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ABSTRACT: In many model-scale experiments, geometric scaling is upheld but kinematic 
and/or dynamic similitude is not because of the difficulty in manufacturing and assembling small 
models. This paper describes scaling, manufacturing, assembly, and testing of 1/10th scaled his-
toric masonry materials for one-gravity, pseudo-static, soil-structure testing. Prototype selection, 
manufacturing limitations, constructability constraints, and testing decisions are presented, 
alongside details related to model construction. Compressive, tensile, and shear capacities of 
one-tenth scale prototype values, as well as failure mechanisms, were achieved by adopting tra-
ditional brick extrusion and firing methods, in conjunction with modifying mortar products de-
veloped for historic restoration. When scaled-masonry structures were subjected to adjacent ex-
cavation, damage levels and patterns and levels were consistent with full-scale, field observa-
tions. 
 
KEY WORDS:  historic brick masonry, mortar, manufacturing, soil-structure, scaling, sand, ad-
jacent excavation, cracks, preservation, conservation 
 
1. Introduction 
 
Small-scale testing is attractive, because it is faster and less expensive than large-scale or full-
scale experiments. However, for reduced-scale experiments to be reliable, a model must respond 
like its prototype. To achieve this, geometric, kinematic, and dynamic relationships must be up-
held. While geometric similarity is evident, kinematic and dynamic similarity are not always so. 
In dynamic testing, similarity requires all model velocity vectors and forces to have the same di-
rection as the full-scale, with corresponding magnitudes related by a single scale factor [1, 2]. 
While in 1-gravity (1g), pseudo-static testing of masonry, the main problem is obtaining materi-
als whose strength and stiffness are both sufficiently reduced compared to of those of the proto-
type. This is true for the individual elements and their composite behaviour, when assembled. 
There are also the usual constraints of constructability and material availability, which often 
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present competing factors and pose major challenges. Furthermore, when modelling historic ma-
sonry, the situation is additionally complicated by (1) the high variability of the original materi-
als; (2) decades (if not centuries) of in-situ degradation; and (3) poor documentation of the per-
formance characteristics of the original materials. This paper introduces new solutions for manu-
facturing, assembling, and testing historic scaled-masonry for 1g, pseudo-static, soil-structure 
experiments, the complexity of which does not easily lend itself to centrifuge work. 
 
2. Prior solutions 
 
In prior 1g, masonry testing, many researchers have ignored scaling requirements, because of 
difficulties in manufacturing small-scale units and constructing assemblages of reduced-strength 
material, thus potentially introducing unintended scale-effects [3]. Often this has been justified 
by relatively large (half-scale) testing or by reporting only qualitative outputs (e.g. crack pat-
terns), but in some cases, no acknowledgment of the problem is made. A sampling of approaches 
is shown in Table 1. 
 

Table 1. Properties of models used in experimental 1g masonry studies. 

Model 
Geometry (mm) f’c (MPa) 

Masonry unit  
Area of Study 

 S
ca

le
 

L x H x W 
Mortar  

Thickness Unit Mortar Masonry 
Reference 

Shear strength 1/3 97 x 63 x 47 3 30.31 9.06 10.20 Neto et al., 2008 [4] 
Blast resistance 1/4 100 x 50 x 50 >2.5 14 12.4 NA Dennis et al., 2002 [5] 
Seismic loading 2/3 390 x 190 x 140 10-12 18.1 11.3 17.9 Laursen & Ingham,  2004 [6] 
Seismic loading 1/5 78 x 58 x 38 ~3 1.09 0.45 1.27 Tomazevic and Klemenc, 1997 [7] 

 
 

Cyclic loading 1/3 95 x 95 x 65 7 7 3.8 6.6 Altin et al., 2008 [8] 
93 x 60 x 60 3.1 1.53 2.63 Cyclic loading 1/3 
95 x 52 x 45 

~7.5 
26.4 1.75 15.18 

Kakaletsis and Karayannis, 2008 
[9] 

Seismic loading 1/10 29 x 18.5 x 13.5 ~1 Not modelled Turer et al., 2007 [10] 
Cyclic loading 1/9 40 x 30 x 21 1 NA NA 0.93 Manos et al., 1993 [11] 

Retrofit 1/2 150 x 95 x 75 5 14.8 3.2 4.8 El Gawady et al. 2007 [12] 
Seismic loading 1/4 65 x 30 x 30 2 6.06 0.46 2 Zarnic et al., 2001 [13] 

Seismic resistance 1/5 78 x 58 x 38 ~3 1.09 0.45 1.27 Tomazevic and Klemenc, 1997 [14] 
 
 

Static loading 1/2 102 x 305 x 305  9.5 0.10 0.02 0.03 Henderson et al., 2003 [15] 
Shear testing 1/6 50.8 x 25.4 x 15.9 3.2 30.4 8.1 NA Murthy and Hendry, 1965 [16] 

Physical properties 1/3 131 x 67 x 47 3.3 NA NA 20.7 Harris et al., 1990 [17] 
Seismic loading 3/8 94 x 45 x 28 5 46.4 NA 13.5 Abrams, 1997 [18] 

NA: not available 
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3. Scaling requirements 
 
To minimize (and eliminate, where possible) scale-effects when conducting model-scale work, 
the concept of dimensional homogeneity or similitude was pioneered by Buckingham [19] and 
extended by Rayleigh [20]. To accommodate the same behaviour in both prototype structure (p) 
and scaled model (m), material selections are predicated upon the similarity concept, for which 
scale factors were computed. 
 

         (1) 

 
In the proposed solution, the scaled model strains must be identical to the prototype model ones, 
for which the scale factor for strains that were computed based on the applied load and Young’s 
modulus can be expressed as 
 

           (2) 

 
In which σ and E are respectively normal stress and Young’s modulus of materials, and p and m 
subscripts are represented to prototype and scale model.  
 
In soil-structure model, applied soil surface stress must be reduced to ensure a stable soil mass 
beneath the structures. Soil overloading is a particular concern in the uppermost portion of the 
soil profile where confining stress is minimal because of the relatively small scale of the work, as 
previously described [21,22]. If the nature of the soil cannot be effectively change the stress in 
the building model must be reduce. For the building model to respond at the reduced stress akin 
to how the prototype responds under full-scale loading, the building materials’ strength and stiff-
ness must be. Herein, the scale factor for stress was adopted equal to a geometry scale (Sσ = 1/n). 
Therefore, equation (2) was re-written for building and soil materials as equation (3) and (4) re-
spectively: 
 

          (3) 

          (4) 

 
where b and s subscripts represent to quantity of the building and soil, 1/n is a scale factor of ge-
ometry of physical model.  
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Since loads on the model are transferred to the soil, stresses applied to the soil are the same as 
those on the model building’s foundations (Eq. 5) 

           (5) 

where σss is the applied stress on the soil surface, and σb is the stress applied through the building 
components at the soil-structure interface. This must address the fundamental understanding the 
sand gains strength and stiffness with depth (Eq. 6) 
 
In non-cohesive soils, bearing capacity and deformability are assumed to be linear with depth 
(Eq. 6 and 7), as first proposed by Terzaghi [23], where qa is net allowable load, qd, is the design 
load, SF is the safety fact, γ is the soil unit weight, Df is the foundation depth factor, B is the 
foundation width factor, and Nγ and Nq are the dimensionless bearing-capacity factors depending 
primarily on the soil’s friction angle. Stress, σs, at a pint is proportional to the soil’s elastic 
modulus Es, unit weight γ, and depth H. Based on equations 6 and 7, the soil characteristics are 
considered to be linearly increasing with depth 
 

€ 

qa =
qd
SF

= [
γNγ

2
+γ(Nq −1)

Df

B
] B
SF

        (6) 

 
 
σs ∝ Es ∝ γ H            (7) 
 
Thus, to meet the challenges of matching soil characteristics, model building materials must be 
manufactured with ultimate load capacities and stiffnesses of only 1/n of those of the full-scale 
prototype.  Development of such materials is described in sections 4 and 5. 
 
4. Experimental aims and prototype selection 
 
To illustrate material selection and development, a portion of a larger testing program [22,24] to 
consider building response to adjacent excavation is herein described. A common urban scenario 
was selected, including a load-bearing, unreinforced masonry (URM) building with a semi-
continuous, shallow foundation (Figs. 1 and 2).  
 
Construction details were taken from historical records, including turn-of-the-century building 
manuals and guidelines showing 297.5 mm wide walls on foundations 2.5 times wider [25, 
26,27,28] and assuming medium-hard bricks in lime mortar. Details of footing configuration and 
loading selection are reported elsewhere [29]. 
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Masonry capacity is derived from individual components and their interaction. Consequently di-
rect correlations between individual material properties and final composite performance is not 
assured. Thus, target values were selected initially for individual materials, as well as the compo-
site masonry, with the strategy being that the individual materials would be tested first and once 
they were close to their target values they would be assembled and tested together. This process 
is not straight-forward, because behaviour between one set of engineering properties for historic 
masonry has not correlated well with others (e.g. shear and tension). Consequently, prototype se-
lection was considered to be representative of a class of materials, namely early twentieth cen-
tury American masonry, as opposed to matching of a specific building (Table 2).  
 
 

 

 

 Figure 1: a) Section; b) Plan of experimental set up [21] 
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Fig. 2. Schematic details shown of masonry wall [21] 

 

 
Fig. 3. Formwork shown for laying discrete URM footings. 
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Table 2. Expected prototype performance and resultant experimental values. 

Property Prototype Target Actual  
(average) 

Brick compressive strength (tested 
longwise, no end preparation) 41.37-55.16 MPa 4.14-5.52 MPa 4.43 MPa* 

Brick compressive strength (tested 
flatwise, no end preparation) 

Not modelled due to lack of 
correlation between testing 

orientations 
Not modelled 8.40 MPa 

Brick modulus of rupture 8.62 MPa 0.86 MPa 0.39 MPa 
Brick Poisson’s ratio .30 .30 .25 
Brick absorption No modelling needed Not modelled 16.3% 
Brick mass density No modelling needed Not modelled 1783.9 Kg/m3 
Brick Young’s modulus No prototype data available Not modelled 81.28 MPa 
Brick tensile strength No prototype data available Not modelled 5.00 MPa 
Mortar compressive strength 6.89 MPa 0.69 MPa 1.31 MPa 
Mortar tensile strength 1.37 MPa 0.13 MPa 0.15 MPa 
Mortar Young’s modulus 6894.76 MPa 689.48 MPa 5326.36 MPa 
Mortar Poisson’s ratio No prototype data available Not modelled .30 
Mortar mass density Not modelled Not modelled 1,557.9 Kg/m3 
Masonry compressive strength for 
5 brick high prisms 22.34-23.99 MPa 2.23-1.71 MPa 4.14 MPa 

Masonry Young’s modulus 7763.50-10342.14 MPa 772.21-1034.21 MPa 1482.37 MPa 
Masonry shear strength 0.38-0.53 MPa 0.04-0.05 MPa 0.05 MPa 
Masonry flexural bond 0.59-0.82 MPa 0.06-0.08 MPa Untestable 

*Measured at first crack 
  
 
 
5.  Model material selection, manufacturing and assembling 
 
5.1 Sand 
 
The scale of the testing system required 40 tons of sand for its operation, and no scalable ma-
terial for the soil was found that could be handled and placed reliably in such quantities. As such 
the selected sand was taken from a river deposit quarry near Pekin, Illinois. The sand was 
washed and kiln dried at the quarry. According to the Unified Soil Classification system, the 
model sand was a poorly graded sand (SP) with coefficient of uniformity (Cu) of 2.64 and a co-
efficient of curvature (Cc) of 1.12 [22]. The CPT test was carried out on three samples and tip re-
sistances were ranged 2.76MPa to 4.14MPa, in which the tip resistances showed generally linear 
increase of resistance with depth. Laboratory samples produced dense, medium, and loose mass 
densities corresponding to 1826kg/m3 (a void ratio of 0.48), 1618kg/m3 (a void ratio of 0.67) and 
1586kg/m3 (a void ratio of 0.71), respectively, with friction angles varying 32° to 55° for applied 
stresses of 6.9kPa to 68.9kPa by using direct shear tests. 
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5.2 Excavation wall 
 
The excavation wall was 1.52m deep by 4.0m wide constructed of three pieces of 2.4 mm thick 
sheet metal. The pieces were attached by a continuous wale consisted of a 2.5cm x 2.5cm square 
tube at each tie back level. The excavation wall was set 0.76m from the front of the testing 
chamber (Figure 1). The excavation wall was supported by three levels of anchors equidistantly 
in vertical and horizontal directions (Figure 1). Vertical levels of the anchors were set uniform 
distance of 0.305m and the first level was appeared at 0.178m and 0.305m corresponding to 
1.22m and 1.09m of the deep excavation for Test 4 and 5 (as will be described later), respec-
tively. The ground surface in Test 5 was 0.13m lower than that in Test 4 with no change in the 
anchor layout [22]. The anchors were installed 15° from horizontal and made of 76.2mm diam-
eter stainless steel rod. The unbonded portion of each was encased in a PVC tube.  
 
5.3.  Masonry Building Materials 
 
Extensive testing was conducted to develop mortar and brick to meet performance- and construc-
tability-related demands. 
 
5.3.1 Mortar  
 
Beyond strength and stiffness requirements, mortar was subjected to consistency and curing con-
straints. Consistency had to be adequately viscous to be a bedding material, while fluid enough 
for regular placement. Curing had to be sufficiently slow to allow many bricks to be laid with 
each batch of mortar but fast enough to lay multiple brick lifts each day. Additionally, only 
minimal, shrinkage-based cracking was allowed, to ensure continuous load transfer and to pre-
vent problems identifying the displacement-based cracking anticipated during testing. 
 
A preslaked, lime putty-based, restoration mortar by GenLime was selected as the binder/base 
material. Its 25% water content (by weight) required special additives and curing to prevent ex-
cessive shrinkage-induced cracking. Shrinkage in full-scale masonry is usually controlled by ag-
gregate quantity and type. However, even a small amount of sand substantially interfered with 
workability. Workability issues also precluded lowering strength with an over-sanding approach 
– having insufficient binder for the aggregate to fully bind (Fig. 4). Several fillers were tried in-
cluding flour, baking soda, baking powder, crushed limestone dust, silt, and glass microspheres. 
None produced a workable mortar that could be consistently placed with a uniform mortar joint 
thickness. Instead, small amounts of bentonite and air entrainment were added to the mix but no 
aggregate. Table 3 shows the final mix; mortar is usually described as parts per volume but 
weight was selected in this case, to ensure repeatability. The strength of the selected mix is 
shown in the context of other mixes using various levels of air entrainment and bentonite. 
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Fig. 4. Oversanding in lime mixes. 
 

 

Fig. 5. Mortar strength as a function of bentonite and air entrainment levels. 
 

 
Table 3. Mortar mix by weight and parts. 

Component Weight (g) Percentage (%) 
Bentonite 87.5 1.0 
Air Entrainment 250.0 2.9 
Lime Putty 5000.0 57.1 

 
The bentonite absorbed some water prior to curing, which minimized shrinkage and increased 
stiffness, thereby allowing daily, multi-lift construction. The air entrainment (gumtree resin sold 
under the trade name DeVaar by W.R. Grace) served as a plasticizer and retarder, substantially 
delaying curing and causing significantly fewer cracks – either due to protracted curing or be-
cause the air entrainment encouraged more evenly distributed shrinkage. In many markets this 
product, under the same name, contains a resin from a tree other than the gum tree. When that 
product was used, no beneficial impact occurred. 
 
Where possible ASTM standards C109/C109M [28] and C270 [29] were followed, but the 
fundamental differences in lime putty from dry lime and cement-based mortars precluded com-
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plete compliance and resulted in three points of divergence in the mortar testing. The first differ-
ence was mixing time. Lime putty mortars showed no visible difference after 5-minute mixings 
versus the prescribed 35-minutes, so only 5 minutes were used. The second was that the putty’s 
high water content with no off-setting aggregate resulted in too much shrinkage to cast testable 
samples using standard 50.8 mm x 50.8 mm cube moulds (Fig. 6). Thus, cubes were cut with a 
band saw from oversized samples cast in plastic buckets (Fig. 7). This permitted intact sample 
extraction from larger and partially cracked specimens. Cutting did not induce micro-cracking, as 
mortar cubes consistently broke in a catastrophic manner. Because of reduced air exposure for 
the mortar within the larger sample, cubes were tested at 35 days, instead of 28. A 35-day 
strength proved identical as the same as year-old samples. The third sample preparation differ-
ence was that 30 seconds of vibration was substituted for the rodding requirement because of the 
lime’s propensity to adhere to the chumming rod. 
 

 
Fig. 6. Mortar cubes resulting from casting in 5.1cm x 5.1cm brass moulds. 

 

 
Fig. 7. Oversized cast mortar samples from which 5.1cm x 5.1cm samples were cut. 

 
The exposed surface area of the mortar greatly impacted its full curing time, as carbonation, in-
stead of hydration (as with cementious mixtures), was the curing method. For the model-sized 
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joints, 35 days was set as a minimum curing time based on laboratory tests and previous work 
[32]. 
 
Average compressive strength was 1.31 MPa, approximately twice the 0.69 MPa target strength. 
This mix had the lowest strength of any of those found to meet the constructability issues. Thus, 
the testing program proceeded with this mix as the closest available match. To further reduce the 
masonry strength, a slightly wider joint width was selected (as will be described in section 5.4).  
 
All production mortar was made during two mixing sessions by the same researcher to increase 
consistency. Putty was always scooped from the bottom of each 22.68 kg pail and drained of any 
standing free water. The mortar could be stored indefinitely in re-sealable plastic bags even with 
the additives, because of the lime’s carbonation based curing process. The wet, stored mortar 
showed no signs of change, even after one year, as long as the bag remained sealed and without 
holes.  
 
5.3.2.  Brick 
 
Ribar and Dubovoy’s [33] study of nearly 500 specimens (10 brick types and 20 mortar mixes) 
concluded that brick surface was the controlling factor for bonding characteristics, with brick 
microstructure (e.g. surface roughness, porosity) predominating. Thus, model brick production 
followed traditional manufacturing and construction processes, whenever possible. Unit extru-
sion and stationary kiln firing were considered essential aspects. The smallest commercially 
available extruded unit available was 1/4th scale (57.15mm long x 28.58mm wide x 15.88mm 
high) - as opposed to the 1/10th scale selected for the laboratory work. These quarter-scale ex-
truded units were wrapped in plastic to prevent premature drying and shipped raw by Belden 
Brick Co. of Canton, Ohio to the University of Illinois at Urbana-Champaign’s Ceramics Engi-
neering Department, where they were fired. 
 
Prior to firing, the bricks were dried for at least 24 hours at 65.6° C. They were fired in a station-
ary kiln with electrical heating elements on 5 sides (Fig. 8), based upon Belden Brick’s propri-
etary firing schedule. Within each kiln, bricks were placed in 2 masses, each 463.55mm x 
596.90mm x 127.00mm high (approximately 1,400 bricks per firing). Firing occurred at 496.1°C 
(verified via Orton cone #09) for at least 12 hours, with an additional day of kiln time for cool-
ing. Firing heat and duration were minimized to limit strength gain, while providing sufficient 
sinter to prevent the units from returning to clay when exposed to water. Restricting strength 
augmentation was particularly challenging given that the flat-wise, compressive strength of a 
dried but unfired brick regularly reached 1.22 MPa, and the target scaled strength was only 4.14-
5.52 MPa. 
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Fig. 8. Quarter-scale bricks shown in comparison to prototype brick in stationary, electric kiln. 

 
Bricks were culled after firing to minimize the impact of brick variability on the model walls’ 
structural performance. As part of this, each brick was individually inspected for defects (cracks, 
chips, or deformations), sorted by colour using a six gradation set of distinctions, and included 
only if dimensionally and visually acceptable. The kiln’s oxidizing (as opposed to reducing) at-
mosphere facilitated a direct correlation between colour and strength. Colour designations were 
referred to in the experimental work as 0 to 5, but more precisely defined using a Munsell colour 
chart (Table 4). Those that exhibited two distinct bands of colour (due to kiln stack position) 
were described with two numbers (e.g. 3/4). The designations were as follows: 0 for a dried but 
unfired unit; 1 under-fired; 2 or 3 (depending on colour) for the least fired bricks that did not sig-
nificantly lose strength and consistency when exposed to water, and exhibited relatively low 
strength variability (Fig. 9). Approximately half the bricks ranged between 2 and 3 (Fig. 10); 
they were both used in the model and were subsequently referred to as 2-3 bricks, as they 
spanned the colour range of those that were 2 and/or 3. Units beyond 3 were excluded, as they 
exhibited a higher strength, higher incidences of laminations, and barely visible, pre-test crack-
ing. Under-fired units could be re-fired, although yield of usable units was lower than from the 
initial firing. End-wise tested bricks averaged a compressive strength of 4.43 MPa in the 2-3 
group based on the proportion of bricks used in the 2 and 3 categories of bricks. Crushing or 
ultimate strength was substantially higher, up to three times depending upon orientation, but was 
not a concern, as the intention was to generate cracking through the mortar joints, as would have 
been consistent with the intent of historical construction practices.  
 

Table 4. Munsell colour chart description of bricks. 
Laboratory 
Designation 0 1 2 3 4 5 

Munsell Hue Page 5 yellow grey 7.5 yellow red 5 yellow red 5 yellow red 2.5 yellow red 2.5 yellow red 

Munsell  
Classification 8/2 7/4 6/8 6/8 6/8 5/10 
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Fig. 9. Brick compressive strength by colour designation. 

 
Initially, the individual bricks were capped prior to compressive testing in accordance with 
ASTM C67 [34]. When compared to specimens tested with sanded ends and those without any 
end preparation, those without end preparation were indistinguishable from the capped ones, 
with the added benefit of replicating historical data collection methods (Fig. 11). Finally, a full 
brick was tested instead of a half brick, because of the small unit size; traditionally half bricks 
were favoured because of testing machine load limits.  
 

 
Fig. 10. Kiln yield by colour designation. 
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The Modulus of rupture ( ) value was established in accordance with ASTM C67. The average 
was 144.8 kPa (flat-tested) and 627.4 kPa (edge-tested). Tensile capacity determined by testing 
units end-wise with a no-moment connection averaged 1.26 MPa for the 2-3 bricks (connector 
detail and broken bricks shown if Fig. 12). Absorption was 16.31%, but this value and much of 
those in the early literature may be better categorized as saturation potential and should not to be 
confused with initial rate of absorption, which requires a boiling portion to the test, which could 
not be performed because of disintegration problems because of the bricks' low sintering levels. 
Bricks were strain gauged to obtain the material’s tangent Young’s modulus (81.28 MPa) and 
Poisson’s ratio (0.25).  
  

 

Fig. 11. Comparative compressive strength by end condition. 
 
 

 

Fig. 12. Photograph of tensile brick testing. 
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5.5.  Masonry 
 
In accordance with standard industry practice, five-unit high prism tests were tested in compres-
sion giving an average compressive strength for the assemblage. Peak strengths ranged from 4.14 
MPa to 6.89 MPa for 14 to 30 days with some strength loss and increased scatter at around 28 
days; because of the joint thinness (as opposed to the comparatively large mortar cubes) a 28-day 
strength was targeted but problems with the testing equipment resulted in testing on day 30, in-
stead. The strength variation observed was consistent with data by Rao [35] on lime mortar 
prisms, where high-lime content samples exhibited strength decreases after 28 days and observa-
tions by Pieper and Trautsch [36] of slight decreases in shear strength after at 28 days. Long-
term studies on the selected mortar samples showed no significant changes between 35 and 365 
days. 
 
Masonry shear capacity depends on unit shape, size, absorption level, and bond mechanism. 
Work by Ritchie and Davison [37] showed how shear capacity may be equal for disparate condi-
tions (e.g. a unit uniformly covered in low-strength mortar and a unit patchily covered with a 
higher strength mortar) and that determining the controlling factor is extremely difficult because 
of the interdependent nature of the variables. Average model-scale shear stress for laboratory 
triplets tested with no normal force was 46.2 kPa (Fig. 13), a strong match to the 482.6 kPa 
prototype value.  

 
Fig. 13. Shear testing results on triplets with no confining stress at 21 and 28 days 

 
In the absence of a viable tensile testing standard for low-strength masonry, pre-production and 
post-production test samples were made as couplets and pulled with a no-moment connection 
(Fig. 14); the samples would not have withstood coring through the centre of one brick and verti-
cal joint directly above, as is often recommended. Scatter was large – ranging from less than  
13.8 kPa to nearly 137.9 kPa with typical results being 48.3 kPa to 55.2 kPa.  
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Fig. 14. Tensile testing via a no-moment connection. 

 
 
5.5.  Geometric Divergences  
 
Due to the extruded brick size, the model units dimensionally scaled closer to a concrete block 
than a brick, thereby resulting in single-wythe construction. From a practical standpoint this re-
sulted in a well-constructed wall, where damage patterns could be easily tracked and doc-
umented, and it avoided three-dimensional (3D) complications in an otherwise plane-strain test-
ing program, as is the typical configuration for adjacent excavation testing arrangements. The 
28.58 mm width of the single model brick was equivalent in width to a thickness of 2.5 wythes at 
1/10th scale. Many older structures were not assembled originally with as much care and dili-
gence as might be either assumed or hoped. Consequently, the model walls performed in a 
somewhat idealized behaviour of all wythes working together. Since the mortar generally con-
trolled both the cracking pattern and propagation, the behaviour of the single-wythe wall was not 
fundamentally different from a well-built prototype. This was confirmed during testing, where 
breakage occurred only in the mortar joints (Fig. 15). The testing was a progressive excavation 
as described in section 6. 
  
A second area of dimensional divergence was the model’s joint width. Head joint and bed joint 
thicknesses were 3.21 mm and 2.25 mm, respectively. This was scaled to the quarter-scale brick 
unit size. Selected joint thicknesses fell within the higher scaled-range of typical construction 
[38, 39] and permitted two important things:  easier damage detection and assurance that the 
damage would predominate in the mortar; work by Lenczner [40] demonstrated that increased 
joint width decreased masonry strength for joint widths less than 16mm (for full-scale work). 
The larger experimental joint width resulted in an overall lowering of ultimate masonry capacity, 
which more closely emulated the masonry’s target strength and stiffness.   



 17 

 
Fig. 15. Close up of damaged URM wall at end of testing; cracks coloured post-test with marker 

after being measured.   
 
Instrumentation of five-course high, brick prisms yielded an average modulus of elasticity of 
107.94 MPa (Fig. 16), a value extremely close to 1/10th of the prototype (Table 2). The speci-
mens proved too fragile to be subjected to ASTM E518 [41] for flexural bond strength testing. 
So no further attempts were made to quantify this. 
 

 
Fig. 16. Examples of Young’s modulus of five-course high brick prisms.   
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5.6.  Wall Construction 
 
The brick walls (610 mm high, 1830 mm long, and 29.75 mm wide) were built in a large, frame 
inclined approximately 20° from vertical, to counter the walls’ tendency to cure towards the air 
and curl, especially along the most freshly laid rows. Prior to initiating assembly, a laminated, 
computer-aided design (CAD) generated template of the wall was secured to the dismountable 
frame (Fig. 17). The template was an exact, scaled representation of the wall layout and provided 
a constant means to visually check unit placement and joint thickness at all points. Upon wall 
construction, no deviations from the template were visible. Prior to bricklaying, the template was 
covered by a thin sheet of wax paper to prevent sticking between the laminate and the brick. This 
was removed after the model was positioned in the testing chamber (Fig. 18 and 19). 
 
Bricklaying was done as traditionally as possible, to replicate prototype construction. As such, all 
bricks were submerged in water for at least 4 minutes (maximum of 30), before being laid. The 
time was established experimentally and verified visually; the bricks stopped bubbling, when 
saturation was complete. After 30 minutes, brick disintegration began, because of low firing lev-
els. Thus 30 minutes represented the maximum allowable soaking time for the brick. Failure to 
pre-wet the bricks sufficiently generated extreme mortar dehydration and prevented placement of 
an adequately, thin mortar layer; lime putty in a non-desiccatory environment can still be work-
able after several hours.  
 
 

 
Fig. 17. Photograph of bricks being laid (formwork set for up to 4 storeys). 
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Fig. 18. Two model walls shown in their transport frames. 

 

 
Fig. 19. Wall in place awaiting testing. 

 
To ensure full bonding, each brick head was “buttered” with a small knife. This brick was then 
“shoved” up against the prior brick; thereby emulating full-scale bricklaying techniques. After 
being properly positioned left-to-right, the brick was tapped down to the appropriate height. The 
next brick was then buttered and shoved. Once the entire row was laid, it was double-checked to 
be level and flush. This was repeated for each brick course (layer). Because of the 1/10th scale, 
traditional masonry tools could not be used. Instead, an icing bag with a 22.2mm wide tip per-
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mitted rapid application of a fairly uniform mortar layer (across 28.58mm wide brick), which 
was refined with a small metal spatula. Only six courses were constructed per day to prevent 
mortar overloading due to self-weight. Sufficient strength gain occurred overnight to permit con-
struction of the next six courses.  
 
Given the mortar’s high water content, shrinkage-based cracking was a concern. Traditional so-
lutions employing wet burlap to slow curing proved inappropriate because of interference with 
carbonation due to the heavy lime content. Acceptable results were achieved using a wax-paper 
tenting system that was opened daily for approximately six hours during each day of construction 
and the four days following. Otherwise, the sample was sealed. This generated a slower curing 
would have occurred under unlimited oxygen. No wall was tested less than 35 days after con-
struction. 
 
The only other wall components were 2.0mm thick oak lintels atop each window to provide sup-
port the bricks above (Fig. 20). Wood was selected instead of metal or stone to meet scaling 
stiffness requirements. The lintels were double-coated with polyurethane to prevent mortar des-
iccation. The lintels extended into the mortar joint approximately half a brick length beyond the 
window on each side emulating field practices. Loading details are summarized elsewhere [21,  
22]. 
 

 
Fig. 20. Window opening with oak lintel visible. 
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6. Experimental testing  
 
The two tests (Test 4 and Test 5) reported herein for verification were part of a six-test program 
some of which is reported elsewhere [24]. The scale-model Tests 4 and 5 each included two un-
reinforced brick walls (named West and East), which were respectively supported by shallow 
and deep footings. These were subjected to different loads but were otherwise identical. Dis-
placements of buildings, the soil surface, and the excavation wall were recorded at multiple 
stages of the excavation process.  
 
Once the model buildings were fully installed, the data collection began by establishing an initial 
zeros point for electronic and manual instrumentations. To measure building model movements, 
a combination of electronic extensometers and foal gauges were applied to the corners and vari-
ous other points across the walls to collect both vertical and horizontal displacement, in which 
accuracy of the dial gauges was ranged from 0.00254mm to 0.0254mm. For each building, verti-
cal and horizontal measurements were at four corners and third-points horizontally and half-
points vertically. 
 
Prior to excavation, the building models were examined at close range for pretest damage. Dur-
ing testing, crack identification had to be conducted from a distance with binoculars to avoid in-
terfering with the experiment. Thus, crack measurement had to be postponed until the testing was 
complete. The emergence of cracks was documented at each stage but could not be measured un-
til the testing was complete. Therefore, crack size was only indicated at the excavation design 
grade or at the final reading. Additionally, herein it was hard to measure accurately the size of 
the smallest crack, particularly less than 0.5mm, which reported as 0.1mm. 
 
Dial gauges with the sensitivity of 0.0254mm were distributed across the surface of the testing 
chamber while electronic extensometers (transtek DCDTs) with the accuracy of 0.0254mm were 
buried to measure wall and soil mass displacements. Additionally, five levels of mechanical ex-
tensometers were placed on the front side of the excavation wall for measurement of horizontal 
displacements and dial gauges attached on the top of the excavation wall to measure both vertical 
and horizontal movements.  
 
Excavation occurred in 12 stages of equal depths with an additional three stages for the post-
tensioning of the anchors at each level. Details herein are reported for the excavation at design 
grade. These corresponded to excavation depths of 1.22 in Test 4, and 1.09m in Test 5  (see [24] 
for a detailed description of the excavation process). At the end of testing, the cumulative dis-
placements and cracking occurring throughout the excavation process were recorded for bench-
marking.  
 
 
7. Experimental results and discussion 
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To validate the experiments, the results were scaled and plotted atop published field measure-
ments [43, 44, 45]. Validations were made from lateral excavation wall movements, free field 
surface soil settlement, vertical building movement, and building damage patterns. 
  
Lateral excavation wall movements observed by Boone [43] for an excavation 20m in depth and 
over 650m long through glacial till and a highly, over-consolidated glaciolacustrine sand, silt, 
and clay deposit are shown in fig. 21. The excavation was generally supported by wide-flange 
steel beams combined to vertical spacing of struts ranged from 2.4m to 5.8m. In general, the ex-
perimental data when scaled to a factor of 10 was not dissimilar. Boone’s final displacements 
ranged from 0.12% to 0.18% of the excavation depth, while the experimental results were around 
0.07-0.08% of the excavation depth. The smaller displacements from the experiments can be 
understood as an artefact of the more shallow excavation depth of the laboratory tests. 
 

 
Figure 21. Horizontal displacements of the excavation wall 

 
The second area of comparison is free field surface settlements. These also showed reasonable 
results when plotted atop field data collect by Peck [44] as shown in fig. 22. The experimental 
data were in the middle of region I for surface movement in sand with average workmanship, 
and the maximum vertical displacement of FF was around 0.7%H, where H is the depth excava-
tion. Additionally, the trough profile shape was similar to those proposed by Peck [44]. 
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Figure 22. Ground movements in free field region overlain on field results reported by Peck [44] 
 
The third area of comparison was vertical building movements. Boone [43] published vertical 
displacements for four load-bearing masonry buildings for the abovementioned excavation. The 
structures ranged in height from 5.5m to 6.7m and in length from 10.9m to 29.0m (scaled up ex-
perimental walls were 6.1m x 18.3m). The trends were similar in response shape, even though 
the experimental wall movements were generally larger (maximum 60mm when scaled up) ver-
sus the field observations (maximum 20mm). The difference can be understood as the extreme 
proximity of the experimental buildings to the adjacent excavation, (Figure 21).  
 

 
Figure 23. Vertical displacements of the bottom building  
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The final validation area was damage patterns in the masonry. The general damage and distortion 
patterns, magnitudes, and cracking densities were commensurate with previously reported cases 
[43, 44]. The major difference was that damage was more distributed over the entirety of the 
model, as there were no roof or floor elements to act as diaphragms. Cracks on the scale model 
propagated from the building bottom toward the building top, in which most of crack appeared 
on brick-mortar interface that was parallel to diagonal lines of the windows. In the half of the 
building model closest to the excavation face, the diagonal crack parallel to diagonal lines of the 
window from a bottom left corner to a top right corner and in another building model, cracks ap-
peared in opposite direction (Figure 24a and b). This observation was consistent to the cracks on 
real building (Figure 24c). Model damage across the top was due to the lack of a confining roof 
member. The model walls generally showed diagonal shear cracking, similar to that recorded by 
the lead author at a site in central Illinois in 2001 (fig. 25), where damage was heavily concen-
trated in the front lower corner and around the windows. 
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a) Test 4 at end of study (excavation from right side) 

 
b) Test 5 at end of study (excavation from right side) 

 
c) Cracks in a real building (adapted from Boone et al. 1998) 

Figure 24. Cracks on the building model.        
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a) Front corner of building b) Ground floor and first floor windows 

Fig.  25. Adjacent excavation induced damage at a building in central Illinois 2001 

 

8. Conclusions 
 
By following similitude requirements and using modifications of traditional materials (e.g. shale, 
lime) and historic building practices (e.g. preweting bricks), relatively small-scale (1/10th scale) 
masonry products can be manufactured that successfully generate masonry building response for 
1g, pseudostatic soil-structure.  To develop appropriate materials, first an extensive understand-
ing must be achieved of the materials to be modelled by studying the historic records and recent 
testing data. As part of the material development programme, appropriate testing protocols must 
be adopted and/or adapted. The success of the developed materials was verified by comparing 
lateral wall displacements, surface soil settlement, vertical building response, and cracking pat-
terns.  This enables the collection of data that is not usually accessible (e.g. within the soil mass, 
beneath the building foundations). 
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Table Captions 
Table 1 Properties of models used in experimental 1g masonry studies. 

Table 2 Expected prototype performance and resultant experimental values. 

Table 3 Mortar mix by weight and parts. 

Table 4 Munsell colour chart description of bricks. 
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Figure Captions 

Fig. 1. a) Section b) Plan of experimental set up. 

Fig. 2. Schematic details shown of masonry wall 

Fig. 3. Formwork shown for laying discrete URM footings. 

Fig. 4. Oversanding in lime mixes. 

Fig. 5. Mortar strength as a function of bentonite and air entrainment levels. 

Fig. 6. Mortar cubes resulting from casting in 5.1cm x 5.1cm brass molds. 

Fig. 7. Oversized cast mortar samples from which 5.1cm x 5.1cm samples were cut. 

Fig. 8. Quarter-scale bricks shown in comparison to prototype brick in stationary, electric kiln. 

Fig. 9. Brick compressive strength by colour designation  

Fig. 10. Kiln yield by colour designation. 

Fig. 11. Comparative compressive strength by end condition. 

Fig. 12. Photograph of tensile brick testing. 

Fig. 13. Shear testing results on triplets with no confining stress at 21 and 28 days  

Fig. 14. Tensile testing via a no-moment connection. 

Fig. 15. Close up of damaged URM wall at end of testing; cracks coloured post-test with marker 

after being measured.   

Fig. 16. Examples of Young’s modulus of five-course high brick prisms.   

Fig. 17. Photograph of bricks being laid. 

Fig. 18. Two model walls shown in their transport frames. 

Fig. 19. Wall in place awaiting testing. 

Fig. 20. Window opening with lintel visible. 

Fig. 21. Horizontal displacements of the excavation wall. 
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Fig. 22. Ground movements in free field region overlain on field results reported by Peck [44]. 

Fig. 23. Vertical displacements of the bottom building.  

Fig. 24. Cracks on the building model. 

Fig. 25. Examples of adjacent excavation induced damage. 

  


