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ABSTRACT

In this paperexperimentand numerical investigations of proposed innovative solutions for dry moment resisting beam
columndowel connections in precast industrial buildiags briefly addressedrour genelfatypes of dowel connections

were investigated: (1) connections with weat dowels anchored only with grout; (2) connections with vertical dowels
strengthened with single/continuous steel plate(s); (3) connections with horizontal dowels anchored only with grout; and (4)
connections with horizontal dowels strengthened witglesitontinuous steel plate($jurthermore, the same type of
connectionsvere tested in the case whiexure is predominant (flexure/shear ratio=w#)en flexure and shear are of the

same intensity (flexure/shear ratio=1.0) and when shear is domiesmtefshear ratio=0.5) with the goal of testing
connections under various loading situatiodthough, all four types are appropriate for application in single story
structures, the connection with horizontal dowels could be applicable instonytistuctures, as well The proposed
connections wertested undequaststatic (cyclic) loading wherettte researciwasfocusedon several design aspelite

strength and ductility capacity of the innovative connections under monotonic and cyclic loadings. The lateral drift obtained
from the testsvascompared with that frortine castin-situ connetion (acting as a refereme).To enable valid comparison

of the results, design of reinforcement of a reference monolithic connection and design and location of dowels in the
propcsed innovative connections waerformed such that the ratio of flexucabacity vs. flexural demand wiée same,

both for the proposkandthe referent connections. Preserdeelalso selected results from the numerioabdelingand

analysis of the proposed momessistingoeamto-columnconnections usintpe Abaqus V14 software.

Keywords: precast beantolumn connectionsmoment resigitg beamto-column connectionsgowels steel
plate failure of dowels

1. INTRODUCTION

RC precast blidings consist ofan assemblage afantilever columns tied together with beams are
widely used inthe European construction practice (&ig.1). Among many different solutionthe

dowel beanto-column connection is most frequently applied. This structural system has been used in
Europe to construchore tharb0 millions of square meters of buildings per year.

The potential seismic risk of these systems is high. In spiteedfelquent use of this precast system,

the information about itbehaviorduring earthquakes has been sparse and sometimes controversial
and obviously depends on the specifics of a precast system and on the characteristic of earthquakes
(Figure 2).

Recen earthquakes have pred that the weakest point of existing precast structuresthare
connections and most of damages that have occurred in precast structured have been directly related to
connections. Especially, beaimcolumn connections are considerte be the most complicated ones.

This has B0 been proved from experieniceobserving damages from earthquakes where the-beam
to-column connections have been the weak link of the structure and most of the damages have
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occurred directly in these connigets. In regard to structural point of view, betmrcolumn precast
connections are classifiedtintwo primary types, pin connectiori®postolska et al.2013 and
moment resisting (fixed) connections. Considering construction methodology, all connections could be
constructed as & and dry connections.

Figurel. Structual system consists of assemblafeantilever columns tied together with beams and floor
structurest beamto-column dowel connectioffFischinger et al. 2014)

Figure 2. Evidence of good and poor behaviour during recent Italian earthquakes
(Fischinger et al. 2014 left; Toniolo and Colombo 2021 2ight)

Consideringhe high advantages of precast structures related to their construction, in order to be able
to apply tlese structures in seismic proseasthe solution is to design and construct structures with
high redundancy. Thene possiblavay to make structures with high redundancy is to apply moment
resisting beanto-column connections in addition to moment résg columnto-foundation
connection.

The investigtions presented in the paper wearied out within the doctoralissertation entitled

“Sei smic Pe orhectonsii Precast Iodustri@uBi | di ngs”, by M. Sc. Vet
student in UKIMIZIIS, Skopje, (Pira, 2017). The main gaafl these investigations wde design

reliable dry moment resisting beato-column dowel connections.Combined experimental aah

analytical nethodology waspplied to achieve the set goal. Presented in the pegabdef summary

of moment resistinpeamcolumn connectionas well as selected results from the tests carried out on

the abovdistedfour different types of connections (ten specimens in total) exposed to cyclic loading.

2. MOMENT RESISTING BEAM-COLUMN CONNECTIONS - SHORT SUMMARY

As referent criteriaf amoment resistargrecast connectiorould be those citedh the FIB 27 (2003):
fiin Japana 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-iogglace counterpart and if the energy
dissipation in the second loading cycle is no less than 80 percent of that obtained from the response of
thecasin-pl ace counterpart”.

2.1 Moment resisting amections constructed as wet connections

Currently the widely spread solution for realizing moment resisting B@arolumn connections in
precast structures kewet connection or partly wet connection. Several references are presented below.

The man requirement inthe FIB bulletin 27 (2003) is that the designed and construptedast
structures should exhibit theame performance ke castin place structuregzigure 3showssome
possible construction solutief wet moment resisting beaoolumn connections, which are referred
to as equivalent cagh place (monolithic) connections in this document.
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Figure 3. Type of wet connections of precast structures, equivalent to cast in situ connections
(Reproduced frorrIB Bulletin 27: Seismic design of precast concrete building structures (October 2003) with
permission from the International Federation for Structural ConcretB))

Two different types of wet connections with partial éassitu, the frst one with the same width as the
column and the secoraheconnection enters insidae column are given iRigure4 (Eds. Negro and
Toniolo, 2012).

Figure 4. Recommended moment resisting connections with partiairca#u (Eds. Negro and Toniol@012)

The only limitation inrealizing moment resisting wet connection is that the lengthlofe “ connect i
should satisfythe requirement folength of lap splices. In allases when this requirement is jibée

connection behaves asnonolithic conection To confirm this there is no need for any experimental
investigation.The dwnside (negative partf aet connectionss thatthere isalways a need for applying

formworks and scaffoldings and implication of concreting activities. This-icastu concreting

requirement is an obstacle fitre progress of works on precast structures and in a way mirshiva

certain degreghebenefit that precast structures have in regard to construction speed.



2.2 Moment resisting connections constructad dry & hybrid connections

Consideringthe advantages of dry connectiorisa the recent decadethere have been numerous
scientific studies and research investigations on designing innovative moment resistingp-beam
column connections and experimentalyerifying their behavior Below are presented two
experimental studies on beamcolumn dry connections.

The first researchMidjeapriya and K.P. Jaya, 201@psconducted iran outer joint ofa multi-story
building. The connection is realized withtie road anda steel plate, (Figuré&). The beam is
connected withthe column bya tie rod positioned horizontally for transferring (resisting) flexural
strength, in which case the tie road is placedhetop of the beam and also througltorbel by steel
plates. The @annection withthe tie rod was realizdaly a preserving sleeve on bottements, beam and
column and thenfollowing the positioning of the elementthe rod waplaced. The connection of the
beam withthe column on the corbel was realizedbotigh steel plates that were welded to each other
after the positioning of the elementBrior to this the plates werenelded to the longitudinal
reinforcement bars.

Figure 5. Details otheexperiment, a) referent model (ML) and b) proposed moment resisting connecti®RYPC
(Vidjeapriya and K.P. Jaya, 2012)

The results of the testingf this innovative connection were comparedhe resuls obtained for the
castin-place referent connaoh, (Figure 6). In the positive directionthe PGTR (precast specimen)
had alesserload bearing capacity for 32.55% in compariseith the ML (monolithic specimeij
whereas irthe negative directionthe reduction in load bearing capacity was 8.42%.
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Figure 6. Experimentally obtained fordésplacement relationship¥ifljeapriya and K.P. Jaya, 2012)

The second research involved a dry connection whosstruction required some post tensioning or
pre-stressing (Figure 7). For theseasonsthese conmdions arecalled hybrid connections, (FIB
bulletin 27, 2003).
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Figure 7. Type of dry connections of precast structures, with equiyaeiofmance asast in situ connections
in regard to moment resistance,
(Reproduced frorrIB Bulletin 27:Seismic design of precast concrete building structures (October 2003) with
permission from the International Federation for Structural Concriité)(

From the experiments carried out on hybrid conneclibis evident that thessonnections havgood
resistace under cyclic loads and azepable of sustaining large number of load cycles. However,
wide application of such connect®oould be difficult due tathe complication that execution of post
tensioning requires.

3. INNOVATIVE DRY MOMENT RESIST ING PRECAST BEAM-COLUMN D OWEL
CONNECTIONS i EXPERIMENTAL TESTING
3.1 Construction of specimens

In total, ten specimens were designed,starcted and tested (Table 1). dinforcement detail of the
referentcastin situ model is given ifrigure 8.
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Figure 8.Reinforcement detail of the referent cast in situ model

Beamto-column connections were constructed with vertically positioned dowels (Fywaed with
horizontally positioned dowels (Figui®). The precast elements and connectiofshe elenents were
constructedn anopen construction siteising standard construction equipment
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Figure 10. Detail of the connection withorizontaldowels {.D.) andphototakenduring construction

A full scale experimental program t#n beancolumndowel connectionssubjected to cyclic loading
has been conducted, (Table 1):

- Connectios implemented with dowels only, where for grouting material for sleeve filing
high strength cement grout wased (No. 2 and 6)

- Connections with owels loaded in tensiorand confined with individual steel plates for
preventing pullout failure dhedowels andconsequently of theonnections (No. 1, 3 and 5)

- Connections with dowelsonfined with a large plate for thmirpose of eliminating all possible
failuremechanisms of theonnection (No. 7, 8 and 9)

- Referensspecimens (No. 4 and 10)

Furthermore,the same type of connections were tested in the case fieheme is predominant
(flexure/shear ratio=1.5), in the casden flexure and shear are of ts@me intensity (flexure/shear
ratio=1.0) and in the case when shear is dominant (flexure/shear raiovith the goal of testing
connections under various loading situations.



Table 1. Descriptionf type of specimens arabnfigurationof the tests

Nr.  Label M/V ratio Description

1 S1,v.D M/NV=1.0 Connection performed with vertical dowels where two dowels in tensio
are strengthened with individual plates.

2 S2,v.D M/N=1.0 Connection performed with vertical dowels where dowels are anchorec
with grout only with no additional strengthening.

3 S3,v.D M/N=1.0 Connection performed with vertical dowels where two dowels in tension are
strengthened with individual plates (different boundary conditions from S1, \

4 S4, RM  M/N=1.0 Referentmodel, castn-situ connection.

S5 HD M/V=1.0 Connection performed with horizontal dowels where two dowels in ten:
are strengthened with individual plates.

6 S6,V.D M/V=15 Connection performed with vertical dowels where dowels are anchorec
with grout only with no additional strengthening.

7 s7,v.D M/\=1.0 Connection performed with vertical dowels where all four dowels are
strengthened with one large plate.

8 S8, H.D M/NV=1.0 Connection performed with horizontal dowels where all four dowels are
strengthened with one large plate.

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

10 S10,R.M M/V=0.5 Referentmodel, casin-situ connection.
Note: R.M.— Stands foiReferentModel

3.2 Experimental programme, test sgp and instrumentation

Until reachingthe yield point, the samdorce controlledloading programmevas applied inall
experiments starting from load level of 15kN up to 75kN with increment of 15kNr each load
level, three cycles ofhe same intensity weperformed.

After reachingheyield point each specimen exhibitelifferent behavior that affectddrtherloading
process. Fom this stage the loading cycleswere deformation controlledSince each specimen
experienced different behavidhe loading process wasanaged during thexecution of the tests.

The test setip andthe scheme of instrumentation of connections with vertical dowels are presented in
Figure 11. The position of support Aynd the position of the actuator is flexible and they are used to
achieve different moment/shear ratio on the section. In the case of vertically positioned towels
achieving M/V=1.0 at the connection level, the distance of the actuator from connlestbns
L=1.0m whereas for achieving M/V=1.5, the equator is positioned 1.5m from the connection level. All
other supports remain #te same locations for all experimenis.the case of horizontally positioned
dowels, to simulate the real life situatidhe element is placed with dowels positioned horizontally,
(Figure 12). In the case of horizontally positioned dowtle suport Ay is used to achieve the
respective M/V rab whereas the actuator remaatsthe same location. For achieving M/V=1.Qre
connection level, the support Ay pesitioned atlistance L=1.0m fronthe connection level wheas

for achieving M/V=0.5 ratiothe Ay support is positioned distance L=0.5m from the connection.

The equipment for conducting the testing programmepresentsMultifunctional Control Console
(MCC 8) with automatic hydraulic systems for static and low frequency dynamic tests on building
materials under control of load/stress, displacement, strain. The capacity of the hydraulic cylinder is
500kn and thetsoke is 159mm.
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Figure 12 Test setup and instrumentationf the specimen withorizontaldowels
3.3 Selected tests results and comparison of the performance of the specimens

Comgparison of the performance of different connections made on the basis dierecorded global
force-displacement relationship. Selected results are presented below.

Comparisn of the global behavior of trepecimen with vertical dowels and individual steel plates
(S3, V.D.) andhe specimen with vertical dowels aadarge steel plate (S7, V.D.) withe referent
specimen (S4, R.M) isgen inFigurel3.

The strengthofthe peci men strengthened with a | arge pl ate
strength of the referentcasts i t u mo d el and over 30% higher tha
v.D." and “S 3, V. D." def i ned utaldlefarmatility ®f the a me b C
speci men strengthened with a | arge plate, *“S 7,
the total deformability of specimen “S 3, v.D."”
initial/elastic stiffness of thespc i men wi t h precast connection “S 7

two specimens with precast c alnhnee cstpeocnismen S* ,7,V.
not tested to its ultimate capacities due to the limitations of the testing equipment.



Comparison of "S 3, V.D." and "S 7, V.D." with "S 4, R.M."
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Figure 13.Compari son of gl obal behavior of specimens *“ S3

The omparison othe specimen with vertical tension dowelsengthened bindividual steel plates,

(S 1, V.D.) andthe specimenwith horizontally positioed dowels strengthenday individual steel
plates, (S 5, H.D.) is given in the Figure 14.

The beam othes peci men “S 1, V. D. " e xhteundereconsiderdblesdh e ar / f |
deformability, whereas igpecimen* S 5, H. D."”

, t h gointbskearfitexusexfglee i e nc e
with limited deformability.Selected photos of the experiments are given below (Figure 15).

Comparison of "S 1, V.D." and "S 5, H.D."
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Figure14Compari son of gl oball behBviHabaof“ Speci mens
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a)failure state ofthe specimen S1V.D.

b) failure state othespecimen S5H.D.
Figure 15. Specimens aftdre last loading cycle



4. NUMERICAL MODELIN G OF EXPERIMENTALLY TESTED DRY MOMENT
RESISTING PRECAST BEAM -COLUMN DOWEL CONNECT IONS

One of the goals ofhis research program wds identify a modeling procedure that will provide
satisfactory results anatthe same timecould be applied by design engineers widasonablefforts
Consideringthe complexity of the dry moment resting bearto-column connections anthe
importanceof having, a®utput resultsthe stress distributiom the connection anchieach elemerds
part of the connection (concrete, reinforcement, dowels, grout sleeve), Abaqusveddised fo
micro-modelirg of moment resisting beata-column connectionsSince the tested connections were
composed of more than two elements, and since the behavior ofnthection directly depended on
the interactions betweetthe elements,a model in Abaqus waprepared andhe elementsvere
connected with each other the same pattern akiring the testsThe materials properties used as
input dataare given inTable 2.

Table 2. Materials input data

Concrete elements, beams and columns

Density 24 kN/m3
Concrete yield strength 35 MPa
Concrete tensile strength 3.2MPa
Young’'s Modul us 20 GPa
Concrete damaged plasticity parameters

Dilatation angle 37

Eccentricity 0.1

Ratio fhy/fco 1.16
Reinforcement and dowels
Density 78 KN/m3
Yield strength 500 MPa
Ultimate strength 560 MPa
Young' s Modul us 200 GPa
Plastic strain 0.12
Cement grout
Density 21 KN/m3
Compressive strength 60 MPa
Tensile strength 8 MPa
Young’'s Modul us 40 GPa

Selected results frotie numerical analysis are preseniadhe below Figures 16 and .1For better
illustration the tension stresses are left on in order to fotlewpropagation of these stresses, whereas
the compression stressare turned off and are shown in the figuvies a light grey color.
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Figure 16.Tension stress distributiomn s peci me n -y@&osBectiovplabe. ” i n X
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5. CONCLUSIONS

The following are the main findingfrom the realized experimentatvestigationsand numerical
modeling:

- The beanto-columndowel connection experienced brittle failure duehe pullout failure of
dowels loaded in tension.

- The bearrto-columndowel connection in whicta method for improvement wapplied by
confining tension doels with individual steel plates experienced ductile behavior with
significant improvement of deformability capacity in respecth®connection with dowels
only.

- The bearrto-columndowel connection in which anethodfor improvement waspplied by
confining all dowels with one largsteelplate experienced ductile behavior with significant
improvement of both strength and deformability capacity in respdbitother two type of
connections.

- The developedhnovativeconnections had much higher sheastrength than the shear forces
acing upon them. Consequently, thehavior ofthe developed connections wgeverned i
flexure even when shear wdsminant (flexure/shear ratio=0.5).

- Presented moment resisting dry bemacolumn dowel connections areoraposed of
numerous of intermediate elements, such as dowels, sleeve grout and strengthening elements.
Such composition of el ement s makes these <co
“struct ur alCbnseguemlymeo-modelimgon the conneans was applied with
a possibility to follow stress distributiomn each individual elemendf the connection
Generally, @fined stress distributidiollow damage pattern observed during the tests.
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