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INTRODUCTION 
 

In June of 2013, a historic masonry wall was blast tested at the Rafael Shdema site in Israel. The 
testing was co-sponsored by the RCMP Protective Operations and the Explora Foundation. 
Technical input, with respect to the test configuration, was provided by CERL.  
 
The objective of the test was to determine the extent of the vulnerability of historic masonry to 
blast. In addition, it was anticipated that the results could be used to evaluate the ability of blast 
engineers to estimate the blast response of historic masonry.  
 

EXPERIMENTAL 
 

A complete test description may be found in the test report provided by Explora Research, 
Historic Masonry Wall Blast Testing, written by Martin Walker, 16/07/20131. The following is a 
brief summary of those test parameters relevant to the following discussion on the prediction of 
the response of historic masonry to blast. 

Charge 
The charge was a hemispherical charge of cast TNT supported on a wooden palette. It was 
detonated at the centre of the base of the charge. The charge mass was selected to represent a 
credible threat to a building of national importance. The stand-off was based on a scenario of 
relevance to the sponsor. 

Sample 
The wall was constructed as a 5 m x 5 m, double wythe, rubble in-fill, one-way wall (4400 mm 
clear span), simply supported at the top and the bottom. An axial load of 5 N/mm was applied to 
the top of the wall. Both the wythes were constructed of limestone; the outer limestone having a 
compressive strength of 82 MPa, while the limestone of the inner wythe had a compressive 
strength of 90 MPa. From the photographs in the Explora report it appears as if 25, 195 mm-tall, 
courses of stone were used to form the inner wall. The outer wall used stones of differing height, 
varying from 95 mm-tall to 295 mm-tall. Although not specified in the Explora test report, the 
test specification produced by CERL indicated that the outer wythe should have a thickness of 
approximately 300 mm, while the inner wythe and rubble infill should have thicknesses of 
approximately 150 mm. From photographs in the Explora report it appears that the outer wythe 
was approximately twice the thickness of the inner wythe, which is consistent with CERL’s 
specifications. 
 
Bond or bridge stones, spaced 1.82 m horizontally and 0.62 m vertically, were used to tie the 
outer wythe to the inner wythe.  
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The wall was constructed using bedding mortar, only. This mortar was made using cement, lime 
and sand in proportions of 1 to 3 to 12. The measured compressive strength of the mortar after 30 
days was 0.9 MPa. 
From images supplied in the Explora report, it appears that the rubble infill did not include 
mortar, and was mostly composed of native sand and small stones. 

Reaction structure 
The reaction structure was a non-responsive concrete structure, constructed specifically to hold 
the test sample (Fig. 1). Large concrete blocks were stacked on either side of the structure to 
reduce blast wave clearing. No such wing wall was used along the top of the structure. The rear 
of the structure was partially enclosed to reduce the effect of pressure engulfment, while still 
allowing photography of the response of the rear face of the sample (Fig. 2). 
 
 

  
Figure 1 – Test sample in reaction structure 

(front view) 
 
 

Figure 2 – Test sample in reaction structure 
(rear view) 

 

Instrumentation 
Instrumentation included multiple high-speed and normal-speed video cameras.  
 
A free-field pressure transducer was placed at the same distance from the charge as the reaction 
structure.  
 
Six reflected-pressure transducers were placed on the vertical edges of the reaction structure, 
facing the charge. Three transducers were placed on each side, at heights of 1600 mm, 2700 mm 
and 3800 mm above the base of the reaction structure. 
 
Eight LVDTs were used to measure the deflection of the inner wall. Four of these were placed 
approximately 1 m from either vertical edge of the test sample at 880 mm increments above the 
base of the wall, or 20%, 40%, 60% and 80% of the wall height. 
 
The data from the transducers was collected at a rate of 1 MS/s. 
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TEST RESULTS 

Loading 
Table 1 shows the reflected pressures as recorded during the testing. 
 

Table 1 – Reflected pressures 

 
 
By way of comparison, ConWep2 Loads on Slab predicts a peak pressure of 544 kPa at the centre 
of the base of the sample, and 498 kPa at the upper corners. It also predicts an average impulse of 
2617 kPa-ms. 

Deflection 
The results from the LVDTs show that the wall underwent roughly parabolic deflection, with the 
LDVTs at 20% of the wall height leading (deflecting more than) the LVDTs at 80% of the wall 
height for the first 60 ms, at which time a transition was made and the deflection of the upper 
section of the wall exceeded that of the lower section. A maximum deflection of approximately 
110 mm was measured by the LVDTs at 60% of the wall height and occurred 300 ms after 
detonation, or approximately 275 ms after the arrival of the shock front. The maximum measured 
deflection correlates to a maximum support rotation of 2.38° measured from the base of the wall, 
and 3.57° measured from the top of the wall. Note, deflection was not measured at mid-span. 
 

General response 
Figures 3a and 3b show the front (blast side) and rear (protected side) of the test sample after the 
blast. The Explora report does not report whether there was any residual deflection of the outer 
wythe, however from the photograph it appears generally undamaged. The inner wythe has failed, 
with the majority of the stones making up the inner wythe on the ground within 2 m of the wall.  
 
The photographs accompanying the report show that at least some of the bond stones failed in 
tension, which may be an indication of the failure mechanism. 

Channel Type Peak pressure (kPa) Impulse (kPa-ms) 
9 Reflected 590.3 2051.7 

10 Reflected 723.4 2172.1 
11 Reflected 673.1 2196.9 
12 Reflected 391.4 2215.6 
13 Reflected 363.5 2692.3 
14 Reflected 440.5 3446.3 
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Figure 3a – Post-test view of blast side Figure 3b – Post-test view of protected side 

 
 

DISCUSSION 
 

The purpose of this report is to take advantage of the test results to evaluate the ability of single-
degree-of-freedom (SDOF) analysis to predict the blast response of historic masonry. SDOF is 
one of the few tools available to a blast engineer to determine the blast response of building 
components. Other tools include multi-degree-of-freedom (MDOF) analysis and finite element 
analysis (FEA). The most commonly used of these methods is SDOF, due to its ease of use.  
 
The majority of this discussion will be focussed on attempting to reproduce the test results using 
SBEDS3, an SDOF-based spreadsheet commonly employed in the North American blast 
community and distributed by the Protective Design Center. 

Loading 
Since the test structure was not enclosed, the possibility exists that the net force on the blast side 
of the test sample may have been reduced by pressure acting on the rear face of the sample. To 
determine whether this may have occurred, and what effect it may have had on the net force 
acting on the wall, SBEDS was used to calculate the pressure-time history at the centre of the 
base of the front and rear faces of the wall. The rear-face pressure was modelled as the incident 
pressure at a distance equal to the distance from the centre of the charge, around the structure, to 
the point of interest. The wing walls and their rearward extensions were taken into account in 
this calculation. The front- and rear-face pressure-time histories were plotted in DPlot and then 
the two values were subtracted from each other to give a net pressure. Figure 4 shows the front-
face pressure and the net pressure, as well as the associated impulses. The figure shows that the 
net pressure and net impulse are only slightly lower than the pressure and impulse acting on the 
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front face, indicating that the effect of the pressure on the rear face can be ignored when 
modelling the blast response. 

 
Figure 4 – Predicted front-face and net pressures and impulses on test sample 

Wall Response 
To predict the blast response of a building component, SBEDS requires several categories of 
input: 

- the geometry: wall thickness, span, support conditions, etc. 
- the material properties: compressive strength, tensile strength etc. 
- the load: axial, lateral  

 
 

Effect of Modelling Geometry 
When predicting wall response, typically the majority of the geometry is well defined. That is, 
the support conditions and the size of the sample are generally well defined, particularly under 
test conditions. The only complication arises from the treatment of the double-wythe 
construction. SBEDS gives the operator three options for modelling the double wythe with 
rubble infill geometry: 

1. the three walls can be modelled as a single wall with homogenized properties, i.e., a 
composite wall  

2. the two stone wythes can be modelled independently, and the rubble infill, which is 
weak, can be added to one of the walls (probably the inner wall) as supported mass 
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3. the inner wall can be modelled and the rubble infill and the outer wythe can be added 
to the inner wythe as supported mass. 
 

At this time there is no guidance on this subject in the SBEDS User’s Guide. 
 
To evaluate the effect that these three different geometries have on the predicted deflection of a 
double wythe wall, SBEDS was used to model the test described in the previous sections. Three 
models were run using the geometries described above, using material properties based on the 
those measured in the test, and adjusted to best describe the scenario (more on this in the next 
section). Table 2 shows that the first method, using a composite or a homogenized wall results in 
the least deflection. It also is the closest match to the test results, indicating that the bond stones 
may have been effective at inducing composite action, although the coincidence of values may 
also be a result of the material properties which were selected for the model. The SBEDS input 
files may be found attached for reference. 
 

Table 2 – Effect of wall geometry on SBEDS prediction 
Geometry Description Deflection 

/mm 
1 Single wall, uniform properties 178 
2 Inner and outer wythes modeled separately, rubble 

infill mass supported on inner wythe 
465 

3 Inner wall modelled. Rubble infill and outer wythe 
included as supported mass. 

975 

Test result 110 
 

Material properties 
The material parameters required by SBEDS relate to the material mass and the material strength. 
These required parameters are based on the combined properties of the mortar and the masonry 
as opposed to the individual properties of each. Combining the properties of mortar and masonry 
do not greatly influence the mass parameters, however they do have a significant effect on the 
strength parameters, since the difference in the strength of mortar and masonry may exceed an 
order of magnitude. 
 
The two strength parameters required as input to SBEDS are the Masonry Dynamic Tensile 
Strength, fdt, and the Masonry Compressive Strength, f’m. The SBEDS User’s Manual gives some 
guidance with respect to the selection of these properties for modern masonry, but not for 
historic masonry. This is particularly significant when one considers the mortar, because the 
lime-based mortar used in historic construction has a very low compressive strength and virtually 
no tensile strength.  
 
Figures 5 and 6 show the dependence of wall deflection on f’m and ftd, based on an SBEDS model 
of the test scenario. The figures were generated using Geometry 1 from Table 2 and by holding 
one strength parameter constant while varying the other. For example, in Figure 5, ftd was 
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arbitrarily set to 0.3 MPa, while f’m was varied from 1 to 100 MPa. Similarly, in Figure 6, f’m 
was set at 5.7 MPa, while ftd was varied from 0.01 MPa to 2 MPa.  
 
The figures show that the results (for this scenario) are relatively insensitive to f’m, but are quite 
sensitive to ftd between a range of 0.35 MPa and 0.5 MPa. The result demonstrates the 
importance of selecting the correct value of ftd. 
 

 
Figure 5 – Dependency of deflection on f’m 

 
 

 

 
Figure 6 – Dependency of deflection on ftd 
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For modern masonry, SBEDS recommends using 10% of f’m or 1.38 MPa, whichever is greater, 
as an appropriate value for ftd. Similarly, SBEBS gives typical values of f’m for modern masonry. 
It does not give direction on how to determine appropriate values of ftd and f’m for historic 
masonry. The literature contains several useful equations for the determination of f’m. For 
monolithic walls of dimensioned stone (ashlar) Huerta and Rozza (as reported by Garcia2) 
recommend the following equation: 
 

 
       
where the subscripts “s” and “m” refer to stone and mortar respectively, and vs and vm refer to 
the relative volumes of stone and mortar. 
 
According to Binda et al.4, a single composite compressive strength fc, can be determined for a 
multi-wythe wall using the following equation: 
 

 
 

where the subscripts “e “ and “i” refer to exterior and interior wythes, and “t” refers to the wythe 
thickness. Binda et al. e i. 
 
Equations 1 and 2 were used to determine the masonry compressive strength for the test scenario. 
The results are shown in Table 3. These values, along with an assumed tensile strength of 
0.3 MPa, were used earlier to calculate the deflections shown in Table 2. 
 

Table 3 – Calculated values of masonry compressive strength 
 Outer Wythe Inner Wythe Composite 

Masonry 
compressive 

strength, MPa 
6.2 6.8 5.3 

 
 
If the SBEDS recommendations are followed when calculating ftd, it is evident that the 10 
percent of f’m is much lower than the recommended minimum value of 1.38 MPa. Therefore, if 
the wall used in this test is typical of most historic masonry construction, a value of 1.38 MPa 
will be selected for ftd in most scenarios. What is not clear is whether the minimum value is 
actually relevant to historic masonry. In this particular example, the question is made irrelevant 

1 

2 
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because the results are insensitive to whether one uses 10% of f’m or 1.38 MPa, as both values 
fall on the lower plateau of the sensitivity graph shown in Figure 5.  
Wall response criteria 
SBEDS, and other similar SDOF software, reports wall response in terms of deflection, support 
rotation and ductility ratio. These values are then “interpreted” to arrive at a description of the 
damage. Tables 4 and 5 are the tables used specifically to interpret damage for unreinforced 
masonry. 
 
It is uncertain whether these tables apply to historic masonry, as they were developed for modern 
masonry. One method of testing whether they are appropriate is to use the support rotations 
measured in the test and see if the description of the damage correlates to the damage seen in the 
test. 
 
When the deflections measured in the test are converted into support rotations, assuming a single 
hinge, the support rotation at the bottom of the wall is 2.38°, while it is 3.57° measured at the top. 
Comparing these values to the SBEDS Response Limits (Table 4 and Table 5), the tables 
indicate that the expected wall response should have been Heavy Damage. This means that the 
wall was expected to have survived and be irreparable.  However the post-test photography (Fig. 
3b) clearly shows that the walls have failed, indicating either Hazardous Failure. 
 

Table 4 – SBEDS response criteria for unreinforced masonry 

 
 
 

Table 5 – Interpretation of response criteria 
Response Component Damage 

Level 
 

Description of Component Damage 
 

>B4 Blowout Component Is overwhelmed by the blast load causing debris with 
significant velocities 

B3-B4 Hazardous Failure 
 

Component has failed, and debris velocities range from 
insignificant to very significant 

B2-B3 Heavy Damage 
 

Component has not failed, but it has significant permanent 
deflections causing it to be irreparable 

B1-B2 Moderate Damage 
 

Component has some permanent deflection. 
It is generally repairable, if necessary, although replacement 
may be more economical and aesthetic 

<B1 Superficial Damage Component has no visible permanent damage 
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The issue is complicated by specifics relating to the construction of the test sample. The sample 
differed from typical double-wythe, rubble-infill masonry in that the infill did not include mortar. 
Furthermore, the wythes were tied together only with bond stones, and not with metal ties, which 
are often used in this type of construction. Had mortar and metal ties been used, it is quite 
possible that the inner wythe would not have failed, in which case the SBEDS Response Limits 
would have been correct. However, it should be kept in mind that the test, as it was performed, 
may have been a good representation of double-wythe, rubble-infill masonry performance after it 
has aged for 50 years, when the internal mortar has degraded and the metal ties between the 
wythes have rusted out. 
 
It is not desirable to have a design/analysis criterion which is non-conservative, i.e., which 
indicates that a scenario is safe when it may in fact not be safe. However, this test result may 
have highlighted exactly such a situation. A review of the applicability of the threshold response 
values of historic masonry should be undertaken. 
 

CONCLUSIONS 
 
Data from a test performed on a double-wythe, rubble-infill, historic masonry wall was used to 
evaluate the ability to predict the blast response of historic masonry walls using SDOF analysis.  
 
The results indicate that SDOF analysis can be used to get obtain a good estimate of the 
deflection of such a wall if the correct assumptions are made. In this case, the best estimate of the 
deflection was obtained by assuming that the double wythe, rubble infill wall behaved as a 
monolithic wall, with homogenized material properties. The masonry compression strength was 
calculated using equations by Huerta and Rozza and equations by Binda et al. The dynamic 
tensile strength which gave the best result was the minimum default value recommended by 
SBEDS. Using these parameters, the predicted maximum deflection was 117 mm, which 
compares favorably with the measured value of 110 mm.   
 
However, a simple sensitivity study has shown that the SBEDS results are very sensitive to input 
geometry and to tensile strength. Unfortunately the literature contains little to no guidance on the 
subject of the appropriate selection of input parameters. So, while it is possible to reproduce a 
test result, it remains very difficult to predict the performance of a wall with confidence. 
 
It was also found that there was, at least in the case of this test, a discrepancy in the interpretation 
of the damage criteria. The damage observed post-blast did not correlate with the expected 
damage, based on the measured deflection. This is of particular concern, because the accepted 
methodology used to interpret damage from deflection, under-predicted the post-blast damage, 
and under prediction is much less desirable than over prediction. 
 
However, these conclusions are based on the results of a single test, of a single, simple wall type. 
Data are required for other types of walls and for walls including architectural features such as 
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windows, doors, arches etc. There is a clear need for additional data and work in this area to 
develop a consistent and validated analysis methodology. 
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Annex A SBEDS INPUT 
 

Monolithic (composite) wall 
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Inner and outer wythes modelled independently, rubble infill carried as supported mass on inner 
wythe 

 
 
 

Outer Wall
Wall Self Weight, W 0 1500 kg/m2

Wall Moment of Inertia, I: 0.00E+00 1.80E+07 mm4/mm
Wall Section Modulus, S: 0 60000 mm3/mm
Wall Cross Sectional Area: A: 0 600 mm2/mm

Wall Shell Thickness, ts: 0 300 mm
Solid Thickness Through Web**, Vw: 0 0 mm/m

Input User Defined Material Properties*
Inner or Single Wall
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Inner wythe modelled, rubble infill and outer wythe carried as supported mass on inner wythe 
 

 
 
 

Outer Wall
Wall Self Weight, W 750 375 kg/m2

Wall Moment of Inertia, I: 2.25E+06 2.81E+05 mm4/mm
Wall Section Modulus, S: 15000 3750 mm3/mm
Wall Cross Sectional Area: A: 300 150 mm2/mm

Wall Shell Thickness, ts: 150 75 mm
Solid Thickness Through Web**, Vw: 0 0 mm/m

Input User Defined Material Properties*
Inner or Single Wall
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Outer Wall
Wall Self Weight, W 0 375 kg/m2

Wall Moment of Inertia, I: 0.00E+00 2.81E+05 mm4/mm
Wall Section Modulus, S: 0 3750 mm3/mm
Wall Cross Sectional Area: A: 0 150 mm2/mm

Wall Shell Thickness, ts: 0 75 mm
Solid Thickness Through Web**, Vw: 0 0 mm/m

Input User Defined Material Properties*
Inner or Single Wall
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