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Abstract: This paper describes the seismic design of a contemporary stone vault supported 
by slender buttress walls. Initially, the potential for out-of-plane overturning collapse of the 
buttress walls was assessed using analytical dynamics and a suite of scaled earthquake time 
histories. Results informed design decisions related to wall slenderness. Subsequently, 
discrete element modelling and time history analysis were used to evaluate the seismic 
response of the entire structure. The structure is found to remain stable for a suite of design 
earthquake time histories, and the residual displacements after the earthquake are 
quantified. The effect of initial vault spreading, due to large lateral thrusts, on the dynamic 
response is also considered. The magnitude of residual displacements due to the earthquake 
is shown to increase with the presence of relatively small initial spreading prior to a potential 
earthquake event. The paper closes with a discussion of potential measures considered to 
resist seismic loading. The extent to which these measures were incorporated was largely 
based on construction methods and constraints. Construction of the vault was completed in 
2015. 
  
 
Introduction 
Extensive research has been conducted regarding the seismic response of unreinforced 
stone structures, which are known to be particularly vulnerable to out-of-plane loading. 
Predicting collapse of such structures can be challenging, particularly when non-linear 
rocking response governs the behaviour. While methods exist to predict “rocking” collapse 
using an equivalent linear elastic oscillator and response spectra (ASCE/SEI 43-05, 2005; 
Italian Building Code, 2009), recent research (e.g. Mauro et al., 2015) has proposed new 
analytical methods to more directly account for the rocking response, while still considering 
multi-block mechanisms and potential reinforcing.  
 
Similar 2D methods have also been proposed to predict the collapse of multi-block vaulted 
structures (DeJong & Dimitrakopoulos, 2014), but these analytical methods become 
excessively complicated when dealing with vault collapse involving three-dimensional 
mechanisms that can continually change throughout the response. In such cases, 
computational methods can provide a significant advantage, and discrete element modelling 
has been shown to be useful in capturing the dynamic response of complicated multi-block 
stone structures (e.g. DeJong & Vibert 2012).  
 
In this context, this paper focuses on the seismic design of a contemporary stone vaulted 
structure (see Figure 1). The focus is on design rather than assessment of an existing 
structure, but similar methods are applied. Only the seismic aspects of the design are 
presented here, although extensive work to develop a stable structural form preceded this 
work. 
 
In the following sections, analysis of the potential for out-of-plane collapse of the radial 
buttressing walls is first presented, followed by a discrete element modelling investigation of 
the stability of the entire structure under expected seismic loads.  
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Figure 1. Image of the completed stone vault. 

 
 
 
Geometry and design loads 
The concept for the stone vault was designed by Höweler + Yoon Architecture in 
collaboration with Ochsendorf, DeJong & Block, LLC (structural engineering consultants). 
The structural form was determined through an iterative process that incorporated aesthetics 
as well as structural stability. The unreinforced vault was shown to be stable without any 
reinforcing, provided that shear transfer is sufficient at the foundation interface.  
 
The geometry of the structure is evident in Figure 1, where the individual stones can be 
seen. The radial walls are approximately 46 cm (18”) wide and 305 cm (120”) tall, with an 
aspect ratio of approximately 1:7. The span of the vault is approximately 10.9 m. The vault 
was constructed of solid granite blocks with approximately 6 mm thick mortar joints.  
 
The structure was designed to the local building code, which refers to ASCE 7-10 for the 
seismic design. For the site in question (site class D), the design spectrum for the Maximum 
Considered Earthquake (MCE, 2% probability in 50 years) is depicted in Figure 2, and has a 
maximum spectral acceleration of 0.31g. The design peak ground acceleration (PGA) at the 
site is 0.15g.  
 
For the dynamic time history analysis that is described in the following sections, seven 
previous earthquake records were selected from the PEER ground motion database. Table 1 
summarises the characteristics of the records, including both fault normal (FN) and fault 
parallel (FP) components. The response spectrum of both components of each earthquake 
time history are also depicted in Figure 2, left (14 spectra total). For the 2D analyses that 
follow, each component of each record was applied separately (14 time histories total). For 
the 3D simulations, the two horizontal components of the records were applied 
simultaneously. The geometric mean of all of the records is shown in Figure 2 (right), 
demonstrating that the record scaling meets the requirements of ASCE 7-10.  
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Figure 2. Site design spectrum with response spectra for both components of the seven scaled 

earthquake records (left, 14 response spectra total) and the geometric mean of the scaled earthquake 
records (right). 

 
 

Table 1. Characteristics of the earthquake records after scaling to the design spectrum 

Earthquake Event NGA ID# Mag MSE Scale 
Factor Comp. PGA 

[g] 
PGV  

[cm/s] 
PGD  
[cm] 

Hector Mine, USA 1838 7.13 0.022 2.16 FN 0.12 10.6 13.1 

     FP 0.12 20.1 28.4 
Irpinia, Italy 284 6.9 0.022 2.04 FN 0.13 12.2 6.3 

     FP 0.14 11.8 6.1 
Chi-Chi, Taiwan (1) 1521 7.62 0.023 0.38 FN 0.13 11.9 7.1 

     FP 0.09 11.9 12.4 
Loma Prieta, USA 762 6.93 0.024 1.02 FN 0.15 9.7 4.7 

     FP 0.14 13.9 4.8 
Chi-Chi, Taiwan (2) 2982 6.2 0.026 1.47 FN 0.16 16.1 4.1 

     FP 0.12 9.3 3.3 
Imperial Valley, USA 184 6.53 0.026 0.25 FN 0.10 15.0 9.7 

     FP 0.11 12.9 7.0 
Loma Prieta, USA 761 6.93 0.026 0.88 FN 0.11 9.7 4.9 

     FP 0.17 14.6 6.0 
 
 
 

 
Figure 3. Site design spectrum with response spectra for both components of the seven earthquake 

records scaled by 1.5x the design earthquake (left, 14 spectra total) and the four earthquake 
components that caused the largest rocking response (right). 
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In general, the response of the structure to earthquake records scaled to the actual design 
spectrum was minimal (as will be seen in the following sections). As a result, the set of 
earthquake records was also scaled to 1.5x the design earthquake, as shown in Figure 3. 
Figure 3 demonstrates that, for these 1.5x scaled records, all 14 horizontal components were 
larger than the design spectrum at nearly all frequencies. Hence, this provides an extremely 
conservative set of design records that was also used for design. The response spectra for 
the four components of ground motion that caused the largest rocking response (see future 
sections) are highlighted in Figure 3 (right). 
 
Seismic analysis of radial walls 
Early on in the design process, prior to the finalization of the geometry and orientation of the 
walls, the wall slenderness needed to be determined. Thus, the seismic stability of the walls 
alone was considered in some detail. Two wall aspect ratios (1:10 and 1:7) were considered. 
This section outlines the seismic assessment of the radial walls as if they were free-standing. 
In reality, the vault would have a stabilising effect on the walls, as demonstrated by the 3D 
simulation results in the next section.  
 
Code based procedures 

A static analysis assumes that the horizontal acceleration is applied for an infinite amount of 
time, and is thus very conservative. For an aspect ratio of 1:10, overturning would occur at 
0.1g, while for an aspect ratio of 1:7, overturning would occur at 0.15g. However, the walls 
may have considerable ability to resist higher PGA values due to their dynamic stability.  
 
Two different code procedures were used to provide an initial check of the out-of-plane 
stability of the radial walls: the Italian Building Code (2009) and ASCE 43-05 (2005). Both of 
these code procedures recognize the additional dynamic stability mentioned above, and 
provide alternate methods to assess the ability of an earthquake not only to cause rocking, 
but also to cause overturning. Both codes provide similar methods of estimating the rocking 
response using a linear elastic oscillator with an approximately equivalent period as the 
rocking block (DeJong, 2014). A rocking structure does not have a fixed natural period, so 
these methods are obviously approximate, but still useful.  
 
Table 2 summarises the results from these code procedures. Note that α is the rotation that 
would cause collapse, and the max joint opening values are the predicted maximum opening 
at the base of the wall, on the opposite side to the axis of rotation. Both methods predict that 
relatively little rocking would occur. The Italian Building Code (2009) is more conservative in 
its prediction, perhaps because it was written primarily to address collapse of historic 
structures, where collapse mechanisms may involve poor quality masonry, significant 
deterioration, and multi-wythe masonry walls. Both methods predict that for an aspect ratio of 
1:10, an earthquake greater than 2x the design earthquake would be required to cause 
overturning collapse, while for an aspect ratio of 1:7, this increases to greater than 3x the 
design earthquake.  
 
 

Table 2. Code-based predictions of maximum out-of-plane rocking response of the radial walls 

Wall aspect 
ratio Design guide  

Maximum 
rotation angle 

θ / α 

Maximum joint 
opening 

[mm] 

Scaling of design 
spectrum to cause 

collapse 

1:10 
Italian Building Code 0.18 14 2.1 

ASCE 43-05 0.10 7 2.5 

1:7 
Italian Building Code 0.12 8 3.2 

ASCE 43-05 0.04 3 3.9 
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Near-source effects 

In addition to the code procedures above, it is also useful to investigate the rocking response 
through solutions to the actual equations of motion, rather than using the simplification of an 
equivalent linear elastic oscillator. As a first step, consideration of the maximum single pulse 
that would cause overturning is informative with regard to possible near-source ground 
motion effects, and to distinguish between the magnitude of ground acceleration that will 
cause rocking and the magnitude and period of a ground acceleration pulse that could cause 
overturning. The model used for this analysis is the single rocking block, as presented by 
Housner (1963) and Dimitrakopoulos & DeJong (2012).   
 
Sine pulse overturning plots for the two aspect ratios of the radial walls under investigation 
are presented in Figure 4 (for more information see Dimitrakopoulos & DeJong, 2012). 
Ground motion pulses with period ap and frequency fp that are located above the curves 
labelled 1:7 (as built) and 1:10 (original design) would indicate overturning, while beneath 
these curves overturning would not occur. Note that a pulse frequency of zero (infinite 
period) corresponds to the static solution, but for higher frequencies the overturning 
resistance of the walls is much greater.  
  
In Figure 4, the design elastic response spectrum is also shown. Note that the spectral 
acceleration is not the same as the ground motion (the ground motion would typically be less 
due to elastic amplification). Thus, the amplitude of a single ground acceleration pulse at a 
given frequency would be less than the spectral acceleration, and therefore less than what is 
required to cause overturning of either wall. 
 
This pulse-based analysis is informative, and combined with the code-procedures above 
indicates that overturning is extremely unlikely. However, in an effort to limit the potential out-
of-plane rocking to minimal levels, the wall slenderness was set to 1:7. 
 
Time-history simulation 

To further confirm the dynamic stability of radial walls with an aspect ratio of 1:7, the rocking 
response was simulated for the 14 time histories summarised in Table 1 and Figure 2. Only 
two of the records had a PGA large enough to initiate rocking of the block. The largest 
response was a rotation of θ /α = 0.0013, which is equivalent to a maximum joint opening of 
approximately 1mm.  
 
 

 
Figure 4. Comparison of single sine pulse overturning curves (ap -vs- fp) for the two considered wall 

design options with the site design spectrum (Sa -vs- fn). 
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Because the response was extremely limited, the design time histories were scaled by 1.5x 
(see Figure 3) and the simulations were repeated. For all 14 records, some rocking occurred. 
The average response of the 14 records was a rotation of θ /α = 0.09, which is equivalent to 
a maximum joint opening of approximately 6mm. This level of rocking, for a suite of 
earthquakes well above the code-based hazard for the site, is still relatively limited. The 
radial walls could sustain this level of rocking and be in no danger of overturning. 

 
Seismic analysis of entire structure  
The seismic response of the entire structure was evaluated through discrete element 
modelling. In this section, modelling details are first summarised, followed by the simulation 
results. 
 
Geometry and material properties 

The geometry of the structure is shown in Figure 5, which depicts the individual stones as 
well as the mesh used for quasi-static simulations. The foundation blocks were fixed and 
rigid and are identical to the real foundations. The foundations were modelled in this way so 
possible differential foundation movements could be readily simulated. The material 
properties assumed for the granite stones and the mortar joints are summarised in Table 3. 
 
For quasi-static analysis, the individual blocks were modelled as deformable, and the joint 
stiffness was specified to account for the mortar alone. For dynamic analysis, the individual 
blocks were modelled as rigid to reduce computation time, and the joint stiffness was 
specified to account for the elastic deformation of both the blocks and mortar. Simulations 
under self-weight alone were conducted (not shown) to ensure that both the deformable 
block and rigid block models yield similar displacements. 
 
  

 
Figure 5. Meshed geometric model. 

 
 
 
 

Table 3. Material properties 

Material Elastic modulus 
[GPa] 

Density  
[kg/m3] 

Tensile strength 
[MPa] 

Joint friction angle 
[degrees] 

Granite blocks 35 3100 infinite - 

Mortar joints 24 - 0 35 
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Quasi-static analysis 

To provide an initial assessment of the capacity of the structure to resist lateral load, the 
response to dead load plus a constant horizontal acceleration of 0.25g was first simulated. 
The worst-case direction of lateral loading is not obvious, but the earthquake directions 
shown in Figure 6 were considered in detail. These directions were selected based on static 
stability analysis, plus the additional case of 234 degrees which is the bisector of walls A and 
E. Selected results follow.  
 
For a static horizontal acceleration of 0.25g, the wall was stable for all directions tested. The 
maximum displacement anywhere in the model was similar and very limited, independent of 
the loading direction. This indicates that stability is not an issue for the design earthquake 
(PGA = 0.15g), but the increased lateral load does need to be transferred to the foundations. 
Table 4 summarises the horizontal thrust values for the different directions of loading, which 
give an indication of the shear capacity requirement for foundation connections.  
 
The capacity of the structure to resist lateral loads was also investigated, and collapse was 
only found to occur at horizontal acceleration values greater than 0.5g. An example 
progressive collapse is shown in Figure 7. 
 
 
 

 
Figure 6. Plan view depicting directions of applied earthquake loading (dashed arrows) 

 
 
 
 

Table 4. Wall thrust values (kN) under 0.25g horizontal acceleration in each loading direction 
Loading direction Wall A Wall B Wall C Wall D Wall E 

No loading 174 129 80 89 200 
121o 231 209 138 49 120 
198o 271 151 45 31 231 
234o 249 98 13 67 276 
265o 209 58 27 107 294 
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Figure 7. Example of progressive collapse under quasi-static horizontal acceleration applied in the 

198o direction. 
 

Time-history analysis 

To reduce the computation time, the four records that produced the worst response in the 2D 
analysis (NGA ID# 1521, 761, 762, 2982; see Table 1) were used for time history analysis 
(along with their orthogonal components). The larger component of these four records was 
applied in the directions noted in Figure 5: 121, 198, 234, and 265 degrees. The orthogonal 
component of these records was also applied in the orthogonal direction.  The records were 
applied with three different scale factors with respect to the design earthquake: 1.0, 1.5, and 
3.0.  
 
Initially, the dead load was applied, followed by simulation of the earthquake ground motion. 
Collapse did not occur in any simulation. Subsequently, a new set of simulations were 
conducted where the earthquake ground motion was applied after application of both the 
dead load and an outward radial horizontal displacement of 0.32 cm (1/8”). This was done to 
simulate the seismic response after potential differential support movements had occurred. 
Because applying the horizontal displacements caused a worse response (as expected), 
only these results (with support movements) are presented here.  
 
The seismic response was quantified by residual vertical displacements after the earthquake 
loading, and the results are summarised in Table 5. In general, the 1.0x and 1.5x scaled 
earthquakes caused relatively small additional movements (beyond the effects of initial 
support movements). The design earthquake scaled by 3.0x caused larger residual 
displacements on the order of 9 cm. Collapse was not observed. 
 
An example result is shown in Figure 8, where the residual vertical displacement after 
support movement alone and after subsequent application of an earthquake time history, are 
shown. To evaluate collapse, the earthquake ground motion was further scaled until collapse 
occurred. An example progressive collapse is shown in Figure 9.  
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Table 5. Maximum vertical displacements (cm) after applying 0.32 cm (1/8”) outward displacement to 

all radial walls and then applying earthquake ID #1521. 
Earthquake Direction 121 o 198 o 234 o 265 o 

No Earthquake 1.3 1.3 1.3 1.3 
Design Eq x 1.0  1.4 1.5 1.5 1.4 
Design Eq x 1.5 1.6 1.6 1.6 1.7 
Design Eq x 3.0 9.7 9.1 6.4 9.1 

 
 
 
 

   
Figure 8. Residual vertical displacements: (left) after 0.32 cm (1/8”) outward displacement of all radial 
walls (max displacement = 1.3 cm), (right) after 0.32 cm (1/8”) outward displacement of all radial walls 
plus simulation of earthquake ID #1521 scaled up by 3.0x (max displacement = 9.1 cm). The strong 

component of ground motion was applied in the 198 degree direction. 
 
 
 
 
 

        

        
Figure 9. Progressive collapse during simulation of earthquake ID #1521 scaled up by 4.5x (PGA = 

0.58g). The strong component of ground motion was applied in the 198 degree direction. 
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Summary 
This paper summarises a variety of methods used for seismic design of a contemporary 
stone vault. The unreinforced stone monument was built in a region with low seismic hazard. 
Nonetheless, extensive seismic analysis was conducted to ensure the safety of the structure. 
 
Both code-based procedures and 2D dynamic nonlinear time-history analysis were used to 
ensure that the radial walls are in no danger of overturning when subjected to the design 
ground motion, and motions substantially larger. These simulations were also used to 
decrease the slenderness of the walls during the design process, to ensure that very little 
out-of-plane rotation would occur, even if the stabilizing effects of the central vault were 
ignored. Discrete element modelling was then used to evaluate the seismic stability of the 
entire structure. Quasi-static simulations show that a ground motion well above the expected 
PGA would be required to initiate an overturning mechanism. Time-history simulations 
indicate that a ground motion 3x larger than the design ground motion would still not cause 
collapse, but may cause considerable residual displacements.   
 
The seismic analyses outlined in this paper provided confirmation of the stability and viability 
of the design concept. The design was finalised and the construction of the vault was 
realised through extensive collaboration between the architect, fabricator, installer, and 
broader engineering team. 
 
 
ACKNOWLEDGEMENTS 
The authors appreciate useful input and complementary modelling by Grant Iwamoto and 
Corentin Fivet regarding various aspects of this work. 
 
 
REFERENCES 
 
ASCE/SEI Standard 43-05 (2005). Seismic Design Criteria for Structures, Systems, and Components 
in Nuclear Facilities, American Society of Civil Engineers and Structural Engineering Institute, USA. 

ASCE/SEI Standard 7-10 (2010). Minimum Design Loads for Buildings and Other Structures, 
American Society of Civil Engineers and Structural Engineering Institute, USA. 

DeJong MJ (2014). Rocking of Structures During Earthquakes: From Collapse of Masonry to Modern 
Design, SECED Newsletter, 25(3): 1-5.  

DeJong MJ, Dimitrakopoulos EG (2014). Dynamically equivalent rocking structures, Earthquake 
Engineering and Structural Dynamics, 43(10): 1543-1564 

DeJong MJ, Vibert C (2012). Seismic response of stone masonry spires: Computational and 
Experimental Modeling, Engineering Structures, 40: 566-574. 

Dimitrakopoulos EG & DeJong MJ (2012). Revisiting the rocking block: Closed-form solutions and 
similarity laws. Proceedings of the Royal Society A, 468(2144): 2294-2318. 

Housner, GW, (1963). The behavior of inverted pendulum structures during earthquakes, Bulletin of 
the Seismological Society of America, 53(2): 403-417. 

Italian Building Code (2009), G.U. no. 47, 26/02/2009 (suppl. ord. no. 27). Circular 2/02/2009, no. 617. 
Instructions for the application of the new Technical Code for the design of constructions, issued by 
D.M. 14/01/2008 (in Italian). 

Mauro A, De Felice G, DeJong MJ, (2015). The relative dynamic resilience of masonry collapse 
mechanisms, Engineering Structures, 85: 182-194. 

NIST GCR 11-917-15 (2011). Selecting and Scaling Earthquake Ground Motions for Performing 
Response-History Analyses, NEHRP Consultants Joint Venture, US Department of Commerce. 

PEER Ground Motion Database, http://peer.berkeley.edu/peer_ground_motion_database/ 

10 

http://peer.berkeley.edu/peer_ground_motion_database/

