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Abstract

Dowel action provided by steel rebars in reinforaghcrete is particularly relevant in existing
reinforced concrete structures characterized by ¢hconstruction details and designed with obsolet
code. In the 80’'s and 90’s, dowel action effect wédely investigated at Politecnico di Milano by
means of monotonic tests performed on single-bkmécimens. In the framework of the Research
Project of National InterestFailure mechanisms due to lack of construction details and degradation
phenomena in existing reinforced concrete structures’, this previous investigation is now extended by
performing an experimental campaign that includgdic tests. Hence, a triple-block test set-up -
particularly suitable for conducting cyclic testsas designed. This paper aims to numerically aédid
the triple-block test set-up, by comparing its hedar to that obtained in the previous experimental
campaign for the single block in monotonic testsg@od agreement is achieved in terms of global
behaviour, failure mechanisms and shear force athwheinforcement yielding occurs, while a
difference in terms of stiffness is highlighted.
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i ntroduction

The study of the dowel action dates back to the 8@ien the use of reinforced concrete (RC) slabs
started to spread for pavements and airport runwagstruction (e.g. Friberg 1940). Then, in thes50’
and 60's, the investigation on dowel action extehieRC structural elements or composites in which
multiple shear resisting mechanisms are acting keafeld and Thurston 1966). Starting from thes70’
analytical and numerical models have been develapeatder to predict the dowel strength (e.g.
Johnston and Zia 1971, Dulacska 1972, Soroushiah #9886, Vintzeleou and Tassios 1987).

The most recent studies on the dowel action conberbehaviour of:

- beam-column joints subjected to monotonic (Mdgliet al. 2014) and cyclic loads (Zoubek et al.
2015), with particular reference to prefabricateddings;

- adjacent RC pavement slabs; the main investigsiio the literature have been conducted using
analytical or numerical approach (Maitra et al. 200n particular on loss of plugs (Davids 2000),
misalignment of connectors (Prabhu et al. 2009)edfett of temperature (Shoukry et al. 2003);

- shear connectors currently used in composité-cteerete beams with puzzle shape (Lorenc 2014).

Dowel action can be classified on the basis of tw&n mechanisms: a weak mechanism, with the
bar acting against the concrete cover (Figure 1, blpand a strong mechanism, with the bar acting
against the concrete core (Figure 1- all, bll(Dgi Poli et al. 1993).
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Figure 1. Dowel action in RC concrete elementsgctigainst concrete cover (al, bl: weak mechanird)
against concrete core (all, bll, c: strong mechajig¢Dei Poli et al. 1993).

In literature, four main test set-ups for the irtigegtion of the dowel action could be identifiedCR
beams in bending (e.g. Jelic et al. 1999), pusgpetimens (e.g. Dulacska 1972, Soroushian et&)19
divided beam specimens (e.g. Krefeld e Thurstor6l@éd block specimens. Concerning the latter,
specimens could be constituted by 1 block (e.g.Addiiet al. 1992, Dei Poli et al. 1993), 2 blo¢kgy.
Jimenez et al. 1978, Moradi et al. 2012, Sgrensah 2017) or 3 blocks (e.g. Vintzeleou and Tassio
1987).

In the late 80’s and 90’s, at Politecnico di Milamei Poli, di Prisco and Gambarova developed a
wide experimental campaign on dowel action by mgssingle-block specimens. The investigation
concerned both strong and weak mechanism, and miezbfor many variables: diameter of the dowel,
position of the first stirrup, concrete cover, wdenormal strength, high strength and fibre reioéar
concrete (Brenna et al. 1989, Dei Poli et al. 198188, 1992, 1993). All the tests were performed by
applying a monotonic displacement.

This experimental campaign has been extended ifraheework of a Research Project of National
Interest in Italy (PRIN) titled: Failure mechanisms due to lack of construction details and degradation
phenomena in existing reinforced concrete structures’, focusing in particular on cyclic tests. The teip
block specimen results particularly indicated fus tkind of tests; hence, it has been selectedhfer
new experimental campaign. In this paper, thedripbck specimen test-set-up has been validated on
the basis of the results of the previous monot@xperimental tests performed on single block
specimens.

T riple-block set-up

In the framework of the PRIN project, the followingriables are taken into account: concrete cover
(c), presence or absence of stirrups, and typeaaf (monotonic or cyclic). In this paper, the spemi
with concrete cover equal @, beingd, the dowel diameter, including stirrups and sulg@ddo a
monotonic load is taken as a reference.

The test set-up and the reinforcement of the tijdek specimen are shown in Figure 2a and 2b,
respectively. In particular, the central blockv&preinforced, so that the failure will occur retlateral
blocks due to weak mechanism activation when thé&akblock in moved upward.

Each block is 300 mm long, 300 mm deep and 200 igim he dowel $18 =dy) longitudinally
run along the three blocks, with a net concreteecequal to 18 mm. Between the blocks, Teflon sheet
0.5 mm thick are placed, thus minimizing friction.

The lateral blocks are reinforced with stirrup8), with the first stirrup placed at the distamhceds,
from the shear plane and the distance betweentitheps equal to 6. An additional reinforcement
(steel net, see characteristics in Figure 4b — tyge placed at the mid height of the concretescaw
order to restore the cover that is crossed by dacthe placement of inductive displacement traicsds
(not shown here) aimed at measuring the verticgdldcement of the dowel.
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Figure 2. a) triple-block test set-up, b) reinfaremt of the specimen; (specimen size: 900 x 3000<@m).

=E modelling

The FE model of the triple-block specimen was kanld processed in Abaqus 6.14-5 environment and
it is shown in Figure 3 in terms of geometry, cogists and mesh. In order to reduce the numerical
effort, half of the specimen has been reproducgdioging yz-symmetry. It is worth noting that, for
validation purposes, the materials (steel and @tegrconstituting the triple-block specimen are
assumed exactly the same of specimens by Dei Palli €993).

3.1. Geometry modelling

As visible in Figure 3a, the concrete blocks aralefied as solid and homogeneous, while the dowel,
the stirrups, the net and the cage are modellbédans. Beam elements are embedded in the concrete
blocks and the interaction between these blocktasacterized by a hard contact in normal direction
and by absence of friction in tangential directi@oncerning constraints, displacements orthoganal t
the symmetry plane are prevented, the bottom sarfat the lateral block is cantilevered
(U1=U2=U3=0), and a vertical displacement is immbse the bottom surface of the central block
(U2=1).

The mesh is shown in Figure 3b. Eight-node reditedration and hourglass control brick elements
(C3D8R) with three degrees of freedom per nodeeamgloyed to discretise the concrete blocks. Two-
node beam elements (B31) with six degrees of freeger node are used to discretise the steel
reinforcements. The mesh characteristics are ¢etlda Table 1.



Figure 3. Triple-block FE model: a) geometry witinstrains, b) mesh.

Table 1. Triple-block FE model: mesh charactersstic

Characteristics Concrete Steel Entire Model
Nodes 30597 1297 31894
Elements 27000 1421 28421
Elements type C3D8R B31 -
Elements over the thickness 20 - 20
Max. aspect ratio 1.0 - 1.0

3.2. Material modelling

In the following, the constitutive laws adopted émmncrete and steel are described. As anticip&ed,
the validation procedure, the material propertfesoncrete and steel have been assumed equals® tho
constituting the specimens of Dei Poli et al. ()99&e used as reference.

In particular, concrete had an average cylindreoahpressive strength of 23.5 MPa (Dei Poli et al.
1988). According to Model Code 2010 (2013), corereds classified as C16 grade, characterized by a
modulus of elasticity of 28.8 GPa, a Poisson’sorafi0.2, a mean tensile strength of 1.9 MPa and a
fracture energy of 129.35 N/m. The elastic paramsedee used to define the elastic behaviour, aad th
plastic behaviour is introduced using Abaqus CaeciEamage Plasticity (CDP) model. No damage
curves are defined; hence, the model simply behasea plasticity model. The adopted plasticity
parameters are listed in Table 2. In compresstmwell-know Sargin’s curve is used (Model Code
2010 2013); inelastic behaviour of concrete is amExlito start at 40% of the mean compressive stiengt
In tension, the plastic behaviour is defined sp@wif a post failure stress-fracture energy relatis
CDP model assumes a linear post-failure behavamly, the area under the first branch of the stress-
crack opening displacement curve proposed by MGddk is considered (0.081 N/mm).

Concerning steel constituting rebars, the elagtitaliour is defined through an elastic modulus of
210 GPa and a Poisson’s ratio of 0.3. Plasticitytreduced defining a stress-inelastic straintrefeship
deduced from the experimental results of barsdestéension by Dei Poli et al. (1987), charactediz
by a yield strength equal to 490 MPa and an ulénséitength of about 700 MPa, at a strain of 10%.

Concerning steel constituting the net, the sam&ielparameters are used, while the yield strength
is assumed equal to 280 MPa to be consistent wathPDIi et al. (1993).

Table 2. Plasticity parameters of the CDP mofigfg: ratio between the biaxial and the uniaxial corapien
strengthsK: Drucker-Prager surface modifier).

Dilatation angle Eccentricity foo/fco K Viscosity parameter
38 0.1 1.16 0.67 0




BV alidation of the FE model

4.1.1. Reference experimental tests

The experimental campaign on dowel action held by Boli et al. (1993), Series D, was taken as
reference for the validation of the numerical moglelposed in this paper. The scope of the program
was to investigate the effects of concrete cover stirrups on the weak mechanism of dowel bars
embedded in concrete using single block-type spatan

Each specimen (Figure 4) consisted of a 300 x 4P00xmn3 block reinforced with a longitudinal
bar (doweld, = 18, 24 mm) and stirrupg & 6, 8 mm) with spacings, equal to @, and distancé of
the first stirrup from the shear plane equaltorhe vertical displacement of the dowels was measu
by introducing displacement transducers directlgdntact with the bar with a spacing equal to 13. mm
Specimens were also provided with light steel hgtgy in the mean plane of the cover in order to
prevent or control longitudinal cracks due to thesence of ducts left in concrete for the placemént
displacement transducers.

For the validation of the numerical model, the hssof three experimental tests are considered
(Table 3), beiny/max the maximum dowel strength of the specimen whéjested to monotonic loads,
anda, the corresponding dowel displacement measuretestiear plane.

N
ol Net type 2 L, 9 b
Secondary stirrups § aI
1 <S>
CI \ | 7
Dowel Va1 200 Nettype ]~ Net type 2*
. :\
‘ Net | Type 1 | Type 2
a 25 mm 23 mm
b 25mm 60mm
c/t - 3/1 mm
[0} 2 R
fSy 280 MPa 280 MPa
(a) (b)

Figure 4. Reference experimental tests: a) geonagttyreinforcement details, b) net details (* ypet2
used for specimen with;gd24mm).

Table 3. Reference experimental tests: resulterektD specimens (Dei Poli et al. 1988).

c b
Specimen dp/ d_b/d_b fon[MPa] Virex [KN] A1 [mm] atVimx
D5 18/2/1 235 33.49 4.21
D7* 18/1/1 23.4 27.22 5.02
D9** 24/2/1 23.7 57.68 4.82

* mid-section of the loop of the!'btirrup reduced by 29% in order to avoid mechdnitarference between
the stirrup and the ducts of the transducers;
** mid-section of the loop of thesstirrup reduced by 24% in order to avoid mechdnitarference between
the stirrup and the ducts of the transducers.

Experimentally, an elasto-plastic behaviour wasoled for specimens with = 18mm with failure
due to the yielding of both the longitudinal baddhe first stirrup, while for the case of specisernth
d» = 24mm the failure was dominated by the yieldifighe first stirrup, leading an elasto-hardening
behaviour.



4.1.2. Numerical results for reference tests

The geometry with constrains and the mesh are shiwwigure 5, taking specimen D5 as reference.
The model features are the same described in &ektio

In accordance with experimental tests, the midisedif the loop of the first stirrups was reduced
by 29% and 24% respectively for specimen D7 and D9.
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Figure 5. FE model of reference experimental tegtgeometry with constrains, b) mesh.

In Figure 6a, the comparison between numericalexetrimental curves is proposed in terms of
global response (shear force vs. displacementedbtding point). A very good correlation is ob&in
Looking in detail what is happening in the specimemints representing steel yielding respectifaly

the first stirrup, the dowel and the second stiatghighlighted in Figure 6b with reference tocipen
D5.
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Figure 6. FE model of reference experimental testsmparison with experimental responses: a) lead v
displacement curves for D5, D7 and D9, b) releyaits for specimen D5.

BNumerical resultsfor triple-block test set-up

In order to validate the triple-block test set-uphwespect to that of the reference tests, theamioal
response of both is compared in this section. \tfith purpose, specimen D7 was remodel in order to
take it as a reference for the validation considgits similarity to the features of the triple-tko



specimend, = 18mm;c = dy). In particular, the secondary stirrups were reeap\and the diameter of
the structural stirrups was increased from 6 to §mmdel named “D7_modified” in Fig. 7).

The comparison is shown in Figure 7 in terms ofasHerce vs. displacement curves (a) and
maximum principal plastic strains (b). In subfig@@g, the points at which the first stirrup and dosvel
yield are highlighted. It is worth noting that tstérrup yielding occurs at the same load levelathtihe
specimens, while the dowel yielding occurs at al ldaat is 8.5% higher in the case of triple-block
specimen with respect to reference test.

As can be notice, there is a difference in théng#fs between the two specimens. The reason of this
discrepancy could be the result of the plasticiratf the concrete in the central block of theléxip
block specimen, exhibiting the activation of theosty mechanism under the longitudinal bar, and the
cracking in the concrete cover (for both see Figilig For a fixed displacement, the triple-block
specimen shows lower plastic strain in comparisith thie specimen with a single concrete block.
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Figure 7. FE model results — comparison betweetethlock specimen and reference test D7 (modified)
a) shear force vs. displacement curves, b) maximpuncipal plastic strains in concretedat2.86 mm.

Bconclusions

In this paper, the numerical validation of a tripleck test set-up designed for the investigatibthe
dowel action in the case of cyclic load is presgnidis test set-up is used in the on-going expemisad
campaign of the Research Project of National Isteeailure mechanisms due to lack of construction
details and degradation phenomena in existing reinforced concrete structures’ in the part concerning
the dowel action. This campaign represents tharaaation of a previous wide investigation performed
by Dei Poli, di Prisco and Gambarova (referencepagn). For this reason, the numerical model has
been firstly validated on the basis of the expenitakresults of this reference tests, finding a/\ggrod
correlation both in terms of global response arldria mechanisms. Then, the behaviour of the new
triple-block test set-up was compared with thathef single block specimen of the reference campaign
in the case of monotonic imposed displacement,rideroto find eventual differences. The main
difference highlighted is related to the stiffne$she global response, lower in the triple-blotiginly
due to the additional plasticization of concretéh@ central block.
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