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1 Introduction 
 

The work described in the current document is part of the project “Cross-validation and calibration of simplified 

methods for different building typologies”, which aims at the calibration of simplified models against more 

sophisticated nonlinear finite element analyses (NLFEA) for specific building typologies. Namely, the project focuses 

on the calibration of the mechanism-based analyses (SLaMA method) against full NLFEA for nonlinear pushover 

(NLPO) analyses. 

In the proposal document of the project [1], three specific building groups are identified: (i) terraced and semi-

detached houses; (ii) detached houses; (iii) farmhouses. The work described in this document is limited to the first 

building group, detached houses. 

The proposal document identifies buildings EUC-BUILD-2 and LNEC-BUILD-3 as reference buildings. The two 

buildings were tested in dynamic conditions on a shake table at the laboratories of EUCENTRE (Pavia, Italy) and 

LNEC (Lisbon, Portugal). A short description of buildings EUC-BUILD-2 and LNEC-BUILD-3 is provided in Section 2, 

and more details are available in the original testing reports [2] and [3]. The comparison between the different 

analyses focuses on the equivalent bilinear curve, and especially on the following parameters: (i) the initial stiffness 

Kin; (ii) the base shear capacity Vu; (iii) the displacement capacity dNC. The present work aims eventually to identify 

and recommend possible correction (“model”) factors that, when applied to the results of the simplified methods, 

may allow to get results in line with those obtained via more sophisticated NLFEA. 

 

Since two analyses are not enough to consider adequately the variations of the detached houses, an extensive 

sensitivity study is carried out to complement the research. Along with the analysis of the complete buildings, also 

2D analyses of single façades are performed in order to investigate the origin of the differences in terms of structural 

in-plane capacity between the results obtained with simplified and sophisticated analyses. A description of all the 

variations is provided in Section 3. 

 

The methodology followed to simulate the structural behaviour with the NLFEA and the SLaMA method is 

summarised in Section 4. A comparison between the results obtained with the two analyses is presented in Section 

5. The conclusive remarks with the proposal of the model factors can be found in Section 6. 
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2 Description of the reference buildings 
 

As introduced in Section 1, in order to capture the high variability between detached houses, the study presented 

in this report refers to two different reference buildings as starting models to introduce the variations in terms of 

geometry, materials and loading. 

A description of the two original case studies is presented in the next sections. 

 

 EUC-BUILD-2 
 

The first case study refers to a specimen tested on a shake table at the laboratory of EUCENTRE (Pavia, Italy) and 

named EUC-BUILD-2 [2]. The specimen was designed to resemble typical one-storey detached houses with a 

pitched roof (Figure 1), it was composed of a first-floor timber diaphragm and of a pitched timber roof finished with 

clay tiles. Double-wythe masonry walls supported the floor and roof framing members, and extended above the 

first floor to form gables at the front (north) and back (south) of the building, as shown in Figure 2. More details 

about the considered specimen are provided in the testing report [2]. 

 

 

  
 

Figure 1: Buildings with construction details similar to those adopted for the shake-table test specimen (from [2]), 

and actual specimen tested at the laboratory of Eucentre (from [4]). 

 

    
North façade 

 

South façade 

 

West façade 

 

East façade 

 

Figure 2: Layout of the façades of reference building EUC-BUILD-2, as studied in the current work. 
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 LNEC-BUILD-3 
 

Similarly to the first reference case, the second case study considers a specimen, named LNEC-BUILD3, which was 

tested on a shake table at the laboratory facilities of the Laboratório Nacional de Engenharia Civil (LNEC, Lisbon, 

Portugal) [3]. Also this specimen was built to resemble a typical pre-1940 Dutch detached house in the Groningen 

area (Figure 3). As shown in Figure 4, the specimen was composed of a high symmetrical gambrel roof finished 

with clay tiles; a vertical chimney was found on the west façade. The east and the west walls extended above the 

timber floor in gables, weakly connected to the floor and the roof framing. The load-bearing structural system 

consisted of 208 mm thick double-wythe clay URM walls in three out of the four perimeter walls. A 100 mm thick 

interior wall was built parallel to the shaking direction, longwise the centreline of the building plan. The east façade 

consisted of single wythe wall with 10cm thickness. 

More details about the considered specimen are provided in the testing report  

 

 
 

 Figure 3: Building views, a) North-East view, b) South-East view (from [3]). 

 

  
North façade 

 

South façade 

 

  
West façade 

 

East façade 

 

 Figure 4: Layout of the façades of reference building LNEC-BUILD-3, as studied in the current work 
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3 Set of variations used for the cross-comparison study 
 

The current project aims to compare the results of FEM NLPO analyses performed with DIANA FEA 10.3, with those 

computed following the SLaMA method for a generic detached house. For this reason, a number of variations are 

introduced consistently to the two reference buildings, and the comparison is performed for each of these variations. 

In addition, the variations of a single façade (the original East façade of EUC-BUILD-2) are studied in order to 

determine where the difference with the results obtained by the more sophisticated analyses come from: whether 

from the assessment of a 2D perforated wall or from other points, such as the connection with the transversal walls 

(i.e. the flange effect) or the redistribution of forces between the façades. 

All the variations which were used to investigate the differences between both methods are reported hereafter. 

 

 Complete Buildings 

 EUC-BUILD-2 

 

All variations were analysed for both positive (North/South) and negative (South/North) loading direction. Only a 

uniform lateral load distribution was considered. In total, sixteen different validations were evaluated. The following 

variations were considered: 

 

1. Building plan regularity: Three different plan configurations are considered: the original building plan 

(P1), rectangular shape (P2), and re-entrant corner twice longer than the original one (P3) (Figure 5); 

 

    
 P1 (original plan) P2 (no eccentricity) P3 (large eccentricity) 

 

Figure 5: Building plan regularities 

2. Openings on the East façade: Three different layouts of the east façade variations are considered, as 

shown Figure 6; 

 

   

F1 (original elevation) F2 (no window) F3 (two windows) 

Figure 6: Variations of the East façade  

3. Material properties: Two URM types are considered: Solid clay bricks with general purpose mortar pre-

1945 (CL1) and post-1945 (CL2). The material properties are defined according to Table F.2 of NPR 9998. 
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4. Wall thickness : Both single-whyte (SW) and double-whyte (DW) walls are considered for both masonry 

types. 

 

A total of 16 variations is then obtained, as summarised in Table 1. 

 

Table 1. Variations considered in this study for EUC-BUILD-2. The variations are reported for the positive loading 

direction only; for the negative loading direction, the same variations are considered. 

No. Name 
Plan 

regularity 

Façade 

openings 

Masonry 

type 

Wall 

thickness 

Loading 

direction 

#01 P1/F1/CL1/DW/NS/U P1 F1 CL1 DW North/South 

#02 P2/F1/CL1/DW/NS/U P2 F1 CL1 DW North/South 

#03 P3/F1/CL1/DW/NS/U P3 F1 CL1 DW North/South 

#04 P1/F2/CL1/DW/NS/U P1 F2 CL1 DW North/South 

#05 P1/F3/CL1/DW/NS/U P1 F3 CL1 DW North/South 

#06 P1/F1/CL2/DW/NS/U P1 F1 CL2 DW North/South 

#07 P1/F1/CL1/SW/NS/U P1 F1 CL1 SW North/South 

#08 P1/F1/CL2/SW/NS/U P1 F1 CL2 SW North/South 

 

 LNEC-BUILD-3 
 

All variations were analysed for both positive (East/West) and negative (West/East) loading direction. Only a 

uniform lateral load distribution was considered. In total, sixteen different validations were evaluated. The following 

variations were considered: 

 

All variations were analysed out both positive (North/South) loading direction and negative direction (South/North) 

by both SLaMA and NLFEA. Totally 30 different validations were evaluated. To evaluate differences between SLaMA 

and NLFEA, the SLaMA approach is compared NLFEA and both methods critiqued in this study.  

 

1. Openings on the North façade: Three different layouts of the openings on the north façade, with 
different opening percentages and eccentricities, are considered, as shown Figure 7. 

 

   
C1: 3 window openings     C2: 2 Window-No right window C3: 2 Window-No left window 

Figure 7: Variation of the North façade  

2. Internal Wall Length: Three different variations of the length of the internal wall are considered, as 
shown in Figure 8. 
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I1: Reference length (1880mm)    I2: 0.5x length (940mm)     I3: 1.5x length (2820mm) 

Figure 8: Interior wall length variations 

 

3. Wall thickness: Three different combinations of the wall thickness are considered: (i) the original 
thickness (DW for North, South and West façades; SW for East façade); (ii) DW for all walls; (iii) SW for 
all walls. 
 

4. Material proporties: Two URM types are considered: Solid clay bricks with general purpose mortar pre-
1945 (CL1) and post-1945 (CL2). The material properties are defined according to Table F.2 of NPR 9998. 

 

5. Bond type: Two different types of bond pattern used which are: the Dutch Bond (DB) (as for the reference 
case) and the Running Bond (or stretcher) (RB). It should be noted that this variation has no effect of the 
analyses carried out with SLaMA. 

 

A total of 30 variations is then obtained, as summarised in Table 2. 

 

Table 2. Variations considered in this study for LNEC-BUILD-3. The variations are reported for the positive loading 

direction only; for the negative loading direction, the same variations are considered. 

No. Name 
Façade 

openings 

Internal 

wall length 
Wall thickness 

Material 

properties 

Loading 

direction 

#1 C1/I1/RW/CL2/DB/EW/U C1 I1 Original CL2 East/West 

#2 C1/I1/RW/CL1/DB/EW/U C1 I1 Original CL1 East/West 

#3 C1/I1/SW/CL2/DB/EW/U C1 I1 SW CL2 East/West 

#4 C1/I1/SW/CL1/DB/EW/U C1 I1 SW CL1 East/West 

#5 C1/I1/DW/CL2/DB/EW/U C1 I1 DW CL2 East/West 

#6 C1/I2/RW/CL2/DB/EW/U C1 I2 Original CL2 East/West 

#7 C1/I3/RW/CL2/DB/EW/U C1 I3 Original CL2 East/West 

#8 C2/I1/RW/CL2/DB/EW/U C2 I1 Original CL2 East/West 

#9 C2/I1/RW/CL1/DB/EW/U C2 I1 Original CL1 East/West 

#10 C2/I1/SW/CL2/DB/EW/U C2 I1 SW CL2 East/West 

#11 C2/I1/SW/CL1/DB/EW/U C2 I1 SW CL1 East/West 

#12 C3/I1/RW/CL2/DB/EW/U C3 I1 Original CL2 East/West 

#13 C3/I1/RW/CL1/DB/EW/U C3 I1 Original CL1 East/West 

#14 C3/I1/SW/CL2/DB/EW/U C3 I1 SW CL2 East/West 

#15 C3/I1/SW/CL1/DB/EW/U C3 I1 SW CL1 East/West 

 

 Single façade 

For the 2D analyses of a façade, the East façade of the EUC-BUILD-2 building is considered. Given the lower 

computational effort, for the 2D analyses all the variations are combined systematically and a much larger total 

number of combinations is then obtained (576 combinations are analysed). 

The following variations are considered: 

 

i. Number and size of the openings. In addition to the reference case three variations are considered (Table 

3): the removal of the existing window and the addition of a second window (either of the same dimension of 

the original, or larger). Four different opening percentage are then obtained: 18%, 34%, 52% and 67%. 
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ii. Position of the openings. The position of the main door is varied in three different positions (Table 3) to 

assess the influence of the length of each single pier for the same opening percentage. 

iii. Height of the spandrels. The original building is characterized by very high spandrels, so that a weak pier-

strong spandrel mechanism is expected to develop for every variation. Shorter spandrels (Table 3) are then 

consider to assess the influence of the spandrels on the overall resistance of the wall. 

iv. Masonry type. Both solid clay bricks with general purpose mortar pre- and post-1945 are considered. 

v. Wall thickness. Both double-wythe and single-wythe walls (that represent the inner load-bearing leaf of a 

cavity wall) are considered for both the masonry types. 

vi. Floor type Two set of properties for the timber floors are considered, with different flexibility of the diaphragm 

that allows larger or smaller force redistribution between the different walls. 

 

vii. Distribution of lateral loads. Three different types of lateral load distributions are considered. In addition 

to the standard uniform and modal patterns distributed proportionally to the mass along the height of the 

façade, also a distribution with the lateral load applied only at the floor level is modelled. This additional 

distribution is in fact that commonly used with the SLaMA method and allows for a more straightforward 

comparison with the NLFEA. 

Table 3. Graphical representation of the variations of the geometry of the East façade of the analysed building 
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The following notation is used: to define the façade layout: 

- C1: Reference Case - 34% Openings - Door on the left - One Window  

- C2: 34% Openings - Mid Door - One Window 

- C3: 34% Openings - Right Door - One Window 

- C4: 18% Openings - Door on the left – No windows 

- C5: 52% Openings - Door on the left - Two window with same width 

- C6: 67% Openings - Door on the left - Two window with different width 
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4 Methodology used for SLaMA and NLFEA 
 

 SLaMA models 
 

The SLaMA analyses are performed according to the procedure and the equations recommended in Annex G of 

NPR 9998:2018 [5]. Each analysis follows the following steps: 

 

1. Each perforated wall (i.e. each façade) is divided into single elements. The meshing procedure follows the 

recommendations reported in Section G.9.2.1, based on the identification of the compressive struts in the walls 

(Figure 9a). An example of the mesh of the east façade is presented in Figure 9b, where the piers of the storey 

are conservatively assumed to be cantilever or double clamped due to structural conditions of stiff or flexible 

floor.  

2. The vertical loads acting on each piers and contributing to the structural stability are computed, based on the 

initial static configuration and taking into account possible flanges. 

3. The force-displacement behaviour of each pier is computed. The second order effects are taken into account 

as reported in Section 4.4.2.2 of NPR 9998:2018 [5]. 

4. The capacity of each single façade is evaluated separately (wall line capacity). That is computed by summing 

up the capacity of the individual members of that wall (Figure 10). 

5. The capacity in terms of normalized accelerations is computed for each wall by scaling the force capacity by 

the effective mass associated to that wall. 

6. The wall with the minimum normalized capacity is governing for the whole structure, since no force 

redistribution between different walls is assumed to be possible due to the flexible floor. 

7. The capacity of the structure is then computed for the whole building by scaling the normalized capacity of the 

governing wall by the total effective mass of the building. 

8. The equivalent bilinear curve is computed in accordance with the recommendations of Section G.4.2 of NPR 

9998:2018 [5]. 

For the single wall, the capacity is determined directly at point 4, and then the equivalent bilinear curve is computed. 

 

 

  
(a) (b) 

Figure 9: Graphical representation of the compressive struts of a perforated wall as recommended in [5] (a), and 

example of meshing on the West façade of the reference building (b). The dashed line represents the floor level. 
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Figure 10: Example of capacity curve of piers for the east façade of EUC-BUILD-2 

 

 Finite Elements models in Diana 10.3 
 

The detached houses representing the variations of either EUC-BUILD-2 or LNEC-BUILD-3, and of the single walls 

are numerically modelled in 2D and 3D by the software Diana 10.3. Quadratic 8-noded curved shell elements 

(CQ40S and CT30S) are used to model walls, floors of the 3D building. The irregular and complex roof and floor 

framings, made by timber beams, are modelled with linear Class-III beam element (CL18B). A non-linear 

constitutive behaviour is considered for the masonry walls, while the rest of the elements are linear elastic. The 

Engineering Masonry Model is selected as material model for the two different clay masonry types (before and after 

1945). The material properties of masonry are taken from Table F.2 of NPR 9998:2018 [5]. An orthotropic 

behaviour, whose properties are calibrated according to the laboratory experiment, is assigned to timber planks of 

the floor and the roof. Reduced stiffness properties are assigned to a second variation of timber floor.  Mass 

densities are selected in order to match the experimental specimen mass. The model is restrained at the bottom 

from translations and rotations. The elements are meshed with an average size of 200x200 mm (two examples of 

the mesh used for case study #01 of EUC-BUILD-2 and LNEC-BUILD-3, respectively, are depicted in Figure 11 and 

Figure 12). Unlike the 3D models, the approach for the 2D models makes use of quadratic 8-noded plane stress 

elements (CQ16M and CT12M) to model the East façade. The elements corresponding to the floors are modelled 

with a fictitious thickness (1 m) such that the higher stiffness compared to the walls is taken into account. The 

mass density of these elements is adapted to consider the actual gravity loads acting on the walls.  

The applied vertical loading at floor and roof level, is directly taken from 3D model.  The mesh size is reduced to 

100x100 mm. Two examples of meshes 2D models are depicted in Figure 13. 

 

Non-linear static analyses are performed for both 2D and 3D models. The model is initially subjected to the gravity 

loads in ten equal steps. Then, either uniform distributed lateral loads, applied via a uniform lateral acceleration, 

or modal distributed lateral loads, based on the main eigen-mode (and the corresponding participating mass) of 

the structure obtained via eigen-value analyses, is applied such that an average displacement rate of 0.1 mm/step 

is recorded at floor level. The Secant BFGS (Quasi-Newton) method is adopted as iterative method in combination 

with the Arc-Length control. Both displacement and force norms must be satisfied during the iterative procedure 

within a tolerance of 1%. The Parallel Direct Sparse method is employed to solve the system of equations. The 

second order effects are considered via the Total Lagrange geometrical nonlinearity. 

 

The force-displacement curve of the building is extrapolated at floor level and the equivalent bilinear curve is 

computed according to the procedure recommended in Section G.4.2 of NPR 9998:2018 [5] and summarised for 

the SLaMA method. 
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(a) (b) 

Figure 11: 3D model of EUC-BUILD-2, variation #01. South-West view (a) and North-East view (b).  

    
 

 Figure 12: 3D model of LNEC-BUILD-3, variation #01. North-West view (a) and South-East view (b).  

 

   
(a) (b) 

Figure 13. 2D model of a single walls: original pier configuration (34% openings) (a) and configuration with an 

additional window (67% openings) (b). 
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5 Comparison of the results 

 3D analyses 

 EUC-BUILD-2 

 

The results of the sixteen 3D analyses performed for the whole building for both the positive and negative loading 

direction and for both the computational methods are summarised in Table 4 and Table 5, and shown in Figure 14 

in terms of equivalent bilinear curve. Refer to Section 3.1.1 for the description of the characteristics of each 

variation. The average and standard deviation values reported at the bottom of the table are computed assuming 

a lognormal distribution, that can better approximate the results than a normal distribution. Similarly, the average 

curves plotted in Figure 14 refer to the lognormal distributions. 

Figure 15 shows a comparison between the equivalent lognormal distributions defined for (i) the initial stiffness, 

(ii) the near collapse displacement, and (iii) the ultimate base shear, computed based on the results of the analyses 

performed with NLFEA and SLaMA. It should be noted that the columns related to the displacement capacity in 

Table 4 and Table 5 report only the results for SLaMA because the ultimate capacity of most of the NLFEA was not 

governed by global in-plane failure mechanisms, rather by local out-of-plane mechanisms that determined 

numerical instability of the analysis. For this reason, a comparison between the near collapse displacements 

computed with SLaMA (at global level) and NLFEA (due to local collapses) is not possible. In a similar way, also the 

distribution of the NC displacements in Figure 15 shows only the values obtained from SLaMA. 

 

 

Table 4: Results of SLaMA and NLFEA for positive pushover curves for EUC-BUILD-2. 

Case # 
Kin (kN/mm) dy (mm) dNC (mm) Vu (kN) 

SLaMA NLFEA SLaMA NLFEA SLaMA NLFEA SLaMA NLFEA 

1P 336.21 494.84 0.300 0.472 49.4 - 100.73 233.4 

2P 874.51 467.28 0.125 0.553 54.3 - 109.37 258.3 

3P 579.02 547.09 0.167 0.431 46.5 - 96.61 236.1 

4P 765.75 529.93 0.123 0.466 48.9 - 94.40 247.0 

5P 303.88 486.45 0.310 0.451 54.3 - 94.11 219.4 

6P 1085.07 352.69 0.094 0.763 32.7 - 101.62 269.1 

7P 342.86 583.38 0.301 0.468 50.9 - 103.10 272.8 

8P 336.21 494.84 0.278 0.489 49.4 - 115.28 233.4 

 

Table 5: Results of SLaMA and NLFEA for negative pushover curves for EUC-BUILD-2. 

Case # 
Kin (kN/mm) dy (mm) dNC (mm) Vu (kN) 

SLaMA NLFEA SLaMA NLFEA SLaMA NLFEA SLaMA NLFEA 

1N 874.51 467.28 0.125 0.553 29.93 - 109.37 258.3 

2N 579.02 547.09 0.167 0.431 33.32 - 96.61 236.1 

3N 765.75 529.93 0.123 0.466 29.94 - 94.40 247.0 

4N 303.88 486.45 0.310 0.451 46.51 - 94.11 219.4 

5N 1085.07 352.69 0.094 0.763 30.11 - 101.62 269.1 

6N 342.86 583.38 0.301 0.467 46.56 - 103.10 272.8 

7N 414.85 569.61 0.278 0.489 42.71 - 115.28 278.3 

8N 145.29 347.77 0.272 0.502 53.53 - 39.50 174.7 
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  Figure 14: Bilinear curves computed for NLFEA and SLaMA analyses  EUC-BUILD-2 (average curves are thicker 

and darker) 

The comparison between the outcomes obtained from the performed analyses, presented in tabular form in Table 

6 and in terms of equivalent lognormal distributions in Figure 16, allows for the following observations: 

1. Initial Stiffness: 

 The plan eccentricity reduces the initial stiffness of the buildings. The variations with no eccentricity 

had the highest stiffness. 

 The initial stiffness is largely affected by the material properties and by the layout of the facades. 

 Smaller thickness of the walls and a larger number of openings on the façade reduce the initial 

stiffness. 

 Although differences for the single cases are found between the predictions obtained with SLaMA and 

with NLFEA, overall similar distributions and average values are found. 

 

2. Yielding Displacement: 

 No specific trends are observed. The variation with no eccentricity (#02) has the lowest yielding 

displacement when SLaMA is used. 

 

3. NC Displacement: 

 Larger openings return higher displacement capacity to the structure, because flexure/rocking is the 

governing failure mechanism. 

 As mentioned above, it is not possible to compare the displacement at near collapse obtained with 
the two methodologies. 
 

4. Base shear capacity: 

 Unlike for the initial stiffness, the changes in eccentricity do not affect much the maximum base shear 

 The capacity depends on the material parameters; more recent buildings (clay post 1945) have higher 

capacity. 

 SLaMA consistently underestimate the base shear of the buildings with respect to the corresponding 

NLFEA. A ratio on average of 2.70 a minimum ratio of 1.99 are found. 

 The ratio for most of the variations is included between the values 2 and 3, as shown in Figure 16.  
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Figure 15: . Comparison between the equivalent lognormal distributions of (i) initial stiffness, (ii) near collapse 

displacement (for the NLFEA the original data were considered), and (iii) ultimate base shear computed for all the 

16 analyses with 3D NLFEA and SLaMA. The dash-dot lines indicate the average values. The probability of 

occurrence is considered for discrete intervals of 100 kN/mm, 5 mm, 30 kN, respectively. 
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Table 6: Ratio between the results obtained with the SLaMA and NLFEA for EUC-BUILD-2 

Case # 
Kin (kN/mm) dy(mm) dNC (mm) Vu (kN) 

Positive Negative Positive Negative Positive Negative Positive Negative 

1 1.47 0.53 1.57 4.42 - - 2.32 2.36 

2 0.94 0.69 2.59 3.78 - - 2.44 2.62 

3 1.60 0.33 1.46 8.15 - - 2.33 2.65 

4 1.70 1.37 1.56 1.76 - - 2.65 2.41 

5 2.39 2.31 1.85 2.00 - - 4.42 4.63 

6 1.97 0.44 1.40 7.22 - - 2.76 3.21 

7 1.57 0.46 1.27 4.42 - - 1.99 2.03 

8 1.93 0.57 1.15 3.90 - - 2.23 2.21 

Avg 1.27 3.03 - 2.70 

 

 
 

Figure 16: Cumulative distribution functions for the ratio computed for the results of 3D NLFEA and SLaMA 

analyses in terms of ultimate base shear. For instance, a probability of non-exceedance of 0.6 is obtained for a 

base shear ratio between the results of NLFEA and SLaMA equal to 2.5 (i.e. the ratio is larger than 2.5 in almost 

40% of the cases). 

 

 

 LNEC-BUILD-3 

 

The results of the thirty 3D analyses performed for the whole building for both the positive and negative loading 

direction and for both the computational methods are summarised in Table 7 and Table 8, and shown in Figure 17 

in terms of equivalent bilinear curve. Refer to Section 3.1.1 for the description of the characteristics of each 

variation. The average and standard deviation values reported at the bottom of the table are computed assuming 

a lognormal distribution, that can better approximate the results than a normal distribution. Similarly, the average 

curves plotted in Figure 17 refer to the lognormal distributions. 

Figure 18 shows a comparison between the equivalent lognormal distributions defined for (i) the initial stiffness, 

(ii) the near collapse displacement, and (iii) the ultimate base shear, computed based on the results of the analyses 

performed with NLFEA and SLaMA. It should be noted that the columns related to the displacement capacity in 

Table 7 and Table 8. 

 report only the results for SLaMA because the ultimate capacity of most of the NLFEA was not governed by global 

in-plane failure mechanisms, rather by local out-of-plane mechanisms that determined numerical instability of the 
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analysis. For this reason, a comparison between the near collapse displacements computed with SLaMA (at global 

level) and NLFEA (due to local collapses) is not possible. In a similar way, also the distribution of the NC 

displacements in Figure 18 shows only the values obtained from SLaMA. 

 

 

Table 7: Results of SLaMA and NLFEA for positive pushover curves of LNEC-BUILD-3. 

Case # 
Kin (kN/mm) dy (mm) dNC (mm) Vu (kN) 

SLaMA NLFEA SLaMA NLFEA SLaMA NLFEA SLaMA NLFEA 

1P 322 621 0.16 0.35 50.3 - 52.0 215.8 

2P 324 510 0.16 0.38 49.4 - 50.5 195.7 

3P 139 325 0.24 0.45 49.1 - 33.0 144.9 

4P 139 267 0.24 0.44 48.8 - 32.9 117.5 

5P 320 633 0.18 0.40 49.4 - 57.0 253.6 

6P 310 512 0.16 0.38 50.3 - 50.0 196.3 

7P 317 698 0.16 0.34 50.3 - 51.2 235.1 

8P 900 923 0.13 0.33 32.2 - 112.4 300.5 

9P 902 760 0.13 0.34 32.1 - 112.3 259.0 

10P 753 485 0.13 0.37 31.9 - 94.4 178.0 

11P 768 400 0.12 0.35 31.8 - 94.1 138.2 

12P 948 833 0.09 0.33 31.4 - 82.3 272.9 

13P 947 689 0.09 0.35 31.3 - 82.2 243.7 

14P 419 420 0.13 0.41 31.2 - 54.3 172.3 

15P 419 351 0.13 0.39 31.1 - 54.2 137.1 

 
 

Table 8: Results of SLaMA and NLFEA for positive pushover curves of LNEC-BUILD-3. 

Case # 
Kin (kN/mm) dy (mm) dNC (mm) Vu (kN) 

SLaMA NLFEA SLaMA NLFEA SLaMA NLFEA SLaMA NLFEA 

1N 250 609 0.17 0.38 55.1 - 41.6 230.9 

2N 256 469 0.16 0.46 55.0 - 41.4 214.0 

3N 126 298 0.25 0.45 54.6 - 31.3 134.4 

4N 126 251 0.25 0.45 54.4 - 31.2 112.4 

5N 288 603 0.19 0.41 55.0 - 53.5 248.2 

6N 247 511 0.17 0.42 55.1 - 41.2 214.8 

7N 253 697 0.17 0.36 55.1 - 42.2 252.9 

8N 943 891 0.15 0.39 32.3 - 136.5 346.8 

9N 943 731 0.14 0.42 32.1 - 136.3 305.4 

10N 698 466 0.18 0.33 32.1 - 127.5 152.9 

11N 711 388 0.18 0.33 31.9 - 127.7 129.3 

12N 621 779 0.18 0.45 31.1 - 111.2 347.3 

13N 1051 645 0.09 0.43 30.9 - 93.6 274.5 

14N 550 407 0.20 0.39 30.9 - 110.1 158.3 

15N 779 340 0.12 0.39 30.7 - 95.7 132.0 
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  Figure 17: Bilinear curves computed for NLFEA and SLaMA analyses  LNEC-BUILD-3 (average curves are thicker 

and darker) 

The comparison between the outcomes obtained from the performed analyses, presented in tabular form in Table 

9 and in terms of equivalent lognormal distributions in , allows for remark similar to those observed for the variations 

of EUC-BUILD-2. In detail: 

1. Initial Stiffness: 

 The initial stiffness is largely affected by the material properties and by the layout of the facades. 

 A larger number of openings on the facade reduces the global stiffness of the building, as expected. 

 Also the length of the internal affect the stiffness of the building. 

 

2. Yielding Displacement: 

 No specific trends are observed. Large dispersion of the values of the ratio is found. 

 

3. NC Displacement (only for SLaMA): 

 Larger openings return higher displacement capacity to the structure, because flexure/rocking is the 

governing failure mechanism. 

 
4. Base shear capacity: 

 The capacity depends on the material parameters; more recent buildings (clay post 1945) have higher 

capacity. 

 SLaMA consistently underestimate the base shear of the buildings with respect to the corresponding 

NLFEA. 

 When observing the cumulative distribution curve (Figure 19), the values of the ratios vary greatly 

depending on the variation: an average ratio of 3.32 is found, but with a minimum value of 1.01 and 

a maximum of 5.99. 

 Smaller differences are observed for the buildings with only two openings on the façade (variations 

#8-#15), although large ratios can be found also for those buildings. 
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Figure 18: Comparison between the equivalent lognormal distributions of (i) initial stiffness, (ii) near collapse 

displacement (for the NLFEA the original data were considered), and (iii) ultimate base shear computed for all the 

30 analyses with 3D NLFEA and SLaMA. The dash-dot lines indicate the average values. The probability of 

occurrence is considered for discrete intervals of 10 kN/mm, 5 mm, 10 kN, respectively. 
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Table 9: Ratio between the results obtained with the SLaMA and NLFEA for LNEC-BUILD-3 

Case # 

NLFEA/SLaMA 

Kin (kN/mm) dy (mm) dNC (mm) Vu (kN) 

Positive Negative Positive Negative Positive Negative Positive Negative 

1 1.93 2.44 2.15 2.28 - - 4.15 5.55 

2 1.57 1.83 2.47 2.82 - - 3.88 5.16 

3 2.34 2.37 1.88 1.82 - - 4.40 4.30 

4 1.92 1.99 1.86 1.81 - - 3.57 3.60 

5 1.98 2.09 2.25 2.22 - - 4.45 4.64 

6 1.65 2.06 2.38 2.53 - - 3.93 5.21 

7 2.20 2.75 2.09 2.18 - - 4.59 5.99 

8 1.03 0.95 2.61 2.69 - - 2.67 2.54 

9 0.84 0.78 2.74 2.89 - - 2.31 2.24 

10 0.64 0.67 2.93 1.79 - - 1.89 1.20 

11 0.52 0.55 2.82 1.86 - - 1.47 1.01 

12 0.88 1.26 3.77 2.49 - - 3.31 3.12 

13 0.73 0.61 4.08 4.78 - - 2.97 2.93 

14 1.00 0.74 3.16 1.94 - - 3.17 1.44 

15 0.84 0.44 3.02 3.16 - - 2.53 1.38 

 

 
Figure 19: Cumulative distribution functions for the ratio computed for the results of 3D NLFEA and SLaMA 

analyses in terms of ultimate base shear. For instance, a probability of non-exceedance of 0.2 is obtained for a 

base shear ratio between the results of NLFEA and SLaMA equal to 2 (i.e. the ratio is larger than 2 in almost 80% 

of the cases). 
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 All 3D analyses: ultimate base shear 

 

This section summarises the results of all the 3D analyses performed focusing on the ultimate base shear, since it 

is the parameter for which the largest differences between the results of SLaMA and NLFEA emerge, as described 

in the previous sections. It can be observed that: 

- All the values of the ultimate base shear predicted with a NLFEA are larger than those obtained by the 

corresponding SLaMA. 

- The average base shear capacity and the distributions defined with SLaMA and NLFEA is similar for both 

the buildings, as shown in Figure 20. 

- Although the lognormal distributions look similar for the two buildings, the analysis of the individual 

variations reveal great differences. This is reflected in the cumulative distribution functions. 

- The cumulative distribution functions for the ratios computed between the predictions obtained with NLFEA 

and with SLaMA differs greatly between the two buildings (Figure 21): for most (80%) of the variations of 

EUC-BUILD-2 the ratio is comprised between 2.0 and 2.7, and a clear trend can be observed. Conversely, 

the ratios for LNEC-BUILD-3 are almost uniformly distributed from a minimum value of 1.0 up to a 

maximum value larger than 4.5. 

 

 
Figure 20. Comparison between the equivalent lognormal distributions of the ultimate base shear computed for all 

the 46 analyses with 3D NLFEA and SLaMA. The dash-dot lines indicate the average values. 

 
Figure 21. Cumulative distribution functions for the ratio computed for the results of all the 3D NLFEA and SLaMA 

analyses in terms of ultimate base shear.  
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 2D analyses 
 

As described in section 3.2, variations of the East façade of the EUC-BUILD-2 building is considered. Given the 

lower computational effort, for the 2D analyses all the variations are combined systematically and a large total 

number of combinations is then obtained (576 combinations are analysed). 

The differences between the outcomes obtained with NLFEA and SLaMA analyses are compared. Specific attention 

is devoted to the peak base shear, since this is the parameter where the largest discrepancies between SLaMA and 

NLFEA analyses emerged for the 3D analyses of the buildings.  

 

Figure 22 shows a comparison between the equivalent lognormal distributions of (i) initial stiffness, (ii) near collapse 

displacement (for the NLFEA the original data were considered), and (iii) ultimate base shear computed for all the 

analyses with NLFEA and SLaMA. Table 10 and Table 11 report the ratio between the values of ultimate base shear 

computed with NLFEA and the SLaMA for each single variation, for the positive and the negative loading direction, 

respectively. 

 

The following is observed: 

 

1. Similar values of the initial stiffness (both in terms of mean values and distributions) are obtained for 

the computation methods. This result is in line with what was reported in section 5 for the 3D analyses. 

 

2. Unlike the results for the 3D structures, the NLTHA were able to run up to large deformations of the 

facades (in fact, the out-of-plane failure, which limited the global capacity of the complete structures, 

cannot occur for 2D analyses of walls). The near collapse displacements of the NLFEA are limited by 

the global drift limits recommended in Table G.2 of NPR 9998 for most of the analyses in case of observed 

ductile mechanism. The value recommended for such type of mechanisms is higher than the mean value 

obtained from the SLaMA analyses. The SLaMA calculations are therefore, on average, conservative (the 

difference, -22%, can be accepted). This can be observed in Figure 22. Similar to the case of the terraced 

houses [6], the global drift limit defined for ductile mechanisms seems to be properly calibrated. 

 

3. Large differences are found between the base shear computed according to SLaMA and NLFEA. The 

median ratio is larger than 2, as shown in below. Although a large dispersion of the results is observed, 

the base shear computed with NLFEA is always larger than that computed with SLaMA, with a maximum 

ratio larger than 5. 

The smaller differences are obtained for configurations C5 and C6, which have the largest opening 

percentages. This result differs from the outcomes of the analyses of building LNEC-BUILD-3, where the 

smaller differences were observed for walls with piers having a lower aspect ratio. 
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Figure 22: Comparison between the equivalent lognormal distributions of (i) initial stiffness, (ii) near collapse 

displacement (for the NLFEA the original data were considered), and (iii) ultimate base shear computed for all the 

576 analyses with 2D NLFEA and SLaMA. The dash-dot lines indicate the average values. The probability of 

occurrence is considered for discrete intervals of 10 kN/mm, 5 mm, 10 kN, respectively. 
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Table 10: Ratio between the values of ultimate base shear computed with NLFEA and the SLaMA for each single 

variation, for the positive loading direction (red/green background for large/small values, respectively). 
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Table 11: Ratio between the values of ultimate base shear computed with NLFEA and the SLaMA for each single 

variation, for the negative loading direction (red/green background for large/small values, respectively). 
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(a)                                                                          (b) 

Figure 23: Cumulative distribution functions for the ratio computed for the results of 2D NLFEA and SLaMA 

analyses: near collapse displacement (a) and ultimate base shear (b). 

Finally, the influence of the different parameters on the ratio between the values of Near Collapse displacement 

and the Ultimate Base Shear computed for the 2D NLFEA and SLaMA analyses, respectively, is analysed and shown 

in Figure 24 and Figure 25. Figure 24 makes use of radar charts that highlight the parameters for which larger 

differences between the two computational methods are observed for different groups of analyses. Figure 25 shows 

the cumulative distribution functions computed for different groups of analyses that differ for only one parameter: 

different materials (Clay before and after 1945) (a); high and short spandrels (b); different material properties for 

the timber floor (c); double and single wythe walls (d); number and position of the opening in the façade (e); 

opening rate of façade (f). In general, the parameters do not influence the computation of the NC displacement, 

whereas larger differences are found for the ultimate base shear. Specifically: 

- The material properties for masonry and timber do not influence the ratio; 

- Larger differences are found with short spandrels, because SLaMA is not able to describe appropriately 

the partial clamping effect that those elements give at top of the piers (but they get, for such short 

spandrels, that the piers work as cantilever beams); on the other hand, the NLFEA can adequately describe 

the force redistribution that occurs until the spandrels crack. 

- Larger differences are found with larger opening ratios and when the position of the openings determine 

more slender piers. This is likely due to the relevant effect of the load redistribution that occurs after the 

failure of one element. 

- Larger differences are found for double-wythe walls. However, in this case no specific reason was found 

to explain the difference. 

 

    
(a)                                                                            (b) 

Figure 24: Influence of the different parameters on the ratio NLFEA/SLaMA of 2D analyses for the near collapse 

displacement (a) and the ultimate Base Shear (b) 
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(a)                                                                        (b) 

 

    
                                        (c)                                                                         (d) 

 

  
                                         (e)                                                                         (f)  

                                                                

Figure 25: Cumulative distribution functions for the ratio computed for the results of NLFEA and SLaMA analyses. 
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6 Conclusions 
 

The work described in the current document aims at the calibration of simplified models against more sophisticated 

nonlinear finite element analyses (NLFEA) for nonlinear pushover (NLPO) analyses for detached houses. 

The proposal document consider a large number of NLPO analyses performed on variations of buildings 

EUC-BUILD-2 and LNEC-BUILD-3. In total 46 3D analyses of the buildings and 576 analyses of single facades have 

been performed. This large number of analyses allowed for the following observations: 

 

1. As regards the initial stiffness: 

 SLaMA and NLFEA provide on average similar predictions of the initial stiffness for both 3D and 2D 

analyses (both distributions and mean values are similar). 

 It is largely affected by the material properties and by the layout of the facades. 

 The plan eccentricity reduces the initial stiffness of the buildings. 

 

2. With respect to the yielding displacement: 

 No specific trends are observed for any of the group of variations (3D for EUC-BUILD-2 and LNEC-

BUILD-3, and 2D analyses). 

 Overall, large differences can be found, as for the base shear capacity (see below). 

 

3. Relative to the NC displacement: 

 For the 3D analyses it is not possible to compare the displacement at near collapse obtained with the 
two methodologies SLaMA and NLFEA, because in the latter case the analyses stop before a global 
collapse is reached due to local out-of-plane (OOP) failure of the walls. 

 For the 2D analyses the OOP collapse cannot occur, and a comparison is possible. In this case, the 
displacements of most of the NLFEA are limited by the global drift limits recommended in Table G.2 
of NPR 9998. The value recommended for such type of mechanisms is higher than the mean value 
obtained from the SLaMA analyses (+22%). 

 Similar to the case analysed for the terraced houses, the global drift limit defined for ductile 
mechanisms seems to be properly calibrated also for the walls of the detached houses. 

 

4. Finally, with respect to the base shear capacity: 

 SLaMA consistently underestimate the base shear of the buildings with respect to the corresponding 

NLFEA, for both 3D and 2D analyses: in none of the 622 analyses the peak base shear predicted by 

SLaMA is higher than that obtained by the NLFEA.  

 Large variation of the differences are found. Depending on the group of analyses, the median ratio 

computed between the base shear computed based on NLFEA and SLaMA varies between 2.2 and 

3.3. 

 If a correction factor 1.5 would multiply the base shear computed with the SLaMA analyses, the 

corrected base shear would be anyhow smaller than that obtained with NLFEA for approximately 90% 

of both the 2D and 3D analyses. 

 

Based on the conclusions stated above, when the SLaMA method is used to define the capacity of a building having 

characteristics in line with those considered in this study (reported in Sections 2 and 3, as well as in [1]), it is 

suggested to apply no correction factor to the initial stiffness and the near collapse displacement capacity. 

With respect to the ultimate base shear, although SLaMA consistently underestimates the results of NLFEA it is 

complex to recommend the use of a correction factor due to the large dispersion of the ratios computed (with 

variations from 1.01 up to 5.99). If a factor equal to 1.5 is used to multiply the base shear computed with the 

SLaMA analyses, the corrected base shear would be anyhow smaller than that obtained with NLFEA for 

approximately 90% of both the 2D and 3D analyses. 

 

These results are overall similar to those obtained for the study performed for terraced houses, although in that 

case the application of a correction factor equal to 1.5 would provide conservative results in the 95% of cases with 

respect to the corresponding NLFEA. 
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