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Abstract. A majority of the residential building stock in Groningen (The Netherlands), which 
has been lately exposed to low intensity ground motions due to gas extraction, consists of 
unreinforced masonry (URM) structures not originally designed to withstand earthquakes. 
Amongst them, the terraced house building typology proved to be particularly vulnerable 
towards horizontal actions. Experimental results from a recently performed shake-table test on 
a full-scale terraced house prototype, characterised by the presence of a timber retrofitting 
system, seem to indicate that the dynamic response of these structures might be consistently 
improved through the employment of such a cost-effective light retrofitting solution. In this 
work, an advanced discontinuum-based model, implemented in the framework of the Applied 
Element Method (AEM), is developed to extend experimental results and to numerically 
investigate the influence of a number of additional timber retrofit layouts, characterised by 
different geometrical configurations, on the building behaviour. Each timber component was 
explicitly represented in the AEM models to represent the possible interaction among URM 
walls and the retrofitting system. First, the proposed modelling strategy is validated against 
experimental tests on both non-retrofitted and retrofitted URM panels subjected to cyclic shear-
compression loading. Then, calibrated mechanical parameters were directly implemented in 
the full-scale building model. Given the good agreement between numerical and experimental 
outcomes in terms of both damage evolution and hysteretic response, a comprehensive 
parametric study was undertaken. Numerical evidence seems to suggest that the employment of 
different retrofit layouts may have a significant influence on the dynamic behaviour of the 
selected building typology. 

1 INTRODUCTION 

The Applied Element Method, originally conceived by Meguro and Tagel-Din [1] for 
simulating controlled demolition processes of both reinforced concrete (RC) and steel 
structures, is emerging as a reliable computational approach for the collapse simulation of large 
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scale unreinforced masonry (URM) systems, as witnessed by various recent applications 
(e.g.[2,3]). In this work, AEM-based models are used to numerically investigate the impact of 
various timber retrofit layouts on the dynamic response of unreinforced masonry (URM) full-
scale building specimens, representative of an end unit of a series of adjacent terraced house 
constructions typically found in the Groningen region, now exposed to induced seismicity [4]. 
The models are first validated against the results of in-plane tests on both isolated retrofitted 
and non-retrofitted masonry piers, as well as shake-table tests on a full-scale timber-retrofitted 
building specimen [5], carried out at the EUCENTRE laboratory (Pavia, Italy) in the context of 
a wider experimental campaign [6]. As depicted in Figure 1, the considered building specimen, 
(hereinafter referred to as EUC-BUILD7) is a two-storey URM building with an RC slab at the 
first floor, a timber diaphragm at the second floor and a timber roof. The walls are made of two 
leaves: an inner loadbearing calcium-silicate (CS) brick leaf and an outer clay (CL) brick leaf 
with only aesthetic and insulating functions). Both walls were constructed with a periodic 
(running-bond) arrangement and were connected to each other by steel ties. As the specimen 
represents an end unit, the south façade consists of a single CS leaf. The retrofitting system, 
introduced to improve the seismic performance, includes a timber frame (strong-backs and 
nogging elements) and Oriented Strand Board (OSB) panels connected to the longitudinal CS 
walls by screwed steel angles The experimentally-employed retrofitting scheme also included 
the stiffening of the second timber floor through the application of OSB panels and the 
reinforcement of North and South façades with vertical timber elements, connected to CS walls 
by screwed steel angles. For more details on the employed retrofitting scheme, an interested 
reader is referred to Miglietta et al. [5].  

 

 
Figure 1 a) East CS wall (OSB not represented, a) building specimen before testing [7] 
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2 NUMERICAL MODEL 

According to AEM, a given URM structure is idealised as an assembly of rigid units connected 
by linear and nonlinear springs, where the mechanical properties of the system are lumped. The 
main characteristics of the proposed AEM-based modelling strategy are summarised below 
(Figure 2) while interested readers may refer to [8,9,10] for further details: 

- A brick-based discretisation is used to reproduce the real arrangement of masonry. Fully 
rigid units are employed, thus neglecting the development of cracks within the bricks.  

- First floor RC slab is idealised as a rigid diaphragm. Second strengthened floor and roof 
are modelled as elasto-plastic membranes, calibrated through comparison with 
experimental tests on components [11]. 

- Tie-connections between CS and CL walls are idealised as bilinear beam elements.  
- As is typically done in common construction practice for this type of buildings, the gap 

that remained between the bottom surface of the RC floor slabs and the top edge of the 
CS longitudinal façades was filled with mortar only after the attainment of gravity loads, 
which essentially acted only on the transversal CS walls. The abovementioned 
construction process has been faithfully reproduced numerically and, since flexural and 
shear stiffness were likely to be limited due to lack of vertical compression, reduced 
values have been assigned to the corresponding interface springs. 
 
 

 
Figure 2 AEM discretisation of a 3D masonry segment (a), construction details and their numerical 

counterparts (b,c,d), (adapted from [12]) 

In addition to the abovementioned, other features related to the modelling of the timber retrofit 
system (see [12]) are also of relevance (Figure 3): 

- Strong-backs (in green) and nogging elements (in yellow) are modelled as beam 
elements, with cross-section comparable to their experimental counterparts, and 
characterised by a symmetric elasto-plastic behaviour. The deformability of the strong-
backs and nogging elements assembly is provided by the introduction of an equivalent 
yield stress, which has been iteratively calibrated simulating the in-plane response of 
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the retrofitted wall specimen tested under cyclic shear-compression loading (see section 
3). 

- Strong-backs and nogging elements are rigidly connected to each other through 
interface 1.  

- Since cracks only affect masonry and no damage was experimentally detected on steel 
angles connecting timber to masonry elements, in the model the connection between 
strong-backs/nogging elements and the small cuboids (in light blue), fixed to the CS 
walls through interface 2, is assumed to be rigid. The retrofitting system deformability 
is thus lumped into interfaces 4 and 6.  

-  OSB panels (in light red) are modelled as bi-linear equivalent membranes and they are 
connected, through spring interface 3, to both strong-backs and nogging elements. 
 

 
 

Figure 3 Construction details of the retrofit solution and numerical idealisations [12] 
 

- The strong-backs are connected to the top/bottom timber beams through spring interface 
4, to which zero tensile strength and zero cohesion has been allotted (i.e. dry joints) 

- Tie-down connectors (in dark grey) are represented by rigid elements fixed to the 
strong-backs (interface 5). Their deformability is lumped into spring interface 6, 
characterised by an elasto-plastic behaviour and by an equivalent Young’s modulus 
introduced to consider the buckling failure exhibited during the in-plane tests of  EUC-
COMP2 [5]. 

- The whole timber frame is fixed to both bottom and top slabs or floor diaphragm through 
interface 7. 

As the in-plane (IP) one, the out-of-plane (OOP) retrofit was explicitly modelled [12]:  
- Strong-backs, wall-to-strong-backs connection elements and interfaces properties are 

equal to the IP ones. 
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- Strong-back elements are fixed to the top/bottom timber beams which are fixed to the 
foundation, to the 1st floor or 2nd floor. 

In Table 1, the main material properties, obtained through characterisation tests, analytical 
expressions and calibration process, as discussed in e.g. [8], are reported. These include: 
compressive strength, fcm and Young’s modulus, Em, of masonry, flexural bond strength fw, 
cohesion, c, friction coefficient, µ, and Young’s modulus, Emo, of mortar. Ew, Gw, fw and EOSB, 
GOSB, fy,OSB are the numerical value for Young’s modulus, shear modulus and yield stress 
assumed for wood and OSB panels respectively. 

Table 1: Experimental and inferred masonry and retrofitting system mechanical properties  

CS – density ρm= 1862 [kg/m3] CL – density ρm= 12072 [kg/m3] 
fcm 

[MPa] 
fw 

[MPa] 
Em 

[MPa] 
c 

[MPa] 
µ 
[-] 

Emo 
[MPa] 

fcm 

[MPa] 
fw 

[MPa] 
Em 

[MPa] 
c 

[MPa] 
µ 
[-] 

Emo  
[MPa] 

10.05 0.33 7319 0.62 0.71 6593 17.62 0.14 5686 0.3 0.62 1104 
Timber – density ρ= 517 [kg/m3] OSB– density ρ= 572 [kg/m3] 

Ew [MPa] Gw [MPa] fy [MPa] EOSB [MPa] GOSB [MPa] fy [MPa] 
6000 690 10 1200 500 9 

3 SIMULATION OF COMPONENT TESTS 

To validate the modelling strategy discussed in the previous section, two in-plane cyclic tests 
[13] on CS walls (i.e. EUC-COMP1 - non-retrofitted - and EUC-COMP2 - retrofitted) were 
reproduced numerically. As shown in Figure 4 and Figure 5, the model satisfactory captured 
the actual behaviour both in terms of initial and secant stiffness, as well as in terms of residual 
and maximum lateral force capacity. As the experimental specimen, the numerical model 
exhibits flexural cracks at the bottom without any visible damage on the retrofit, except for tie-
down connections, which suffered buckling-induced failures.  
 

 
 

Figure 4 Experimental specimen a), numerical model b), experimental and numerical damage pattern c,d) of 
EUC-COMP2  [12,13] 
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Figure 5 Numerical and experimental hysteretic response of EUC-COMP2 [12,13] 

4 SIMULATION OF THE FULL-SCALE SHAKE TABLE TEST  

The building specimen EUC-BUILD7 was subjected to a series of incremental dynamic 
inputs until up to near collapse conditions, as discussed in [5,7]. The numerical model 
behaviour, mainly governed by the first storey displacement demand, adequately reproduced 
the experimental response, both in terms of first and second floor displacements/inter-storey 
drifts (evaluated as first floor displacement divided by first-storey height or difference between  
second and first floor displacements divided by second-storey height), final crack patterns in 
both URM leaves and residual and maximum lateral force capacity, as shown in Figure 6 and 
Figure 7. In the experiment, the damage was mainly distributed at the first storey, with in-plane 
cracks in both longitudinal and transversal walls due to the torsional effect given by the 
significant difference on stiffness between East and West façades. Longitudinal central piers 
generally exhibited flexural/rocking behaviour in both the numerical model and the specimen, 
while the flange effect shown by corner first storey piers is satisfactorily captured. On the 
contrary, transversal walls damage has been slightly underestimated by the model, most likely 
because of the simplified assumption made for the corner connection between orthogonal walls. 
 

 

a) b) 

Figure 6 Numerical crack patterns of both CS and CL leaves a,b) [12] 
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Figure 7 Experimental vs Numerical comparison in terms of global hysteretic curves c) and IDA a,b) [12] 

5 PARAMETRIC ANALYSIS 

 In this section, a brief overview of the parametric analysis, performed to investigate the 
impact of different additional retrofit layouts, is presented. Starting from the baseline model 
(i.e. EUC-BUILD7), four different configurations are generated varying horizontal and vertical 
timber frame span (i.e. LH and LV) and element dimensions (i.e. D1 and D2). The same 
dynamic loading protocol experimentally employed for EUC-BUILD7 was considered. In more 
details, the following retrofit configurations, reported in Figure 8, are considered:  

- Configuration D1 with the same geometry of the baseline retrofitting system and 
strong-backs/nogging elements section reduced from 80 mm x 60 mm to 80 mm x 
40 mm (where the reduced dimension is the one perpendicular to the masonry wall), 
(Figure 8 a,d).  
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- Configuration D2 with the same geometry of the baseline retrofitting system and 
strong-backs/nogging elements section increased from 80 mm x 60 mm to 80 mm x 
80 mm (Figure 8 a,d). 

- Configuration LH with strong-backs/nogging elements cross-section equal to the 
one of baseline retrofitting system (i.e. 80 mm x 60 mm), (Figure 8 a,b), with 
horizontal frame span reduced with respect to the original layout. 

- Configuration LV with strong-backs/nogging elements cross-section equal to the 
one of baseline retrofitting system (i.e. 80 mm x 60 mm), (Figure 8 a,c), with vertical 
frame span reduced with respect to the original layout. 
 

 

Figure 8 EUC-BUILD7, D1 and D2 a), LH b), LV c), OSB panels and strong-backs size d) 

 
As expected, when reducing either horizontal or vertical frame span or increasing the frame 
section, a stiffer response, markedly lower displacements and higher values of lateral force 
capacity are obtained as in the case of configurations LH, LV and D2. When reducing the cross-
section of the strong-backs instead (i.e. configuration D1), a more deformable solution is 
predicted (Figure 9). Since one of the objectives of the light retrofitting system presented by 
Miglietta et al. [5] is to propose a non-invasive retrofitting solution, based on these preliminary 
findings, a variation on the original layout can be introduced to improve further the building 
performance. Such a variation would involve reducing the horizontal or vertical timber frame 
span without compromising the slight footprint. Amongst the considered layout solutions, LH 
and LV would be preferable, since configuration D2 increases the retrofit footprint, where 
configuration D1 leads to a more deformable response.  
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Figure 9 Numerical and Experimental IDA curves of first and second floor [12] 

6 CONCLUSIONS 

The Groningen region, historically not prone to earthquakes, is recently affected by induced 
seismicity. This led to the development of several research programs aiming to mitigate the 
vulnerability of existing buildings. Amongst others the retrofitting system recently-tested in a 
shake-table test on a full-scale prototype at EUCENTRE (Pavia), in the framework of NAM 
project, seems to indicate that the dynamic response of the terraced house might be improved 
through the employment of such a reversible, non-invasive and cost-effective light retrofitting 
solution. In this work, the Applied Element Method is used to reproduce the dynamic response 
of the retrofitted building and to investigate numerically the influence of different geometrical 
configurations on the structural behaviour to optimise the original timber retrofit layout, since 
the goal of the light retrofitting system was to introduce a non-invasive solution. Each element 
of the retrofitting system is explicitly represented in the AEM model to reproduce the actual 
interaction with masonry walls. The numerical modelling strategy is firstly validated through 
comparison with experimental full-scale component tests on both non-retrofitted and retrofitted 
URM panels subjected to shear-compression cyclic loading protocol. The calibrated mechanical 
parameters are then implemented in the full-scale building model tested under the 
experimentally employed loading protocol. Considering the good agreement found in terms of 
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displacements, lateral force capacity and damage, the validated building model is employed in 
a comprehensive parametric study to investigate the effectiveness of various retrofit layouts. 
To this end, a set of different configurations, designed to improve the structural performance 
without affecting the retrofit footprint, are numerically tested. Preliminary results of the 
parametric study presented in this work suggest that to optimise the retrofit efficacy, it would 
be preferable to vary horizontal or vertical timber elements span than to modify the elements 
frame dimensions, since a bigger section affects the retrofit footprint while a smaller one leads 
to a larger displacement. The AEM demonstrated to adequately reproduce the dynamic response 
of the original full-scale components and building specimen, being able to investigate the 
structural behaviour and being also a useful tool for the optimisation of the retrofit layout with 
the aim of finding a good solution to combine efficacy and minimum footprint. 
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