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Abstract 

In this paper the influence of the vertical component of ground motion on the performance of an unreinforced masonry wall is 
analysed using sets of one-component and two-component ground motions. The set of motions represents the actual seismicity of 
L’Aquila, while the investigated wall mimics an experimental specimen with two unconnected external leaves and a rubble core. 
The model falls within the mixed finite element method – discrete element method and accounts for crack formation, complete 
separation and new contact formation. The modelling strategy is capable to simulate the out-of-plane seismic response and the 
progressive loss of compactness of the wall up to collapse with the separation between the two external leaves. The vertical 
component increases the fragility of the wall and confirms the relevance of vertical ground motion for very vulnerable 
constructions. Nonetheless, to worsen the response, the vertical component needs to overcome specific, non-negligible intensity 
measure thresholds. 
 
 
© 2022 The Authors. Published by ELSEVIER B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the scientific committee of the XIX ANIDIS Conference, Seismic Engineering in Italy 
Keywords: Numerical analysis; Finite-discrete element method; Masonry disintegration; Masonry fragmentation 

 

 

 
* Corresponding author. Tel.: (+39) 06 49919189. 

E-mail address: omar.alshawa@uniroma1.it 

 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2022) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2022 The Authors. Published by ELSEVIER B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the scientific committee of the XIX ANIDIS Conference, Seismic Engineering in Italy  

XIX ANIDIS Conference, Seismic Engineering in Italy 

Effect of the vertical component of ground motion on a rubble 
masonry wall model 

Omar AlShawaa,*, Domenico Liberatorea, Luigi Sorrentinoa 
aSapienza Università di Roma, Dipartimento di Ingegneria Strutturale e Geotecnica, via Antonio Gramsci 53, Rome 00197, Italy 

Abstract 

In this paper the influence of the vertical component of ground motion on the performance of an unreinforced masonry wall is 
analysed using sets of one-component and two-component ground motions. The set of motions represents the actual seismicity of 
L’Aquila, while the investigated wall mimics an experimental specimen with two unconnected external leaves and a rubble core. 
The model falls within the mixed finite element method – discrete element method and accounts for crack formation, complete 
separation and new contact formation. The modelling strategy is capable to simulate the out-of-plane seismic response and the 
progressive loss of compactness of the wall up to collapse with the separation between the two external leaves. The vertical 
component increases the fragility of the wall and confirms the relevance of vertical ground motion for very vulnerable 
constructions. Nonetheless, to worsen the response, the vertical component needs to overcome specific, non-negligible intensity 
measure thresholds. 
 
 
© 2022 The Authors. Published by ELSEVIER B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the scientific committee of the XIX ANIDIS Conference, Seismic Engineering in Italy 
Keywords: Numerical analysis; Finite-discrete element method; Masonry disintegration; Masonry fragmentation 

 

 

 
* Corresponding author. Tel.: (+39) 06 49919189. 

E-mail address: omar.alshawa@uniroma1.it 

2 Omar AlShawa et al. / Structural Integrity Procedia  00 (2022) 000–000 

1. Introduction 

The past decade saw a great interest in understanding the role of vertical earthquake motion on the severe structural 
damage observed at sites near the fault, where horizontal and vertical ground motions are often strong and 
synchronized (Casolo 2001; Chávez and Meli 2012; Collier and Elnashai 2001; de Nardis et al. 2014; Di Michele et 
al. 2020; Di Sarno et al. 2011; Diotallevi and Landi 2000; Lagomarsino et al. 2020; Mazza et al. 2017; Salazar and 
Haldar 2000; Verderame et al. 2011), and can damage unreinforced masonry (URM) buildings (Al Shawa et al. 2021; 
Liberatore et al. 2019) and churches (Marotta et al. 2015, 2018). With the aim to investigate the response of URM 
buildings under vertical seismic actions, a laboratory campaign was carried out by Kallioras et al. (2022). The 
experiments comprised a series of cumulative incremental shake-table tests on three nominally identical buildings up 
to near-collapse conditions. The tests showed that the in-plane behaviour of URM piers with prevailing flexural-
rocking response was not affected by vertical accelerations. A different testing series investigated the response of a 
wall section with three separate leaves, loaded out of plane (de Felice et al. 2022). The wall rested on a reinforced 
concrete foundation and was restrained at the top in the horizontal direction, while the vertical displacement was free. 
In this paper, the role of the vertical component on the performance of this URM wall is numerically analysed using 
sets of one-component and two-component ground motions. The set of motions represents the actual seismicity of 
L’Aquila, while the investigated wall mimics an experimental specimen with two unconnected external leaves and a 
rubble core. 

 

2. Rubble masonry model and numerical simulations 

The wall under examination is that tested on the ENEA shake table (Fig. 1a), and is further described elsewhere 
(de Felice et al. 2022; De Santis et al. 2021). The wall is 4.20 m tall and 0.50 m thick and has two unconnected external 
leaves and a rubble core made of smaller elements poorly bonded with mortar. In order to study the effect of the 
vertical component for a larger set of records than those used in the physical experimentation, a numerical model is 
implemented in LS-DYNA (Hallquist 2006; Munjiza 2004; Smoljanović et al. 2013), assuming a rigid restraint at the 
top. Similarly to what was done by the authors in previous studies related to full wall enclosures (Abrams et al. 2017), 
wall assemblies without roof (AlShawa et al. 2017) under horizontal and vertical ground motion (Liberatore et al. 
2019), the model presents discrete block elements and contact interfaces between them (Fig. 1b). Each of the 206 
blocks is discretised in 8-node solid finite-elements (FEs), with a total number of 27,334 nodes and 6028 FEs. The 
material has a linear-elastic behaviour (Young’s modulus E = 1400 MPa, Poisson’s ratio ν = 0.2, and density ρ = 2000 
kg/m3). The adopted strategy for the contact interfaces allows the modelling of connections that transmit both 
compressive and tensile forces, while failure can occur only for tensile forces. 

The model in Fig. 1b is excited by 83 sets of ground motion, selected by Manfredi et al. (2022) to be compatible 
with the hazard curve of L’Aquila, soil type B. Among the two horizontal components, that with the largest peak 
ground velocity (PGV) was selected. Horizontal component PGV varies between 4.14 and 83.02 cm/s, with average 
equal to 23.32 cm/s. Vertical component PGV varies between 1.52 and 30.63 cm/s, with average equal to 9.32 cm/s. 
The model was excited by the selected horizontal component alone (Fig. 1c), or by this horizontal component and the 
vertical one (Fig. 1d). The response of the model is described by the variation, δ, of a reference measure (Fig. 1b).  

Some examples of wall response are given in the following. In Fig. 2  wall disintegrations taking place for both 
excitation scenarios are presented. In Fig. 3 is given an example of elastic response under horizontal component alone, 
while the addition of the vertical component delivers severe damage. In Fig. 4 the horizontal component is able to 
induce fragmentation, while the combination of horizontal and vertical component is capable of triggering leaf 
separation but not failure. 
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1. Introduction 

The past decade saw a great interest in understanding the role of vertical earthquake motion on the severe structural 
damage observed at sites near the fault, where horizontal and vertical ground motions are often strong and 
synchronized (Casolo 2001; Chávez and Meli 2012; Collier and Elnashai 2001; de Nardis et al. 2014; Di Michele et 
al. 2020; Di Sarno et al. 2011; Diotallevi and Landi 2000; Lagomarsino et al. 2020; Mazza et al. 2017; Salazar and 
Haldar 2000; Verderame et al. 2011), and can damage unreinforced masonry (URM) buildings (Al Shawa et al. 2021; 
Liberatore et al. 2019) and churches (Marotta et al. 2015, 2018). With the aim to investigate the response of URM 
buildings under vertical seismic actions, a laboratory campaign was carried out by Kallioras et al. (2022). The 
experiments comprised a series of cumulative incremental shake-table tests on three nominally identical buildings up 
to near-collapse conditions. The tests showed that the in-plane behaviour of URM piers with prevailing flexural-
rocking response was not affected by vertical accelerations. A different testing series investigated the response of a 
wall section with three separate leaves, loaded out of plane (de Felice et al. 2022). The wall rested on a reinforced 
concrete foundation and was restrained at the top in the horizontal direction, while the vertical displacement was free. 
In this paper, the role of the vertical component on the performance of this URM wall is numerically analysed using 
sets of one-component and two-component ground motions. The set of motions represents the actual seismicity of 
L’Aquila, while the investigated wall mimics an experimental specimen with two unconnected external leaves and a 
rubble core. 

 

2. Rubble masonry model and numerical simulations 

The wall under examination is that tested on the ENEA shake table (Fig. 1a), and is further described elsewhere 
(de Felice et al. 2022; De Santis et al. 2021). The wall is 4.20 m tall and 0.50 m thick and has two unconnected external 
leaves and a rubble core made of smaller elements poorly bonded with mortar. In order to study the effect of the 
vertical component for a larger set of records than those used in the physical experimentation, a numerical model is 
implemented in LS-DYNA (Hallquist 2006; Munjiza 2004; Smoljanović et al. 2013), assuming a rigid restraint at the 
top. Similarly to what was done by the authors in previous studies related to full wall enclosures (Abrams et al. 2017), 
wall assemblies without roof (AlShawa et al. 2017) under horizontal and vertical ground motion (Liberatore et al. 
2019), the model presents discrete block elements and contact interfaces between them (Fig. 1b). Each of the 206 
blocks is discretised in 8-node solid finite-elements (FEs), with a total number of 27,334 nodes and 6028 FEs. The 
material has a linear-elastic behaviour (Young’s modulus E = 1400 MPa, Poisson’s ratio ν = 0.2, and density ρ = 2000 
kg/m3). The adopted strategy for the contact interfaces allows the modelling of connections that transmit both 
compressive and tensile forces, while failure can occur only for tensile forces. 

The model in Fig. 1b is excited by 83 sets of ground motion, selected by Manfredi et al. (2022) to be compatible 
with the hazard curve of L’Aquila, soil type B. Among the two horizontal components, that with the largest peak 
ground velocity (PGV) was selected. Horizontal component PGV varies between 4.14 and 83.02 cm/s, with average 
equal to 23.32 cm/s. Vertical component PGV varies between 1.52 and 30.63 cm/s, with average equal to 9.32 cm/s. 
The model was excited by the selected horizontal component alone (Fig. 1c), or by this horizontal component and the 
vertical one (Fig. 1d). The response of the model is described by the variation, δ, of a reference measure (Fig. 1b).  

Some examples of wall response are given in the following. In Fig. 2  wall disintegrations taking place for both 
excitation scenarios are presented. In Fig. 3 is given an example of elastic response under horizontal component alone, 
while the addition of the vertical component delivers severe damage. In Fig. 4 the horizontal component is able to 
induce fragmentation, while the combination of horizontal and vertical component is capable of triggering leaf 
separation but not failure. 
 



1398 Omar AlShawa  et al. / Procedia Structural Integrity 44 (2023) 1396–1402
 Omar AlShawa et al. / Structural Integrity Procedia 00 (2022) 000–000  3 

    
a) b) c) d) 

Fig. 1 a) Wall tested on the ENEA shake table; b) numerical model and reference measure (colours are for presentation only, the model is 
homogeneous); c) horizontal ground motion only; d) horizontal and vertical ground motion.  

 

    
a) b) 

Fig. 2 Failure occurs in both load cases. Wall response for: a) horizontal component only; b) horizontal and vertical components.  

 

    
a) b) 

Fig. 3 Mechanism does not activate in case of horizontal load only.  
Wall response for: a) horizontal component only; b) horizontal and vertical components. 
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In order to evaluate the effect of the vertical component on the variation of reference measure, three damage levels 
are identified: 1, 10, 50 mm. In Fig. 5. an overall presentation of the role of the vertical component is given. The 
addition of the vertical component increases the frequency of exceedance of the two most severe damage levels.  

Fragility curves in terms of PGV are presented for the mentioned damage levels (Fig. 6). In      Table 1 are given 
the median, θ, and the logarithmic standard deviation, β, for the assumed log-normal distribution. It can be observed 
that the vertical component decreases the median of the distribution but has no appreciable effect on the scatter. The 
greater sensitivity to the vertical component of this wall, compared with results of previous studies (Liberatore et al. 
2019), seems related to the smaller size of the blocks in wall under consideration compared to the URM structure 
studied in 2019. Sensitivity to unit size was already report experimentally and numerically in the literature (Baggio 
and Trovalusci 1993). 
 

    
a) b) 

Fig. 4 Collapse occurs in case of horizontal load only.  
Wall response for: a) horizontal component only; b) horizontal and vertical components. 

 

a)   b) 

Fig. 5. Percentage of exceedance of the damage levels: a) horizontal component only; b) horizontal and vertical components.  
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a)    b) 

Fig. 6. Leaf separation fragility curves for different damage levels for: a) horizontal component only; b) horizontal and vertical components. 

 
     Table 1. Values of median, θ, and the logarithmic standard deviation, β, of leaf separation fragility curves horizontal component only, as well 
as horizontal and vertical components. 

 β 
[ln(cm/s)] 

θ 
[cm/s] 

δ ≥ 1 mm δ ≥ 10 mm δ ≥ 50 mm 
horizontal only 0.56 28.2 30.1 40.8 
horizontal and vertical 0.58 22.2 25.1 28.7 

 

   
a) b) c) 

Fig. 7 Increase of damage level as effect of the vertical component for selected intensity measures of the vertical component:  
a) peak ground acceleration (PGA), b) peak ground velocity (PGV), c) Housner intensity IH. 

 
It is worth emphasising that an effect of the vertical component in terms of a more severe response can be observed 

only if specific thresholds of the intensity measures of the vertical component are overcome. As shown in Fig. 7, a 
peak ground acceleration larger than 0.15 g or a peak ground velocity larger than 5 cm/s or a Housner intensity larger 
than 20 cm are necessary, but not always sufficient, to cause a more severe damage. If the thresholds are exceed jointly 
by the two peak values the condition is also sufficient, with just two exceptions.  
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3. CONCLUSIONS 

In this paper the numerical analyses to investigate the effect of combined horizontal and vertical ground motions 
on the response of a rubble masonry wall was discussed. The numerical model was excited by 83 sets of ground 
motion compatible with the seismicity of L’Aquila. The rather poor cross section of the wall, without bondstones and 
rather small unit size, highlighted a sensitivity to vertical component. The addition of the latter caused a reduction of 
the median of the lognormal fragility curves of three selected damage states. Scatter of the response is not affected by 
the presence or absence of the vertical component. Specific thresholds of vertical component intensity measures need 
to be overcome to notice any effect on the wall response.  
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Fig. 6. Leaf separation fragility curves for different damage levels for: a) horizontal component only; b) horizontal and vertical components. 

 
     Table 1. Values of median, θ, and the logarithmic standard deviation, β, of leaf separation fragility curves horizontal component only, as well 
as horizontal and vertical components. 

 β 
[ln(cm/s)] 

θ 
[cm/s] 

δ ≥ 1 mm δ ≥ 10 mm δ ≥ 50 mm 
horizontal only 0.56 28.2 30.1 40.8 
horizontal and vertical 0.58 22.2 25.1 28.7 

 

   
a) b) c) 

Fig. 7 Increase of damage level as effect of the vertical component for selected intensity measures of the vertical component:  
a) peak ground acceleration (PGA), b) peak ground velocity (PGV), c) Housner intensity IH. 

 
It is worth emphasising that an effect of the vertical component in terms of a more severe response can be observed 

only if specific thresholds of the intensity measures of the vertical component are overcome. As shown in Fig. 7, a 
peak ground acceleration larger than 0.15 g or a peak ground velocity larger than 5 cm/s or a Housner intensity larger 
than 20 cm are necessary, but not always sufficient, to cause a more severe damage. If the thresholds are exceed jointly 
by the two peak values the condition is also sufficient, with just two exceptions.  
  

6 Omar AlShawa et al. / Structural Integrity Procedia  00 (2022) 000–000 

 

3. CONCLUSIONS 

In this paper the numerical analyses to investigate the effect of combined horizontal and vertical ground motions 
on the response of a rubble masonry wall was discussed. The numerical model was excited by 83 sets of ground 
motion compatible with the seismicity of L’Aquila. The rather poor cross section of the wall, without bondstones and 
rather small unit size, highlighted a sensitivity to vertical component. The addition of the latter caused a reduction of 
the median of the lognormal fragility curves of three selected damage states. Scatter of the response is not affected by 
the presence or absence of the vertical component. Specific thresholds of vertical component intensity measures need 
to be overcome to notice any effect on the wall response.  

Acknowledgments  

This work was partially carried out within the research project ‘Damascus: Disintegration Analysis of MASonry 
Constructions Under Seismic actions’ funded by Sapienza University of Rome, and partially funded by the 
‘Dipartimento di Protezione Civile – Consorzio RELUIS’ program. The opinions expressed in this publication are 
those of the authors and are not necessarily endorsed by the funding bodies. 

References 

Abrams, D. P., AlShawa, O., Lourenço, P. B., Sorrentino, L., 2017. Out-of-Plane Seismic Response of Unreinforced Masonry Walls: Conceptual 
Discussion, Research Needs, and Modeling Issues. International Journal of Architectural Heritage. 11, 22–30. doi: 
10.1080/15583058.2016.1238977 

Al Shawa, O., Atzori, S., Doglioni, C., Liberatore, D., Sorrentino, L., Tertulliani, A., 2021. Coseismic vertical ground deformations vs. intensity 
measures: Examples from the Apennines. Engineering Geology. 293. doi: 10.1016/j.enggeo.2021.106323 

AlShawa, O., Sorrentino, L., Liberatore, D., 2017. Simulation Of Shake Table Tests on Out-of-Plane Masonry Buildings. Part (II): Combined 
Finite-Discrete Elements. International Journal of Architectural Heritage. 11, 79–93. doi: 10.1080/15583058.2016.1237588 

Baggio, C., Trovalusci, P., 1993. Discrete models for jointed block masonry walls.In A. A. Hamid & H. G. Harris (Eds.), The Sixth North 
American Masonry Conference, Vol. 2 (pp. 939–949). Lancaster (PA): Technomic Publishing Co. 

Casolo, S., 2001. Significant ground motion parameters for evaluation of the seismic performance of slender masonry towers. Journal of 
Earthquake Engineering. 5, 187–204. doi: 10.1142/S1363246901000406 

Chávez, M., Meli, R., 2012. Shaking table testing and numerical simulation of the seismic response of a typical Mexican colonial temple. 
Earthquake Engineering and Structural Dynamics. 41, 233–253. doi: 10.1002/eqe.1127 

Collier, C. J., Elnashai, A. S., 2001. A procedure for combining vertical and horizontal seismic action effects. Journal of Earthquake Engineering. 
5, 521–539. doi: 10.1080/13632460109350404 

de Felice, G., Liberatore, D., De Santis, S., Gobbin, F., Roselli, I., Sangirardi, M., AlShawa, O., Sorrentino, L., 2022. Seismic behaviour of rubble 
masonry: Shake table test and numerical modelling. Earthquake Engineering and Structural Dynamics. 51, 1245–1266. doi: 
10.1002/eqe.3613 

de Nardis, R., Filippi, L., Costa, G., Suhadolc, P., Nicoletti, M., Lavecchia, G., 2014. Strong motion recorded during the Emilia 2012 thrust 
earthquakes (Northern Italy): A comprehensive analysis. Bulletin of Earthquake Engineering. 12. doi: 10.1007/s10518-014-9614-0 

De Santis, S., AlShawa, O., de Felice, G., Gobbin, F., Roselli, I., Sangirardi, M., Sorrentino, L., Liberatore, D., 2021. Low-impact techniques for 
seismic strengthening fair faced masonry walls. Construction and Building Materials. 307, Submitted. doi: 
10.1016/j.conbuildmat.2021.124962 

Di Michele, F., Cantagallo, C., Spacone, E., 2020. Effects of the vertical seismic component on seismic performance of an unreinforced masonry 
structures. Bulletin of Earthquake Engineering. 18, 1635–1656. doi: 10.1007/s10518-019-00765-3 

Di Sarno, L., Elnashai, A. S., Manfredi, G., 2011. Assessment of RC columns subjected to horizontal and vertical ground motions recorded 
during the 2009 L’Aquila (Italy) earthquake. Engineering Structures. 33, 1514–1535. doi: 10.1016/j.engstruct.2011.01.023 

Diotallevi, P. P., Landi, L., 2000. Effect of the axial force and of the vertical ground motion component on the seismic response or R/C frames.In 
12th World Conference on Earthquake Engineering, Auckland, New Zealand 

Hallquist, J., 2006.LS-DYNA theory manual. Livermore: Livermore Software Technology Corporation. 2006. 
Kallioras, S., Graziotti, F., Penna, A., Magenes, G., 2022. Effects of vertical ground motions on the dynamic response of URM structures: 

Comparative shake‐table tests. Earthquake Engineering & Structural Dynamics. 51, 347–368. doi: 10.1002/eqe.3569 
Lagomarsino, S., Degli Abbati, S., Cattari, S., 2020. On the effects of the vertical component on the seismic response of URM buildings.In 17th 

World Conference on Earthquake Engineering, Sendai, Japan 
Liberatore, D., Doglioni, C., AlShawa, O., Atzori, S., Sorrentino, L., 2019. Effects of coseismic ground vertical motion on masonry constructions 

damage during the 2016 Amatrice-Norcia (Central Italy) earthquakes. Soil Dynamics and Earthquake Engineering. 120, 423–435. doi: 
10.1016/j.soildyn.2019.02.015 

Manfredi, V., Masi, A., Özcebe, A. G., Paolucci, R., Smerzini, C., 2022. Selection and spectral matching of recorded ground motions for seismic 
fragility analyses. Bulletin of Earthquake Engineering doi: 10.1007/s10518-022-01393-0 



1402 Omar AlShawa  et al. / Procedia Structural Integrity 44 (2023) 1396–1402
 Omar AlShawa et al. / Structural Integrity Procedia 00 (2022) 000–000  7 

Marotta, A., Goded, T., Giovinazzi, S., Lagomarsino, S., Liberatore, D., Sorrentino, L., Ingham, J. M., 2015. An inventory of unreinforced 
masonry churches in New Zealand. Bulletin of the New Zealand Society for Earthquake Engineering. 48, 171–190. doi: 
10.5459/bnzsee.48.3.170-189 

Marotta, A., Sorrentino, L., Liberatore, D., Ingham, J. M., 2018. Seismic risk assessment of New Zealand unreinforced masonry churches using 
statistical procedures. International Journal of Architectural Heritage. 12, 448–464. doi: 10.1080/15583058.2017.1323242 

Mazza, F., Mazza, M., Vulcanob, A., 2017. Nonlinear response of r.c. framed buildings retrofitted by different base-isolation systems under 
horizontal and vertical components of near-fault earthquakes. Earthquake and Structures. 12. doi: 10.12989/eas.2017.12.1.135 

Munjiza, A., 2004.The combined finite-discrete element method.The Combined Finite-Discrete Element Method. Chichester, UK: John Wiley and 
Sons doi: 10.1002/0470020180 

Salazar, A. R., Haldar, A., 2000. Structural responses considering the vertical component of earthquakes. Computers and Structures. 74, 131–145. 
doi: 10.1016/S0045-7949(99)00031-0 

Smoljanović, H., Živaljić, N., Nikolić, Ž., 2013. A combined finite-discrete element analysis of dry stone masonry structures. Engineering 
Structures. 52, 89–100. doi: 10.1016/j.engstruct.2013.02.010 

Verderame, G. M., De Luca, F., Ricci, P., Manfredi, G., 2011. Preliminary analysis of a soft-storey mechanism after the 2009 L’Aquila 
earthquake. Earthquake Engineering and Structural Dynamics. 40, 925–944. doi: 10.1002/eqe.1069 

 


