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Abstract A 3D FE micromodel of a bare RC frame was developed. The model is
based on validated 2D micromodel. The 3D model obtained higher response when
compared to its 2D counterpart. Consequently, a calibration of the frame was
initiated. Calibration involved modifying parameters that govern the plastic
behaviour of the computational model, such as fracture energy, plastic displacement
and direction of plastic flow. It was shown that the greatest effect in lowering the
response had the direction of plastic flow. Plastic flow direction was selected as -0.1
as it has greatest correlation with the experimental data. Negative value denotes
that material volume will decrease due to crushing.

1 Introduction

During earthquakes ground motion, high rise stmestisuch as reinforced concrete
(RC) frames with masonry infill / panels are exditaoth in in-plane (IP) and out-of-
plane (OoP) manner. The interaction between thmdrand infill can be considered
complex, which led engineers to design frames aalisvgeparately. Consequently, in
the last decade, this resulted in numerus stutiesdivided the problem onto the load
acting manner: 1. IP; 2. OoP; 3. IP+OoP & OoP+l&ding. The majority of research
was done in IP field [1], [2], and presently, theRXield is starting to grow.

This paper is a part of OoP studies on masonrylddfiRC frames, a common
building practice in South Europe [3]. A numeristaldy is to be carried out to asset the
oncoming experiments. Accordingly, the bare franwleh should be calibrated firstly.
The micromodel is calibrated on experimental IPlicyquasi-static results from [4]
(Figure 1). Once calibrated, bare frame model canctnsidered calibrated in OoP
direction as well. Furthermore, the bare frame rhedk be used for IP calibration of
infilled frames given by [4].

Frame was designed as medium ductility class (D@dMjesignated by EN 1998-1-
1 [5] and EN 1992-1-1 [6] provisions. Furthermom@me was scaled to the ratio of
1:2.5.


https://core.ac.uk/display/231952055?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

The 3D micromodel presented here is based on 2bbmiodel developed by [7].
However, during the analysis the 3D model obtaisegdnger response than its 2D
counterpart (Figure 2). From Figure 2 it is eviddrdt behaviour is approximately the
same for both models up until reaching yieldingnpoTl herefore, this paper presents the
calibration of the 3D bare frame micromodel withrigons of numerical material
model parameters that govern the plastic and créetsaviour. Both 2D and 3D
micromodels were created in Atena 2D and 3D firdtement (FE) software [8]

respectively.
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Figure 1: Reinforcement design upper; tested ediframes lower [4]

d, (%)
-2,0 -1,5 -1,0 -0,5 , 0,5 1,0 15 2,0

250,0 . ; . ; — 1,2
200,0 T T ———mwmrrezeemnel 10
150,0 | : 8,2
100,0 ] 0,4

z 007 {02

< 00} Toos

3 13

> 50,0 f . { 024
-100,0 Y Experiment 1 -0,4
-150,0 ———-2D Micromodel| ] -873
-200,0 + == —-—-=3D Micromodel| | _1'0
-250,0 L———— : : : : 1,2
-21,0 -14,0 -7,0 0,0 7,0 14,0 21,0

Figure 2: 2D vs. 3D Micromodel approach



2 Materials and Methods
2.1 Numerical Materials

The material model used for describing concretelsalviour is presented in Table
1. Rebar properties are modelled with bilinear lawd is presented in Table 2 The
values for both Table 1 & 2 are obtained from [/Ap&hey are based on small scale
experimental and calculated findings [9]. The nosdir (NL) spring function represents
the friction of rollers due to high axial forcestt® columns. For more insight about the
NL spring please refer to [10] paper.

Table 1: CC Nonlinear Cementitious 2 numerical elqutoperties

Description Symbol  Frame concrete Unit
Elastic modulus E 4.100E+04 MPa
Poisson's ratio U 0.200 /
Tensile strength fi 4.000 MPa
Compressive strength fe -5.800E+01 ~ MPa
Specific fracture energy (Eq.1) Gy 1.200E-04 MN/m
Crack spacing Smax 0.125 m
Tensile stiffening Cs 0.400 /
Critical compressive disp. W -1.000E-03  /
Plastic strain af;, Ecp -1.417E-03 /
Reduction of, due to cracks ~ fcilim 0.800 /
Crack shear stiffness factor S 2.000E+01  /
Aggregate size 1.600E-02 m
Fixed crack model coefficient 0.000 /

2.2  Modifications to the Numerical Models

As stated in introduction, due to differences ie thlastic region of 2D & 3D
approach, the calibration was set to parametetsgthaern the plastic behaviour of the
computational model.

Fracture energ¥e determines the materials resistance to crack pedjwan [11].
Fracture energwas not tested experimentally, rather, it calcaldtased upon concretes
mechanical properties using Egq. 1 as recommendef 2]y Consequently, different
approaches of calculating fracture ene@&p/(Eqg. 1-6) were examined. Equations 2 — 6
are obtained from [13]. Calculated values with atifinces in respect to Eq. 1 are
presented in Table 3. The values of calcul&@edary from -30% to 14% (Table 3).



G,= 0.000025f, (1)

f
Gp=Gp| (2)
meO
j— I me
Gr=GpylIn| 1+ . (3)
cmo
f
Ge= GFOIn(l— O.77fﬂJ (4)
cmo
f 018
GF=GFO[ ij (5)
meO
Ge=73f, (6)
Table 2: Bilinear steel reinforcement material 0,9 -
properties 1%
Y
Description Value unt 06T V":‘Elju
Elastic modulus ~ E  2.10E+05 MPa 3
Yield strength o, 550E+02 MPa @ 03 1
Tensile strength oy 6.50E+02 MPa 5 , , ,

o
o

Limited ductility of 00 02 04 06 08 1.0
steel am 0.01 / C ' ' ' ' '
Relative displacement

Figure 3: Nonlinear spring function

where
Gro = 0.03 MPa is fracture energy based on max agtgresige of 16 mm.
fcm(): 10 Mpa
Table 3: Fracture energy as calculated

Eq. Value (MN/m) Difference (%)
1 1.2E-4 0.00
2 1.0E-4 14.43
3 1.2%-4 -3.83
4 1.5&-4 -30.09
5 15E-4 -25.78
6 1.5F+2 -26.35

The plastic displacememyy that governs the compression softening law (Figgre
was also varied from 0.1 to the value of 0.5 asmenended by [14], [15].
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Figure 4: Compression softening law

The last parameter that was varied is the direatibplastic flows in Drucker-
Prager Plasticity Model. The return mapping aldnitfor the plastic model is based on
predictor-corrector approach as shown in FiguréZ.[During the corrector phase of
the algorithm in Figure 5, the failure surface noeatong the horizontal axis to simulate
hardening and softening of concrete. The variatvas set from 0 to -0.5. The negative
values were set in order to decrease material v@ldme to crushing [16].
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Figure 5: Plastic predictor-corrector algorithm

2.3  Numerical Model

The numerical micromodel was assembled from 3D mabements (Figure 7a)
that represent frame members and 1D truss elentmattsepresent reinforcement bars
(Figure 7b). The connection between the rebar andrete is modelled as perfect as are
the connection between frame elements.

Boundary conditions are shown in Figure 7c. Endthefbeam have linear elastic
plates with nonlinear area spring and point forgpglied. The NL spring opposes the
force on the other end of the beam, otherwise inh&tive. Firstly, the foundation
support and vertical load is active. The verticald simulates the weight of the building
on the columns. It is implemented in 5 steps wishkRl increments. After the vertical
load is applied fully (365 kN), the column supparts/ andz directions are active and
IP loading protocol (Figure 6) is activated. Loagliprotocol repeats the same force
twice (Figure 6).
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3 Results

Crack patterns both from experimental and numksitalies are shown in Figure
8. The min. crack with was set to hairline widt@].1

Min. crack width = 0.1 mm; Crack width multyplierix
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a) Experimental results [4]

b) Numerical results

Figure 8: Crack patterns dtc 4 mm

On Figures 9 - 11 cyclic envelopes are displayedhfmodified material models.
On primary vertical axis shear force valggare plotted, and on primary horizontal axis
IP displacementd measured at beams end. On secondary vertical thgigjifference
from the maximum shear foroé..« are plotted. Lastly, on secondary horizontal axis
inter-storey drift ratiosl, are plotted. Furthermore, on Figures 2, 9 - 1& dbtted line
of the experimental curve annotates monotnoic péishe frame with constant force.
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4  Discussion and Conclusions

A 3D FE micromodel of a bare RC frame was developasked on validated 2D
micromodel for IP loading. Both model had same miateroperties and geometry. Yet,
the 3D model obtained stronger response in plastion when compared to its 2D
counterpart (Figure 2). Consequently, a calibratidnthe 3D model was initiated.
Calibration involved modifying parameters that govéhe plastic behaviour such as:
fracture energy (Figure 9), plastic displacemelguyfe 10) and direction of the plastic
flow (Figure 11).

From the results analysis, it can be concludeddhbtthe direction of plastic flow
contributed to lowering of the response. The vt of fracture energy (Figure 9) had
non detectable difference except in case of Equaiowhere the response is visibly
stronger when compared with other Equations. Likewithe variations of plastic
deformation had only slight effect on modifying tfesponse. Finally, the direction of
plastic flow had significant effect on lowering thesponse. The best fitting value was
observed gf = -0.1. Negative number denotes that materialmelwill decrease due to
crushing.

Furthermore, when comparing cracks between expataheand computational
model, one can observe that they have similar pettg-igure 8). Computational model,
as expected [18] developed plastic hinges at thverleend of the column and beam —
column joint (Figure 8a), as did the experimenpacmen (Figure 8a).

In summation, with new value of the direction cdigtic flow bare frame model can
be considered calibrated in IP direction as wellirm®©oP direction. Therefore, the
computational model can be used in prediction ain® OoP frame behaviour.

References

[1] P.G. Asteris, L. Cavaleri, F. Di Trapani, A. Ksaris, “Numerical modelling of out-of-plane
response of infilled frames: State of the art amaire challenges for the equivalent strut
macromodels”Engineering Sructures, 2017.

[2] F. Di Trapaniet al., “Masonry infills and RC frames interactiolliterature overview and
state of the art of macromodeling approadhitropean Journal of Environmental and Civil
Engineering, 19(9), 2015.

[3] E. Booth, D. Key,Earthquake Design Practice for Buildings. London: Thomas Telford,

2006.
[4] V. Sigmund, D. Penava, “Influence of openingdth and without confinement, on cyclic
response of infilled r-c frames — an experimentaldg’, Journal of Earthquake

Engineering, 18(11): 113-146, 2014.

[5] CEN, Eurocode 8: Design of Sructures for Earthquake Resistance - Part 1: General Rules,
Seismic Actions and Rules for Buildings (EN 1998-1:2004). Brussels: European Committee
for Standardization, 2004.

[6] CEN, Eurocode 2: Design of concrete structures - Part 1-1: General rules and rules for
buildings (EN 1992-1-1:2004). Brussels: European Committee for Standardiza#604.

[7]1 D. Penava, V. Sarhosis, |. Kozar, |. GuljaSpt@ribution of RC columns and masonry wall
to the shear resistance of masonry infilled RC #&sroontaining different in size window
and door openingsEngineering Sructures, 172 105-130, 2018.



[8] Cervenka Consulting, “ATENA for Non-Linear Ftei Element Analysis of Reinforced
Concrete StructuresCervenka Consulting s.r.o., Prague, 2015.

[9] D. Penava, I. Radj G. Gaz¢, V. Sigmund, “Mechanical properties of masonryeuired
for the seismic resistance verificatioffechnical Gazzette, 18(2): 273-280, Jun. 2011.

[10] F. Ani, D. Penava, V. Sarhosis, “Development of a thiesedsional computational
model for the in-plane and out-of-plane analysisrasonry-infilled reinforced concrete
frames,” in 6th International Conference on Computational Methods in Structural
Dynamics and Earthquake Engineering, 2017.

[11] M.E. Toygar, M. Toparli, F. Sen, M.A. GungdFracture energy determination and critical
crack propagation between core and veneer ceramecface by experiment and finite
element methodMaterials & Design, 30(6): 2278—-2282, 2009.

[12] V. Cervenka, L. Jendele, J. CervenkdENA Program Documentation Part 1 Theory.
Prague: Cervenka Consulting Ltd., 2012.

[13] fib - Fédération internationale du béton, “@egpe models for structural behaviour of
concrete: Background of the constitutive relatiamsl material models in the fib Model
Code for Concrete Structures 2010”7, 2013.

[14] J.G.M. van Mier, “Strain-softening of Concretmder Multiaxial Loading Conditions,”
1984.

[15] R.A. Vonk, “Softening of concrete loaded in ngpression”, Technische Universiteit
Eindhoven, 1992.

[16] J. Cervenka, V. Cervenka, R. Eligehausen, ZB&zant, “Fracture-plastic material model
for concrete, application to analysis of powderuattd anchors”, ifProc. FRAMCOS,
1998,3: 1107-1116, 1998.

[17] J.B. Burland, B.B. Broms, V.F.B. De Mello, “Baviour of foundations and structures:
state-of-the art report”, iRroc. of the 9th International Conference on Soil Mechanics and
Foundation Engineering, pp. 495-546, 1977.

[18] P.G. Papadopoulos, H. Xenidis, P. LazaridisDdamantopoulos, P. Lambrou, Y. Arethas,
“Achievements of Truss Models for Reinforced Coter8tructures”Open J. Civ. Eng.,
2(3): 125-131, 2012.

10



