

the full height precast columns are erected. They are provided with bolted198

brackets that will subsequently bear the precast beams. In this phase are also199

visible the steel rebars that protrude from the column and from the beam.200

They will be later incorporated in the final casting. In phase 2 the precast201

beams are leaned on the brackets by means of the 2 lateral RC shoulders.202

This is possible thanks to the shape of the solution that allows the launch of203

the beam from above. In phase 3 the closed stirrups that were already placed204

around the rebars protruding from the columns and the beams are disposed205

with the correct spacing. In the final phase the connection is completed by206

pouring the FRC in the joint using the lateral shoulders as formwork.207

4. Experimental program208

To compare the precast solution with the corresponding cast-in-situ con-209

struction, an experimental program was carried out. Two reduced scale210

models, the cast-in-situ reference model and the corresponding precast solu-211

tion, have been designed and built. The test modules, i.e. the laboratory212

specimens representing the characteristics of a typical configuration of inter-213

secting beams and columns, have been defined according to the provision of214

the relevant ACI standards [25, 26] for the most stressed connection of the215

moment frame shown in Fig. 2.216

4.1. The specimens217

Both the cast-in-situ and the precast joints were realized in a 1:3 scale.218

The adoption of this reduced scale is specifically allowed by the abovemen-219
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Figure 4: Assembling procedure for the beam-column connection.
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tioned ACI standards. It has been thus assumed that no significant size220

effects with respect to the unscaled elements are expected. The bending and221

shear strengths of the beam critical section have been evaluated according222

to the ACI 318 code. Their values, neglecting the strength reduction factors,223

turned out to be Mn,red = 47.2 kNm and Vn,red = 106.8 kN. There is no risk224

of brittle shear failure in the beam since the shear value corresponding to the225

attainment of Mn,red, equal to 35.0 kN, is far below the shear strength Vn,red.226

It can also be observed that the scaling procedure turned out to provide a227

nominal bending strength Mn,red of the scaled specimen that is very close to228

the scaled nominal bending strength Mn/3
3 = 45.7 kNm.229

The geometry of the cast-in-situ joint and the reinforcement details are230

shown in Fig. 5. The beam section was 166.7 mm wide and 300 mm deep231

and its longitudinal steel reinforcement consist in 2 φ 12 mm and 1 φ 14 mm232

both in the upper and in the lower parts. The reinforcement ratio is thus233

approximately equal to 0.8%. The 14 mm central bars are eccentric with234

respect to the cross section axis to avoid the interference with the central235

bars of the column. Two φ 8 mm bars have been located in the center of the236

lateral sides of the section in order to better restraint the stirrups. These237

latter consisted in φ 6 mm bars with a spacing of 110 mm near the hinged238

connections and the joint, and with a spacing of 250 mm in the central239

portion where the shear forces are lower. The column had a cross-section240

266.7 mm wide and 300 mm deep and its reinforcement is made up of 4 φ 16241

mm along the edges of the section and 4 φ 14 mm in the middle of the sides.242

The stirrups had a spacing of 60 mm near the hinged connections where243

a concentrated load is applied, while in the remaining parts the spacing is244
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Concrete Cement W/C ratio Sand Gravel Hyperplasticizer Fibers

(kg/m3) (kg/m3) (kg/m3) (l/m3) (kg/m3)

Cast in situ 380 0.395 940 850 3.8 0

Precast 380 0.395 940 850 4.2 0

FRC 640 0.300 583 800 6.4 39

Table 1: Concrete mix designs used for the tested specimens.

approximately equal to 243 mm. Additional bars were located around the245

connection points between the RC elements and the mockup structure in246

order to prevent a local collapse of the sample outside the area of the joint247

connection. The precast joint has the same geometry and reinforcement of248

the cast-in-situ one, except for the area where the connection between the249

beam and the column is realized (see Fig. 6). Here the beam widened up250

to 233.3 mm, realizing an U-shaped connection that was supported by the251

RC bracket bolted to the column. This wider dimension does not affect252

the bearing capacity of the beam in the critical zone since the lateral thin253

concrete panels only serve as formworks for the FRC cast and there is no254

significant transfer of forces between these elements. Furthermore, as visible255

in the upper view of Fig. 6, a 17 mm gap prevents any contact between the256

lateral thin concrete panels and the column. The gap has been filled with257

deformable caulk prior to the casting of the FRC to avoid the transmission258

of significant stresses to the lateral RC brackets. Longitudinal ring-shaped259

bars come out from the beam and from the column in this region. When the260

placement of the beam on the bracket was completed, the continuity between261

the two elements was realized by means of a FRC cast that filled the U slot.262

Three different types of concretes, two for the cast-in-situ and precast263

RC elements and one for the wet connection, have been used for the con-264
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Concrete Compressive strength

53 hours 125 days

(MPa) (MPa)

Cast in situ 8.6 39.2

Precast 6.4 35.8

FRC 17.0 69.4

Table 2: Concrete compressive strength of the tested specimens.

Diameter φ Yielding stress Tensile strength Yielding strain

(mm) (MPa) (MPa) (µǫ)

6 443

12 453 584 2199

14 466 602 2262

Table 3: Mechanical properties of the reinforcing steels.

struction of the test modules. Steel fiber reinforced concrete has been chosen265

for the concrete of the wet-joint to increase the ductility properties of the266

compressed strut in the connection. The mix designs of the three concretes267

are shown in Tab. 1 while the compressive strengths at 53 hours and at268

125 days of the same mixes are listed in Tab. 2. The concrete compres-269

sive strength of the cast-in-situ, precast and steel fiber reinforced concretes270

at 125 days have been evaluated a few days before the testing of the two271

specimens. In the tables it can be noticed that the concretes used for the272

cast-in-situ and the precast elements have almost the same composition and273

achieved approximately the same compressive strength. The volume fraction274

of the fiber has been chosen taking into account the specific feature of the275

proposed connection. Obviously, the higher is the fiber content, the higher276

is the increase in strength and ductility but, on the other hand, high fiber277

content can lead to a significant reduction in the concrete workability. For278

the proposed beam-column connection the tensile strength and ductility of279
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Figure 5: Geometrical dimension (mm) and reinforcement layout of the cast-in-situ spec-

imen. Upper view, side view and cross-sections.

the cast-in-place concrete do not play a major role. In fact, at the inter-280

face between the cast-in-place concrete and the precast elements only a weak281

tensile strength (adhesion) can develop and, thus, in these regions cracks282

are primarily expected to occur. For this reason no significant increases in283

the tensile strength and in the toughness are necessary for the cast-in-situ284
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Figure 6: Geometrical dimensions (mm) and reinforcement layout of the precast specimen.

Upper view, side view and cross-sections.

concrete. Conversely, good strength and good ductility properties are re-285

quired for the compression stress-strain relationship in order to improve the286

behavior of the concrete strut inside the connection region. Considering the287

above mentioned reduction in the concrete workability and considering also288

the data reported in the works by Taerwe and Van Gysel [27], Neves and289
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Fernandes de Almeida [28] and Marar et al. [29], a fiber volume fraction290

of 0.5% has been judged suitable for the cast-in-place concrete. Among the291

different types of fibers, the steel ones have been selected for their ability to292

improve the flexural toughness and for their flexural fatigue endurance [30].293

Commercially available steel fibers were used in the FRC. They are char-294

acterized by a length of 33 mm, a diameter of 0.55 mm, a tensile strength295

higher than 1200 MPa and double-end hooks to ensure a proper anchorage296

in the concrete. The content of fibers in the FRC was equal to 39 kg/m3,297

resulting in a volumetric fraction approximately equal to 0.5%. B450C steel298

rebars have been used for every reinforcement. The mechanical properties of299

the steel rebars are listed in the Table 3.300

Fig. 7 shows the reinforcement and the formwork of the cast-in-situ so-301

lution just before the concreting, whereas Fig. 8 shows the precast column302

just after the concreting.303

4.2. Test setup304

In order to correctly execute the experimental tests, an ad-hoc setup was305

designed (Fig. 9) and built (Fig. 10). The whole apparatus was installed306

inside a test chamber, delimited by a RC reaction wall. The column was307

supported by a steel cylinder whose function was that of providing the ver-308

tical reaction force without notable horizontal components. The horizontal309

reaction was instead provided by a stiff steel frame anchored on one side to310

the rigid RC wall, and on the other side to the lower part of the column using311

a pinned connection, thus allowing rotation to occur. On the upper part of312

the column an hydraulic jack attached to the reaction wall was connected313

to the column using a pinned connection. The jack provided the horizontal314
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Figure 7: Reinforcement and formwork of the cast-in-situ specimen.

Figure 8: Precast column just after the concreting.
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force that was used to control the column drift. The beam was connected by315

means of a pinned restraint to a steel frame. This latter was linked to a rigid316

steel base that was integral with the floor using a bolted connection. The317

steel frame applied a restraint to the beam only in the vertical direction al-318

lowing at the same time the horizontal movement of the beam itself (see Fig.319

9). No notable horizontal restraining force was thus applied to the end of the320

beam. A second hydraulic ram actuator placed on the top of the column was321

used to apply a suitable compressive force to the column. The value of this322

force corresponds to the axial load induced in the column by the permanent323

loads in the overlying portion of the structure of the pipe rack (see Fig. 2)324

reduced by a scale factor of 9 to take into account the scale of the specimen.325

The reaction exerted by the jack was transmitted to the ground by means of326

two threaded steel rods.327

This hydraulic jack was actuated by a manually operated hydraulic pump328

to impose the predetermined compressive force. In order to minimize the vari-329

ations in trim during the execution of the tests, it was used a hemispherical330

head interposed between the vertical actuator and the top of the column. A331

load cell was installed between the actuator and the column to control and332

store the time history of the vertical load.333

4.3. Sensors334

The relative horizontal displacement between the bottom hinge and the335

top hinge of the column was monitored by means of two displacement sensors336

(Fig. 9): a wire transducer (WT) linked to the ground was applied on the337

top of the column at the same height of the hydraulic jack, while a linear338

variable displacement transducer (LVDT) was applied on the bottom hinge.339
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Figure 9: Schematic representation of the experimental test setup: rear view (left), side

view (center) and front view (right).

Figure 10: Picture of the experimental setup before the beginning of precast joint test.

The difference between the two values defines the actual applied drift. A340

pressure transducer was used to measure the pressure in the hydraulic jack.341

Several sensors, shown in Fig. 11, were also applied to the experimental342
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setup to monitor the joint behavior and to obtain a careful evaluation of the343

stresses in the concrete and in the reinforcing steel. Vibrating wire strain344

gauges (VWSG) were embedded into the concrete in the upper and in the345

lower areas of the beam section nearby the joint, both in the cast-in-situ and346

in the precast joint. The sensors have been placed just outside the critical347

region to avoid any drawback during the execution of the tests. Similarly,348

VWSGs were also fixed to the lower and upper steel bars of the beam (Fig.349

12a). In addition, further VWSGs were also fixed in the precast joint to the350

steel rebars inside the column (Fig. 12b) to verify the actual transmission351

of stress from the reinforcing bars of the beam to those integral with the352

precast column. The choice of the vibrating wire strain sensors (compared353

to resistive strain gauges) has been made mainly considering the need of354

measuring the deformation of the concrete over a significantly long distance,355

compared to the size of the aggregates.356

Additional potentiometric linear variable displacement transducers (PDT)357

were also applied to the joint to measure its overall deformation. One trans-358

ducer was located on the upper part of beam section to detect the horizontal359

relative displacements between the upper outer layer of concrete and the360

outer concrete of the column. Similarly, another transducer was applied on361

the bottom part of the beam section. Finally two transducers were placed in362

a X-shaped configuration connecting the lateral concrete surface of the beam363

and the lateral surface of the column. The combination of the data coming364

from the two couples of PDT, each composed by one inclined PDT and by365

the opposite horizontal one, allowed verifying the shear deformation occurred366

in the beam critical zone during the tests that proved to be negligible. Sig-367
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Instrument Measure Type

Embedment vibrating wire strain

gauges VWGSe

Concrete strain GV-4200: 150 mm gauge length, 3000

µstrain (±1500), Linearity < 0.5%, In-

ternal thermistor (-20/+80 C)

Arc weldable vibrating wire strain

gauges - VWGSaw

Rebar strain GV-4200AW:150 mm gauge length,

3300 µstrain, Linearity < 0.5%, Inter-

nal thermistor (-30/+80 C)

Linear variable potentiometric dis-

placement transducers - PDT

Displacement between

column and beam

Gefran PZ34-A-150: 150 mm range,

Linearity 0.05%, Power supply: 12 Vcc

Linear variable differential trans-

former displacement transducers -

LVDT

Displacement between

ground and bottom of

the column

HBM WA: 100 mm range, Linearity

±0.01%, Power supply: 12 Vcc

Wire rotative potentiometric dis-

placement transducers - WT

Displacement between

ground and top of the

column

Celesco PT101-0020-111-5110: 500

mm range, Linearity 0.07%, Power

supply: 12 Vcc

Table 4: Instruments installed on specimens.

nals from the sensors were recorded using a double system of measurement368

based on two data acquisition units synchronized together by a digital line369

and configured for a scan data rate of 1 Hz.370

4.4. Testing procedure371

Joint specimens were subjected to a sequence of displacement-controlled372

cycles representative of the drifts expected under earthquake motions and373

defined in accordance to the ACI standards [25, 26]. The drift sequence,374

shown in Fig. 13, has been established complying with the following rules:375

• the initial drift ratio must be within the essentially linear elastic re-376

sponse range;377

• subsequent drift ratios must be not less than one and one-quarter times,378

and not more than one and one-half times the previous drift ratio;379
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Figure 11: Schematic representation of the sensors.

• three fully reversed cycles must be applied for each drift ratio value.380

Testing have been continued with gradually increasing drift ratio until it381

reached a value of 4.33%.382
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(a)

(b)

Figure 12: VWSGs fixed to the reinforcing steel: (a) in the precast beam and (b) to the

reinforcing steel in the precast column.

5. Tests results383

In the present chapter are presented and analyzed the results of the ex-384

perimental investigations on the cast-in-situ and precast specimens. Being385

the objective of this study that of verifying if the precast joint fulfilled the386

provision of ACI Standards, the tests have been terminated after completing387
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Figure 13: Test sequence of the displacement controlled cycles.

the 4.33% drift cycle. Thus, after having verified that the third complete388

cycle at drift ratio of 3.5% presented a peak force not less than 0.75 times389

the maximum applied force for the same direction, just one more drift ratio390

at 4.33% has been investigated.391

Before going to the main experimental results it is helpful to understand392

how the vertical force applied on the top of the specimen varied during the393

experimental test for the imposed horizontal displacement. From Fig. 14 it394

can be noted that, starting from the initial value of 155 kN (scaled permanent395

axial load due to the overlying portion of the structure), the force increases396

as the imposed displacement increases. This behavior corresponds to that397

occurring in the real structure during an earthquake excitation.398

The main findings on the behavior of the precast joint in comparison399

with that of the cast-in-situ joint can be drawn observing the force vs. drift400
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Figure 14: Time history of the axial force applied on the top of the specimen during the

experimental test.

responses recorded during the two experimental tests, shown in Fig. 15.401

First of all, it can be noted that the drift-load relationship of the precast402

specimen is very similar to that obtained by other researchers for analogous403

connections [10, 31] with a stable ductile behavior for drift values in the404

range 1.5%-4.3%. The summary data of the the tests are listed in the Table405

5. It is evident that the strength and the ductility of the two specimens406

are very similar. Indeed, the precast joint behavior (dashed lines) appears407

to be even more resistant than the cast-in-situ joint (solid lines) without408

appreciable changes to the ductility of the joint. In fact, the cast-in-situ409

specimen started yielding under positive drift values with an applied load of410

roughly 40 kN while the precast joint yielded as a result of the application411

of a 50 kN horizontal force. A similar observation with slightly higher force412

values can also be done for negative drift values. The first value is in very413
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Specimen Positive displacement Negative displacement

Max load (kN) Displ. (mm) Max load (kN) Displ. (mm)

Cast-in-situ 50.0 51.0 -59.5 -51.2

Precast 58.1 59.3 -69.7 -61.4

Table 5: Summary of the test results.

good agreement with that resulting from the calculation in correspondence414

of the yielding of the beam steel rebars equal to 35.0 kN obtained as the ratio415

between the nominal bending strength Mn,red = 47.2 kNm and the distance416

L/2 = 1.35 m between the critical section and the beam support. The second417

one is higher than that expected for the higher compressive strength of the418

FRC.419
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Figure 15: Force vs drift response of the cast-in-situ (solid curve) and the precast (dashed

curve) specimens.
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The crack patterns observed at the end of the tests for the cast-in-situ420

and the precast joints are shown in Fig. 16. The cracking pattern inside the421

joint region for both cases was similar to that obtained for this type of exte-422

rior beam-column connections by other researchers [32, 33, 10]. In particular,423

cracks with an inclination of roughly ±45◦on the horizontal have been de-424

tected inside the joint region while horizontal cracks have been detected just425

above and just below the joint region. For the monolithic connection a dif-426

fused cracking is present in the critical zone of the beam with very few cracks427

in the column. A main crack, located in the beam at about 100 mm from428

the column face, is also visible in the picture. A severe concrete spalling also429

occurred in the top concrete cover. The precast connection shows an appar-430

ent reduced state of cracking in the critical zone but also in this case a main431

crack, located at roughly 50 mm from the column face, occurred during the432

tests. Nevertheless, the real state of the cracking occurred in the FRC matrix433

is not visible since it is hidden by the lateral precast concrete plates used as434

formworks. The presence of the crack at the beam-column connection can435

be inferred by looking at Fig. 18b and in particular to the data recorded by436

the sensors LVDTH1 and LVDTH2. In fact it can be noted that the readings437

of these sensors are not symmetric with positive values (lengthening) much438

greater than the negative ones (shortening). The difference between these439

two values is representative of the main crack amplitude.440

The sensors embedded in the specimens allowed to carry out an in-depth441

analysis of the stress state in the materials. Among the available data, the442

most interesting ones turned out to be those provided by the VWSG con-443

nected to the upper rebars. These data are shown in Fig. 17. The strains444
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(a)

(b)

Figure 16: Crack patterns at the end of the tests for: (a) the cast-in-situ and (b) the

precast joints.

recorded by the sensors placed inside the cast-in-situ and the precast beams445

gradually increased up to a drift ratio of 2.4% corresponding to a top dis-446
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placement of ±36 mm. Afterward the steel strain has maintained maximum447

deformation values practically constant up to the end of the tests. This448

behavior can be ascribed to the yielding of the reinforcing bars within the449

critical zone. Nevertheless it should be emphasized that the maximum strain450

value recorded in the cast-in-situ joint is slightly higher (approx 2250 µǫ)451

than that observed in the precast joint (approx 1750 µǫ). Most likely this452

occurred for the overlapping of the rebars in the precast specimen that pre-453

vented the yielding of the rebars in the area where they are fully overlapped454

and caused the yielding of the steel rebars just outside this area. A confir-455

mation to this thesis has been obtained observing the data gathered from456

the VWSG placed inside the column, also plotted in the same figure. Values457

well above the yielding deformation, shown in the Table 3, have been in fact458

recorded by this sensor. For the precast specimen it can thus be noted that459

the zone where the yielding of the steel rebars take place is just between460

the end of the loop coming from the beam and the lateral side of the col-461

umn, as confirmed by the above mentioned crack pattern. This finding also462

demonstrates the ability of the proposed connection system to transmit the463

bending moment to the column. Nevertheless, the yielding of the steel re-464

bars can produce tensile cracks inside the column resulting in a not negligible465

damage of concrete. The use of protruding reinforcing bars with diameter466

larger than those of the connected beam would avoid this excessive concrete467

damage inside the joint, inducing the steel yielding to occur only inside the468

beam as will be shown in the next section by means of FE analysis.469

The influence of the shear deformation on the total deformation of the470

beam critical region can be observed by looking at the data recorded by the471
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PDTs during the experimental tests shown in Fig. 18. The mean transversal472

displacement of the section placed at 360 mm from the column face can be473

obtained by using trigonometry equations reported in the enclosed Appendix.474

This value is made up of the flexural and the shear deformation of the beam475

critical zone. The contribution of the shear deformation can be extracted476

from the data recorded by the PDTs according to the method proposed by477

Massone and Wallace [34]. From the comparison of the two values shown478

in Fig. 19 it can be deduced that the shear deformation is negligible in the479

elastic range and for small amount of the damage in the specimens. The480

effect produced by the occurrence of the main crack is, instead, relevant as481

can be deduced by comparing the graphs of Figs. 18 and 19. It can be,482

in fact, observed that at the same time at which the elongation recorded by483

LVDTs starts increasing rapidly (due to the formation of the main crack) the484

shear deformation also starts increasing. This happens after roughly 5800 sec485

for the cast-in-situ specimen (Fig. 18a and Fig. 19a) and around 4600 sec486

for the precast specimen (Fig. 18b and Fig. 19b). It can, thus, be deduced487

that the severe cracking reduced in a consistent way the shear stiffness of the488

joint.489

To summarize, the progressive damage and collapse observed in the two490

types of joint can be judged very similar with the only difference that in the491

cast-in-situ joint the spalling of the upper concrete cover, probably due to492

the lower concrete strength and to the absence of the steel fibers with respect493

to FRC, prevented the attainment of higher lateral forces.494
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Figure 17: Strains recorded in the upper rebars: (a) in the cast-in-situ and (b) in the

precast joints.

6. Improvement of the connection system495

The experimental tests carried out on the precast specimen allowed to496

validate the connection system between the beam and the pillar demonstrat-497
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Figure 18: Elongation recorded by the LVDTs: (a) in the cast-in-situ and (b) in the

precast joints.
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Figure 19: Total (solid line) and shear (dashed line) transversal deformation: (a) in the

cast-in-situ and (b) in the precast joints.
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ing that the prefabricated solution has a behavior quite similar, if not better,498

than that of the cast-in-situ solution. Nevertheless, the measurements car-499

ried out with the VWSGs connected to the reinforcing bars of the beam500

showed a significant steel yielding in correspondence of the rebars portion501

in the joint inside the column. As a consequence, a not negligible concrete502

cracking inside the column (see Fig. 16b) was produced, a type of damage503

that should generally be avoided.504

The connection system between the precast beam and column easily allow505

to overcome this drawback by simply adopting protruding bars from the506

beam having a smaller diameter than those protruding from the column.507

This modification will cause the shift of the steel yielding zone inside the508

beam, just outside the area of overlap of the rebars (section with MRd2 in509

Fig. 20). In fact, the presence of overlapping rebars neglect the steel yielding510

in this area. The reduction in the bar diameter depends on the extent of the511

overlapping length l1 and can be estimated by the following equation:512

γRd ·MRd2 ≤MRd1 ·
L− 2l1
L

−∆MEd,1,2 (1)

where MRd1 and MRd2 are the resisting moments of the sections just513

outside the column and just outside the overlapping area, L is the length of514

the beam, γRd is an overstrength factor to take into account the uncertainty515

on the resistances design values in the estimation of the capacity design action516

effects, as done for instance by EN 1998 [35] and ∆MEd,1,2 is the difference517

between the bending moment in the sections 1 and 2 (see Fig. 20) produced518

by the vertical loads. Moreover, the following design controls must be carried519

out to ensure a correct hierarchy of resistances avoiding brittle shear failures520

37



in the beam:521

VRd1 ≥ (g + ψ2q) ·
L

2
+ γRd ·

2MRd1

L
(2)

VRd2 ≥ (g + ψ2q) ·
L− 2l1

2
+ γRd ·

2MRd2

L− 2l1
(3)

where VRd1 and VRd2 are the shear strength of the sections just outside the522

column and just outside the overlapping area, g is the self weight load and523

ψ2q is the variable load acting on the beam in the seismic load combination.524

To avoid failure inside the beam-column joint it must be also checked525

that the diagonal compression force induced in the joint by the diagonal526

strut mechanism does not exceed the compressive strength of the concrete.527

For instance, EN 1998 [35] assumes satisfied this clause for exterior beam-528

column joints if the following inequality holds:529

VjRd ≥ VjEd (4)

having indicated with530

VjRd = 0.8η · fcd

√

1−
νd
η

· bj · hjc (5)

where η = 0.6(1−fck/250), hjc is the distance between the extreme layers531

of column reinforcement, bj is the effective joint width, νd is the normalized532

axial force in the column above the joint, fck is the concrete characteristic533

strength given in MPa and with VjEd the maximum horizontal shear that534

can act on the core of the joint. This latter can be calculate for an exterior535

beam-column joint as follow:536

VjEd = γRd · As1 · fyd − VC (6)
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with As1 the area of the beam top reinforcement, VC the shear force in537

the column above the joint and γRd the already mentioned factor to account538

for steel overstrength.539

For instance, for the precast joint tested in this work Eq. 4 turned out to540

be:541

VjEd = 248.4kN < 355.7kN = VjRd (7)

having assumed γRd = 1.20, As1 = 380mm2, fyd = 391.3MPa, VC =542

−70kN , fck =MPa, bj = 167mm, hj = 250mm, Nc = 210kN .543

Finally, the column has to be over-designed with respect to the beam544

flexural strengthMRd1. At the same time, the dimension of the FRC cast has545

been shortened from 323 mm to 214 mm to reduce the construction costs and546

to simplify the building. By doing so, the width of the joint became smaller547

than that recommended by the relevant fib standard [24] for loop connections548

in wet joints with conventional concretes. However, it has already been shown549

that this reduction can be achieved by using FRC [36]. According to Eq. 1550

this reduction also allows to increase the bending strength MRd2 that should551

be provided by the rebars protruding from the beam. Finally, the beam552

longitudinal steel reinforcement of the original joint (2 φ 12 mm and 1 φ 14553

mm rebars, see Fig. 6) has been reduced based on the same equation to 2 φ554

12 mm and 1 φ 10 mm rebars.555

Nevertheless, the overlapping can not be too small to provide a suitable556

force transfer, even if each bar has an hook shape and can thus be considered557

as self-anchored. The improvement of the structural behavior achievable with558

this solution has been tested by means of nonlinear finite element analysis559

described in the following paragraphs.560
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Figure 20: Geometrical dimensions and reference bending and shear strengths of the

precast beam.

6.1. Numerical models561

Two different models, shown in Fig. 21, have been implemented with the562

general purpose commercial finite element software ABAQUS for the tested563

specimen and for the modified configuration. 8-node brick finite elements564

have been used to model the concretes while the reinforcement bars were565

modeled by 2-noded truss elements.566

The mechanical model adopted for the concrete is the ”Concrete Damaged567

Plasticity” (CDP). This model is suitable for analyzing the inelastic behavior568

of concrete under monotonic, cyclic or dynamic loading. It also allows eval-569

uating the degradation of material stiffness during cyclic loadings by means570

of damage parameters. The main parameters defined to model the concrete571

behaviour were density, tangent elastic stiffness and CDP model parameters.572

Among these latter the most important ones were the two stress-strain inelas-573

tic constitutive laws for concrete subject respectively to monotonic tension574

and compression. Additional parameters specified for the CDP model are575
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dilation angle Ψ, eccentricity ε, ratio σb0/σc0 between the initial equibiax-576

ial compressive yield stress to initial uniaxial compressive yield stress and577

parameter Kc (ratio of the second stress invariant on the tensile meridian578

to that on the compressive meridian). These latter parameters have been579

assumed equal to the reference values for typical concretes [37]. Their values580

are given in Table 6. No viscoplastic regularization has been implemented581

in the model as well as no compressive and tensile damage variables were582

specified since no cyclic loading has been imposed to the concrete.583

The compression non-linear stress-strain curves proposed by the fib Model584

Code 2010 [38] have been used for both the concrete of the precast elements585

and for the FRC:586

σc = fcm ·
k · η − η2

1 + (k − 2) · η
(8)

where η = ǫc/ǫc1, k = Eci/Ec1, ǫc is the concrete strain, ǫc1 is the strain587

at maximum compressive stress, Eci is the modulus of elasticity at concrete588

age of 28 days, Ec1 is the secant modulus from the origin to the peak com-589

pressive stress and k is the plasticity number provided by the Model Code.590

For the tensile non-linear stress-strain curve of the FRC, based on the data591

found in the literature [39] and considering the low volume fraction of the592

steel fibers, a strain-softening behaviour has been assumed for the FRC. The593

tensile strain softening curves shown in Fig. 22(a) have been deduced from594

the experimental tests carried out on similar concretes by Yang et al. [40].595

The steel reinforcements have been modeled using an elasto-plastic con-596

stitutive law with strain hardening. The stress-strain relationships for these597

materials are shown in Fig. 22(b).598

The interaction between rebars and concrete has been implemented by599
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modeling the reinforcements as embedded elements hosted in the concrete600

solid parts. This constraint eliminates the degrees of freedom of the rebar601

mesh nodes and forces these latter to displace by interpolating the neigh-602

bouring concrete mesh nodal displacements. Low friction and weak adhesion603

has been used to simulate the contact between the two type of concretes. An604

increasing displacement has been imposed to the top of the RC column and605

suitable boundary conditions have been applied to simulate the experimental606

test. For the purpose of this analysis the cumulative damage provided by the607

cyclic loading has been neglected.608

373
264

Figure 21: FE models of the original precast joint (left) and of the modified precast joint

(right) with dimensions of connection zone in mm.

6.2. Results of the FE simulations609

The results of the FE simulations can be summarized by considering610

the relationship between the force applied to the RC column and its dis-611

placement. It must be first observed that a quite good agreement has been612

obtained between the curve of the experimental tests and that of the equiv-613

alent FE model, as observable in Fig. 23, thus validating the numerical614
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Figure 22: Stress-strain relationships for: (a) the concretes and (b) the reinforcing steel.

model. In the same figure is also shown the force-displacement curve for the615

joint with the modified configuration. It can be noticed that the behavior is616

very similar to that of the original configuration. The improvements of the617

structural behavior are, however, visible in Fig. 24 where is represented the618

stress state of the rebars in the two configurations. As visible, in the original619
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Material parameters

Parameter Precast concrete FRC

ρ (Kg/m3) 2300 2300

E0 (MPa) 32308 39441

ν 0.1 0.1

ε 0.1 0.1

Ψ 35◦ 35◦

Kc 2/3 2/3

σb0/σc0 1.16 1.16

σcu (MPa) 36 70

ǫu 0.0045 0.004

σtu (MPa) 3.32 7

dc 0 0

dt 0 0

wc 0 0

wt 0 0

Table 6: Assumed values for the CDP parameters of the precast concrete and FRC.

configuration the yielding of the rebars, indicated with red color, takes place620

primarily within the node in the pillar while it moved into the beam out-621

side the area of overlapping in the modified configuration. The persistence622

in the elastic range of the reinforcing bars embedded in the pillar and the623

presence of damage only inside the beam also allows for the realization of624

easier repairs in the case of severe earthquakes. Nevertheless, it has to be625

highlighted that the shortening of the splice length produces an increase in626

the compression principal stresses in the FRC inside the overlapping region.627

In fact the maximum concrete compressive stress inside the loop splice is628

approximately equal to 8 MPa in the original precast joint, as shown in Fig.629

25, and becomes roughly 13 MPa in the modified precast joint. Whereas this630

value is still acceptable for the mechanical properties of the FRC, further631

experimental investigations should be performed for real design cases.632
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Figure 23: Comparison between the experimental force-displacement envelope and the

force-displacement curves of the two FE models.

7. Conclusions633

A technique to realize beam-column joints in precast RC frames has been634

presented in this paper. It is based on prefabricated beams and columns635

with protruding bars that are connected in-situ by means of a concrete wet636

joint with steel fibers to moderately increase the ductility properties of the637

compressed struts in the joint. Experimental tests allowed comparing the638

structural behavior of a beam-column sub-assemblage realized with this tech-639

nique to that of an equivalent cast-in-situ beam-column joint. The results640

of these tests showed that the two solutions exhibited very similar structural641

behaviors, with the proposed solution achieving a slightly greater strength642

and stiffness than those of the cast-in-situ solution without relevant modifi-643

cations to the joint ductility. Numerical simulations have been subsequently644

performed to improve the damaging mechanism of the precast beam-column645

connection. In detail, the arrangement of the reinforcing steel has been up-646
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Figure 24: Stress state of the rebars in the FE models: (a) original precast joint and (b)

modified precast joint. Yielded rebars are shown in red. Values in kPa.

dated in order to avoid the yielding of the steel inside the column and to647

move the plastic zone inside the beam. The so-obtained damage pattern has648

been thus concentrated in the beam, allowing for easier restoration works649
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Figure 25: Minimum principal stresses in the FE models: (a) original precast joint and

(b) modified precast joint (Values in kPa, Loop splices indicated with dashed lines).

that should be carried out after a severe earthquake.650
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Appendix657

With the symbols shown in Fig. 26, the following angles have been cal-658

culated:659

α1 = arccos

[

(b1 +∆b1)
2 + c2 − (d1 +∆d1)

2

2c (b1 +∆b1)

]

(9)

α2 = arccos

[

(b2 +∆b2)
2 + c2 − (d2 +∆d2)

2

2c (b2 +∆b2)

]

(10)

where b1, b2, c, d1 and d2 are the dimension of the initial LVDT configu-660

ration and ∆b1, ∆b2, ∆d1 and ∆d2 are the readings of the LVDT during the661

tests. Referring to the coordinate system of the above mentioned figure, the662

transversal coordinates of points 1 and 2 can be calculated as:663

y1 =
c

2
− (b1 +∆b1) · cos (α1) (11)

y2 = −
c

2
+ (b2 +∆b2) · cos (α2) (12)

The transversal displacement of the mean point of segment
−−

12 is thus664

equal to:665

ym =
y1 + y2

2
(13)

According to Massone and Wallace [34] and assuming small deformations666

inside the node region the shear displacement can be calculated as follows:667

ym,s =

√

(d1 +∆d1)
2
− c2 −

√

(d2 +∆d2)
2
− c2

2
+

+

(

1

2
− α

)

· l · cos

(

α1 + 180− α2

2

)

(14)

with α equal to 0.67.668
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Figure 26: LVDT lengths in the initial (top) and deformed (bottom) configurations.
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