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Abstract

Masonry material model used in the non-linear pushover (NLPO) analysis plays an important
role for the building responses. Different material models based on the smeared failures for
unreinforced masonry (URM) wall are tested and compared in the in-plane nonlinear pusho-
ver analysis in this study. Special attentions are paid on the base shear versus displacement
curves and the failure modes (crack pattern) in the analysis. Influences by the geometric
shape ratio (i.e. height/width), the overburden level, boundary conditions and masonry type
are discussed in the paper. Meanwhile, numerical results of selected URM walls with differ-
ent material models are compared to the analytical ones based on the codes. Eventually, the
most suitable material model for masonry walls in NLPO analysis is identified in the paper.
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1 INTRODUCTION

The seismic risk in Groningen area of the Netherlands is induced by the gas extraction. The
frequency of the shallow earthquakes is generally increased year by year (over 80 times per
year in the recent decade), which received a great concern by the Dutch society. Therefore, a
framework for the seismic assessment and retrofitting design of structures in the Groningen
region, called VIIA, was initiated and developed from 2015. Different approaches have been
used for the purpose of seismic analysis, e.g. modal response spectrum (MRS) analysis, non-
linear pushover (NLPO) analysis, nonlinear time-history (NLTH) analysis and reference ap-
proach, efc.

NLPO analysis is a simple static seismic technique, which is therefore commonly used for
the evaluations of existing buildings. In the NLPO analysis, the determination of a global base
shear versus displacement curve (called the pushover curve) is fundamental for the assess-
ment. Meanwhile, unreinforced masonry (URM) wall is one of the most vulnerable structural
elements for the buildings in the area. The selection of material models of masonries can di-
rectly influence the performances of buildings in NLPO analysis. Therefore, it is crucial to
identify the performances of different material models for masonry in the NLPO analysis us-
ing a FEA software, i.e. DIANAJ1].

The global behavior of building in NLPO analysis is largely influenced by the in-plane re-
sponse of individual components in the structure system such as the piers and spandrels. Ac-
cordingly, in-plane pushover tests on single unreinforced masonry (URM) walls with different
material models are performed in DIANA software in the study. The base shear versus dis-
placement curves and the failure modes (crack pattern) will be focused in the analysis. For
URM walls, the maximum shear capacity and the expected failure modes are influenced by
the geometric shape ratio (height/width, H/L), the overburden level, boundary conditions and
masonry types. It can also be estimated based on formulas from codes, e.g. NPR
9998:2017[2], Eurocode 6[3]. Therefore, selected URM walls with different material model
are tested in NLPO analysis and the results are compared to the analytical ones. The most
suitable material model for masonry walls in NLPO analysis is, therefore, identified.

2 MASONRY MATERIAL MODEL

Masonry is one of the oldest but still popular construction materials. Its properties largely
depend on the components and the arrangement. Generally, there are two modelling methods
used for the simulation of masonry, i.e. micro-modelling and macro-modelling[4]. Every
component of masonry is separately modelled by the micro-modelling method. Therefore, the
crack propagation and failure mechanism can be realistically simulated detailly by this meth-
od. However, this method is not feasible for the structural assessment of large masonry build-
ings due to the computational consumption. Therefore, macro-modelling method is a good
alternative. It considers masonry as a composite material. Generally, continuum and homoge-
neous properties are assumed for the masonry by this method.

Total Strain Crack Model (TSCM) is one of the continuum constitutive models, which can
be used for the simulation of masonry. It follows a smear approach for the fracture energy[1].
Regarding its evaluation of stress-strain relationship, one method is following the principal
direction of strain vector, which is called the rotating crack model (TSCM-rotating). Another
method is using the fixed coordination system, which is called the fixed crack model (TSCM-
fixed) [1]. Both of these two approaches use a secant-based loading-unloading curve. There-
fore, it underestimates the energy dissipation of masonry under the cyclic loading compared
to the experimental references[5]. Meanwhile, TSCM is developed for the isotropic materials,
which is not the case for masonry.
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Therefore, a comprehensive masonry material model i.e. Engineering Masonry Model
(EMM) has been developed in DIANA, which can consider the orthotropic mechanical prop-
erties (in tension, compression and shear) and hysteresis damping effects[5]. The new devel-
oped model has been verified by the comparison with quasi-static experimental references
both under in-plane and out-of-plane (OOP) loadings[5]. One example comparison was done
with a OOP pushover test[6,7], shown in Figure 1. Moreover, a comparison study has been
done with the dynamic one-way out-of-plane shaking table tests[8], which validated the EMM
parameters.
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Figure 1: Static pushover comparison under OOP loading[6]

3 TESTING MODELS

The material models tested in this report are the Engineering Masonry Model (EMM) and
the two Total Strain-based Crack Models, i.e. TSCM-rotating and TSCM-fixed. For the appli-
cation of the incremental load, a simple top (whole edge tied) horizontal displacement-
controlled pushover method is used in the test. There are two vertical constrain conditions for
the top edge: free and entirely fixed, which will be discussed separately later in the study. The
masonry walls are all 2.76 m high and 0.102 m thick, but with different width (the different
shape ratio H/Ls, see Figure 2). Three types of Groningen masonries made by clay bricks, de-
fined in NPR 9998:2017[2], i.e. normal clay brickwork pre 1945 (BKv), poor clay brickwork
pre 1945 (BKvl) and clay brickwork post 1945 (BKn), are used in the tests (listed Table 1).
Other materials parameters of masonries can be referred by Table F2 of NPR 9998:2017[2]

(a) (b) (©)

Figure 2: Three models used in the study with different shape ratios: (a)H/L=1; (b) H/L=1:2; (¢c) H/L=2:1
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fe L H/L R OBI OB force R OB2 OB?2 force

Masonry (N/m?) m) () ) (N/m) ) (N/m) Visualization
BKv 8.50E+06 2.76 1 0.2 1.73E+05 0.02 1.73E+04
BKvl 5.10E+06  2.76 1 0.2 1.04E+05 0.02 1.04E+04
BKn 1.00E+07  2.76 1 0.2 2.04E+05 0.02 2.04E+04
BKv 8.50E+06 552 0.5 0.2 1.73E+05 0.02 1.73E+04
BKvl 5.10E+06 552 0.5 0.2 1.04E+05 0.02 1.04E+04
BKn 1.00E+07 552 0.5 0.2 2.04E+05 0.02 2.04E+04
BKv 8.50E+06  1.38 2 0.2 1.73E+05 0.02 1.73E+04
BKvl 5.10E+06  1.38 2 0.2 1.04E+05 0.02 1.04E+04
BKn 1.00E+07 1.38 2 0.2 2.04E+05 0.02 2.04E+04

Note: f.: compressive strength of masonry; OB: overburden load; R_OB: ratio of overburden load to the com-
pressive strength of the masonry, Pog/ .,

Table 1: Specifications of tested models.

4 ANALYTICAL ESTIMATION

NPR9998:2017[2] specifies different failure mechanisms and the corresponding shear ca-
pacities. Diagonal tensile capacity failure occurs when the principal stress is exceeding diago-
nal tensile strength. Toe crushing failure should also be considered for the shear loading.
Rocking failure occurs commonly when wall is slender and mortar strength is relatively good.
Bed-joint sliding is a stable mode of failure, which should be considered in the evaluation.
Different capacities due to different mechanisms are specified in Table 2 following NPR
9998:2017[2]. Moreover, Eurocode 6 specifies shear capacities of walls with similar but sim-
pler formulas[3].

Failure mechanism Capacity formula Explanation
. . £ 8 is a nonlinear corrector factor, which is 0.67 if H/L>1.5 and 1.0 if H/L<0.5;
Dlagonal tensile Vg = fae X Ap X B % |1+ T An is the net area of mortared/grouted section;
capacity (DTC) Vg e Jfar is the masonry tensile strength;
far =05 % ¢+ fo X py /a is the axial compressive stress at mid-height;
. L fa c is the bed-joint cohesion;
Toe crushing Vi Ve = (@ X P +05% R, ) (71— A pris the frictional coefficient;

L a is a boundary factor, which equals 0.5 for fix-free cantilever and equals 1 for
Rocking strength V; V. = 0.9 % [(a x P) + (0.5 x R,)] % (=) fixed-fixed case;
H . .
P is the overburden load at top of wall;
Py, is the self-weight of wall;
thorm 1S the nominal thickness of masonry brick excluding pointing.

Bed-joint sliding

(BIS) V% Vi = 0.7 X [tnorm X L X ¢ + s (P + R,)]

Table 2: Different capacity formulas based on the failure mechanisms in NPR9998:2017[2].

5 RESULTS AND DISCUSSION

Based on the above specifications, different wall models are tested in in-plane NLPO anal-
ysis by DIANA. Only some selected results are presented in the paper due to the space limita-
tion. The pushover curves and corresponding crack patterns at the peak force with different
material models are shown for the different cases. Figure 3 and Figure 4 are for the case with
H/L=1.0, BKv material, overburden OB1 and the fixed-free boundary condition. Figure 5 and
Figure 6 are for the case with H/L=1.0, BKv material, overburden OB2 and the fixed-free
boundary condition. Figure 7 and Figure 8 are for the case with H/L=0.5, BKv material, over-
burden OB1 and the fixed-free boundary condition. Figure 9 and Figure 10 are for the case
with H/L=2.0, BKv material, overburden OB1 and the fixed-free boundary condition. Figure
11 and Figure 12 are for the case with H/L=1.0, BKv material, overburden OB1 and the fixed-
fixed boundary condition.
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Figure 3: Base shear-displacement curves for walls with H/L=1.0, BKv material, overburden OB1, fixed-free
boundary condition and different material models
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Figure 4: Crack width patterns of masonry walls at the peak force with condition of Figure 3: (a) EMM;
(b)TSCM-fixed; (c)TSCM-rotating.
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Figure 5: Base shear-displacement curves for walls with H/L=1.0, BKv material, overburden OB2, fixed-free
boundary condition and different material models

(b)

Figure 6: Crack width patterns of masonry walls at the peak force with condition of Figure 5: (a) EMM;
(b)TSCM-fixed; (c)TSCM-rotating.
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Figure 7: Base shear-displacement curves for walls with H/L=0.5, BKv material, overburden OB1, fixed-free

boundary condition and different material models
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Figure 8 Crack width patterns of masonry walls at the peak force with condition of Figure 7: (a) EMM;
(b)TSCM-fixed; (¢)TSCM-rotating.
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Figure 9: Base shear-displacement curves for walls with H/L=2, BKv material, overburden OBI1, fixed-free
boundary condition and different material models
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Figure 10: Crack width patterns of masonry walls at the peak force with condition of Figure 9: (a) EMM;
(b)TSCM-fixed; (c)TSCM-rotating.
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Figure 11: Base shear-displacement curves for walls with H/L=1, BKv material, overburden OB1, fixed-fixed
boundary condition and different material models
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Figure 12: Crack width patterns of masonry walls at the peak force with condition of Figure 11: (a) EMM,;
(b)TSCM-fixed; (¢)TSCM-rotating.

Above results show that model with TSCM-rotating has a closer response to the model
with EMM compared to the TSCM-fixed. Meanwhile, models with EMM present generally a
more stable post-peak behavior, which means that a higher ductility can be observed in push-
over curves. This is especially true for cases with a higher overburden load. Moreover, models
with the vertically free top edges and a lower overburden load are more stable for all material
models. Models with a higher overburden and fixed top boundary condition have higher in-
plane shear capacities.

Following the methods described in Section 4, shear capacities of masonry walls are esti-
mated based on different failure mechanisms by NPR 9998:2017[2] and Eurocode 6 (EC6) [3],
listed in Table 3 and Table 4 for cases with fixed-free and fixed-fixed boundary conditions,
respectively. Meanwhile, the capacities with different material models revealed by the numer-
ical results are also listed in the table for the comparison purpose. The results shows that the
prediction method based on NPR 9998: 2017[1] provides more detailed information based on
the different mechanisms than one based on the Eurocode 6[3]. In general, the results by NPR
9998:2017 correlate well with the numerical results obtained in this study, especially those
with EMM and TSCM-rotating.

- B3] 3] -
O < E’ rrllaocrr?en " st:ar NPR?! NPR?! NPR? NPR?  NPRE EMM TSCM- ;{iﬁff
= = % based based DTC toe crush  rocking BIJS Min. peak fixed peak peak &
< 2 Wy N) &N)  (kN) ®N)  kN)  (kN) (kN (KN) ek
BKv 190.8 370.4 503.3 175.2 2222 3184 175.2 195 118 192
- 2  BKv 130.1 136.1 211.0 106.9 136.1 121.5 106.9 89 77 116
BKn 212.1 433.7 596.8 205.4 260.2 3824 205.4 224 180 228
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B l'} E’ II]IE(SII?:IJI ¢ E}(I::;] NPR™ NPR™ NPRm NPR™ NPR‘Z‘ EMM TSCM- ;E:S}\I/l;
= ‘\g % based based DTC toe crush  rocking BJS Min. peak fixed peak peak
S #SN U BN S R s B B S U BN () fe)
BKv 30.6 473 90.2 22.4 28.4 922 224 32 30 32
g BKvl 21.5 33.0 46.2 15.5 19.8 48.0 15.5 22 21 22
BKn 34.6 53.7 110.6 25.4 322 116.4 25.4 38 37 38
BKv 269.2 740.7 1205.6 701.0 888.9 636.8 636.8 566 337 635
S BKv 218.2 2722 505.4 4274 5443 243.0 243.0 229 198 371
- BKn 270.3 867.4 1429.6 821.6 1040.9 764.9 764.9 6380 462 775
s BKv 59.4 94.7 216.2 89.6 113.6 184.5 89.6 123 83 84
g BKvl 422 65.9 110.7 62.1 79.1 96.0 62.1 73 50 64
BKn 66.8 107.3 264.8 101.7 128.8 232.8 101.7 144 120 143
BKv 109.4 185.2 201.9 43.8 55.6 159.2 43.8 51 45 47
S BKwl 70.3 68.0 84.7 26.7 34.0 60.8 26.7 30 27 27
BKn 125.3 216.9 239.5 514 65.1 191.2 514 60 59 59
- BKv 15.5 23.7 36.2 5.6 7.1 46.1 5.6 9 8 8
g BKvl 10.9 16.5 18.5 3.9 49 24.0 3.9 6 5 6
BKn 17.6 26.8 44.4 6.4 8.0 58.2 6.4 10 10 10

Table 3: Peak base shears of different models and the corresponding analytical predictions[7,8], with the fixed-
free boundary condition.

5 2 momen e Temse NP NPRTONPREONPROpMMC o 1sod SO
= b 2 based based diagonal oe crush  rocking BIS Min. peak fixed peak peak
£ 2N kD KN KN RN KN KN (KN e
BKv 190.8 370.4 503.3 345.1 437.6 318.4 318.4 323 138 283

S BKvl 130.1 136.1 211.0 208.3 265.3 121.5 121.5 118 76 171
BKn 212.1 433.7 596.8 405.4 513.6 382.4 382.4 386 212 337

B BKv 30.6 473 90.2 39.4 49.9 922 39.4 59 41 41
§ BKvl 21.5 33.0 46.2 25.7 32.7 48.0 25.7 38 25 25
BKn 34.6 53.7 110.6 45.4 57.5 116.4 45.4 71 60 69

BKv 269.2 740.7 1205.6 1380.3 1750.3 636.8 636.8 704 369 845

S BKvl 218.2 2722 505.4 833.3 1061.2 243.0 243.0 268 204 509
“ BKn 270.3 867.4 1429.6 1621.6 2054.4 764.9 764.9 831 464 1001
s BKv 59.4 94.7 216.2 157.5 199.7 184.5 157.5 157 96 175
g BKvl 422 65.9 110.7 102.7 130.8 96.0 96.0 94 59 106

BKn 66.8 107.3 264.8 181.7 230.1 232.8 181.7 206 152 203

BKv 109.4 185.2 201.9 86.3 109.4 159.2 86.3 107 44 47

S BKvl 70.3 68.0 84.7 52.1 66.3 60.8 52.1 48 26 29
BKn 125.3 216.9 239.5 101.4 128.4 191.2 101.4 126 71 69

- BKv 15.5 23.7 36.2 9.8 12.5 46.1 9.8 16 14 17
g BKvl 10.9 16.5 18.5 6.4 8.2 24.0 6.4 10 9.3 10.9
BKn 17.6 26.8 44.4 11.4 14.4 58.2 11.4 19 19 20

Table 4: Peak base shears of different models and the corresponding analytical predictions[7,8], with the fixed-
fixed boundary condition.
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6 CONCLUSIONS

In this study, URM walls with different Groningen masonries of clay brickwork are numer-
ically tested by the NLPO method using different material models. The influences of other
factors, e.g. overburden loads, shape ratio, boundary conditions, etc. are also discussed in the
study. Furthermore, numerical results are compared with the theoretical estimations by NPR
9998:2017[2] and Eurocode 6[3]. Based on the in-plane NLPO test results, some conclusions
are drawn as follows.

*  Compared to the model with TSCM-fixed, model with TSCM-rotating has closer re-
sponses to the one with EMM.

*  Models with EMM present generally a more stable post-peak behavior, which reveals
a higher ductility. This is especially true for cases with a higher overburden load.

* In general, the prediction method based on NPR 9998: 2017[2] provides more detailed
information based on the different mechanisms than one based on the Eurocode 6[3]. The re-
sults based on NPR 9998:2017 correlate well with the numerical results obtained in this report,
especially those with EMM and TSCM-rotating.

*  There are a few cases that capacities of models with EMM is higher than the ones
based on NPR 9998: 2017[2]. This may be due to the more comprehensive definitions of ma-
sonry material by EMM, which could be studied in the future.

*  Based on the comparison study, the EMM presents a better behavior than the other op-
tions. Hence it is recommended to select this material model as the preferable default masonry
model for the NLPO analysis in DIANA for the URM objects.
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