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Abstract

In the paper an idea to use a deformable polymer materia for the joint between R.C. frames and masonry infillsis presented. As
an early step of testing the idea, experimental tests of the polymer in monotonic uniaxia tension at different load rates are
performed and analyzed. The load rates range from very fast (8.3 mm/s) to very slow (0.00083 mm/s). The material exhibits a
very strong strain rate effect and viscous behavior. In the second part of the paper a numerical model is developed and
implemented into a finite element to simulate the results of the tests. The model is based on a new family of strain measures,
caled the Darjani-Naghdabadi strain measures and a classical viscosity formulation. Almost perfect model predictions up to
collapse at 50-150 % elongation are obtained by using calibration based on minimization of error.
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1. Introduction

Masonry infills are commonly used in old residential buildings and office buildings, as well as in new buildings
around the world. The infills can be built from different types of masonry, some of which could even be used for
load-bearing walls, but the infills are generally not considered as load bearing elements, or are even prohibited by
codes to be used as such [1]. Nevertheless, the infills contribute to lateral stiffness as well as to resistance of the
composite frame-infill system and are rigidly connected to the frame. Due to length of the infills walls, they are
often stiffer than the surrounding frame and therefore attract forces quickly. This in combination with the brittle
nature of masonry [2] means that serious damage to infills can occur at relatively modest earthquake intensity, when
the frame has not yet devel oped significant damage (Figure 1).

Fig. 1. Collapse of infillsin a negligibly damaged rc frame (Pescala del Tronto, Italy, 2016).

In an attempt to alleviate this problem, an idea to separate the infill wall and the R.C. frame by a deformable but
strong enough material was born. A material perfectly suitable for this purpose, called polymer PM, was found. The
material is special polyurethane with patented additives, and has the following properties: Young's modulus
E = 4.5 MPa, tensile strength f,= 0.85+1.95 MPa, ultimate strain g, = 50+-150% (depending on the strain rate of load
application). This material was tested in many practical applications between structural elements [3, 4, 5], including
dynamic [6], shear [7, 8] and bending tests [8, 9]. The flexibility of the polymer could serve to reduce the stress
concentrations and thereby reduce damage to infills on one hand, and provide a high amount of damping and
ductility on the other. Despite the flexibility of the polymer, the brick-to-concrete joint would be capable of
transferring significant loads during in-plane and out-of-plane excitations. Polymer PM flexible joints manifested
this ability in laboratory shear tests, carried out between concrete (Fig. 2) and clay brick (Fig. 3) substrates. The
flexible joints made of polymer PM [10] were able to transfer shear strain up to 100% and shear stress over 0.8 MPa
(Fig 3).

To test the idea, the polymer first had to be tested experimentally and numerically modelled in simple load scenarios
such as pure tension and pure shear. The first attempts at modelling [10, 11] have shown, that the material is
difficult to model under high strains, as the standard hyperelastic models based on Seth-Hill [12] strain measures are
not accurate enough. In order to improve the accuracy of the numerical simulation special strain measures have to be
used. The special strain measures are of the Darjani-Naghdabadi (D-N) type [13] which has two parameters for
calibration instead of only one of the Seth-Hill family of strain measures.
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Fig. 3. Deformation of polymer flexible joint made of polymer PM between clay brick substrates (a) and the shear stress-strain characteristic of
polymer flexible joint made of polymer PM. (b) — after [11].

In this paper, the simple monotonic tensile tests performed at different rates are presented and the response is
numerically simulated. In order to be able to numerically model the viscosity, the hyperelastic model is upgraded
with a basic viscosity formulation. Numerical results show high versatility and accuracy of the model in modelling
monotonic uniaxial tensile response at different load rates and show an almost perfect match with the experiments.

Nomenclature

E Y oung's modulus

fi tensile strength

€4 ultimate strain

E™  Seth-Hill strain measures

U right stretch tensor

E@P  Darjani-Naghdabadi strain measures

m parameter of the Seth-Hill strain measures (real number)

o, parameters of the Darjani-Naghdabadi strain measures (real numbers)
Ai principal stretch ini-th direction

Au Lame constants

K,V Bulk modulus, Poisson ratio
I Identity matrix

t, relaxation time

o} auxiliary variable




458

Matija Gams et al. / Procedia Engineering 193 (2017) 455 — 461

2. Experimental testing

Pure tensile tests were performed on dogbone specimens (Fig. 4a) according to 1SO 527 standard [14], using
universal testing machine Zwick 1455 with the long distance extensometer. The cross section of the dogbone
specimen was 10 mm x 4 mm. The length of the specimen between the extensometer sensors was 50 mm and
displacement control with the extensometer was applied. Five different strain ratio of the test was used: 10%/min,
10%min, 10/min, 10%min and 10 min, where 6 specimens in each series were tested (except the strain ratio
10°*/min test with 1 specimen tested). Failure modes of specimens are presented in Fig. 4b.

Results of tests are shown in Figs. 4 — 6. It is clear from the results, that the effect of the load rate on response is
very high. The tensile strength and ultimate strain at fracture are about 2 MPa and 150 %, respectively, for the
highest strain rate (10%/min) — similar to dynamic action during earthquake. In case of the smallest strain rate
(10°*/min) — similar to quasi-static action during changes of thermal loads, the tensile strength and ultimate strain at

fracture are about 1.1 MPaand 90 %, respectively.
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Fig. 4. Polymer PM in the universal testing machine with long distance extensometer (8), failure modes of dogbone polymer PM specimens (b),
stress-strain response of samples |oaded with strain rate 10%/min (c).
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Fig. 5. Stress-strain response of samples |oaded with strain rate 10%min (a) and 10/min (b).
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Fig. 6. Stress-strain response of samples loaded with strain rate 10%min (a) and 10%/min (b).
3. Constitutive modelling

As shown by experimental testing in the previous section, the viscous effect of the material is very pronounced
and has to be taken into account in order to properly model the dynamic response. Furthermore, the material exhibits
strongly nonlinear behavior, which cannot be accurately modelled using Saint-Venant-Kirchhoff (SVK) material
and Seth-Hill strain measures E™ [11, 12, 13]. It has been shown in e.g. [10, 11, 15], that the best solution using a
SVK material based on E™ strains is obtained for the special case m = 0, which is also called Hencky or logarithmic
strains, but even this model is not accurate enough [11, 13, 16, 17, 18]. In order to improve the accuracy of the SVK
material anew family of strain measures [16] and its modification, called the Darjani-Naghdabadi (D-N) strains[13]
has to be used. These strain measures have two parameters (oo and ), whereas the Seth-Hill family of strains only
has one parameter (m). The objective D-N strains E“P) are defined by Eq. (1), where U isthe right stretch tensor.

1 -
E@B) = oy (us —u-¥) 1)

The conjugate stresses T*® are also objective and can be defined by Eq. (2), using principal principle stretches A;.

A=t 1
PR YEP Y 0 N U W e B @)

2u « a4 o
T(a,ﬁ) — A= B
2 (0+B) 1
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In case of m=a + B = 0 the D-N strains aso simplify to the Hencky (logarithmic) strains. The form of strain energy
remains the same as the SVK model and is shown in Eqg. (3) with the Lame constants . and A.

W(E“?)= utr (B« f + %(tr E@)? ©)
The model presented in Egs. (1) — (3) was augmented by the classical viscosity model [19], which is based on the

split to volumetric (T,) and deviatoric (T) stresses and the change of the shape related to deviatoric component to
account for time effects.

T, =xctr(E?)] (4)

T, =2u((1-V)E, +vq) )
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In Egs. (4) and (5) x isthe bulk modulus, | isthe identity matrix and v is the Poisson ratio. q is an auxiliary variable,
defined as:

4=+ s (@ — Eapn) (6)
Here, subscript n denotes previous time step, At is time step and t, is the so-called relaxation time. Eq and Eq, are
the deviatoric part of the D-N strains, and the deviatoric part of the D-N strains in the previous time step,
respectively.

The material model described in Egs. (1)-(6) was implemented into a 3D finite element using AceGen [20], a system
for automatic generation of afinite-element code[21, 22].

4, Numerical ssimulations

Using the above presented hyperviscoelastic formulation, a very good correlation with experimental tests can be
obtained. The match was found using numerical minimization of response curves in two phases. In the first phase,
the relaxation time was sought and was determined to be t, =25000 s. In the second phase such values of o and f
were sought that gave the best correlation with the experiment. Again, numerical minimization using routines built
into Mathematica were used. Different values of parameters oo and 3 had to be used for different load rates to get a
good correlation. In the calculations Poisson’s ratio was assumed to be v = 0.49. The results are summarized in
Tablelandin Figure?7.

Table 1. Parameters of the model for different strain rates.

N 1 2 3 4 5
Strain rate [1/min] 10 10° 10? 10° 10°
o[-] 0.8 0.87 0.85 0.97 1.0
B[] 115 1.53 1.64 1.96 1.43
t [ 25000 25000 25000 25000 25000
2.0 Experiment ----- Num. Simulation ;‘_‘F.rﬁ

o [MPa]

Fig. 7. Experimental stress-strain response vs. numerical simulation
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5. Conclusions

The idea of using flexible, yet strong polymer joints between the R.C. frame and the masonry is presented in the
paper. One of the first steps of developing the idea is to use or develop proper material models for simulation of
seismic response. In the first stage a series of experiments in monotonic uniaxial tension was performed at different
strain rates (25 tests). Because existing models for rubberlike materials based on Seth-Hill family of strains cannot
simulate the response accurately enough, a new model based on different strain measures had to be used. A new
constitutive model based on the so called Darjani-Naghdabadi strain measures and classical viscosity was devel oped
and implemented into finite element code. Using the newly developed constitutive model and finite element, the
response of the experiments was numerically modelled. A special agorithm for finding the best parameters of the
constitutive model based on numerical minimization was used and the results give an amost perfect match between
the tests and the calculations. In future, the model will be upgraded to include aso cyclic behaviour and will be
implemented into numerical models for seismic response of R.C. frames with infills, separated by the flexible
polymer joints.
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