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ABSTRACT:  Reduced-scale masonry testing offers advantages of lower costs and shorter 

schedules compared to full-scale testing, but achieving results reflective of full-scale behavior 

requires development and fulfillment of appropriate scaling relationships. In many model-scale 

experiments, geometric scaling occurs but kinematic and/or dynamic similitude is not fully 

satisfied. This paper describes the theoretical basis and evolution of the equations necessary to 

achieve kinematic similitude for soil-structure testing at one-gravity for unreinforced masonry. 

Critical considerations relate to preventing the soil from being overloaded. By adopting a 

standard linear relationship of increased soil stiffness with depth, the controlling principle 

becomes the application of restricted, scaled loads throughout the entirety of the structure-soil 

system. As such, material strength and stiffness must be scaled accordingly to respond 

appropriately under the reduced stress. An example is provided for an adjacent excavation 

experiment with related empirical verification and computational quantification.  

KEY WORDS:  brick masonry, mortar, laboratory testing, soil-structure, scaling, sand, adjacent 

excavation, cracks, historic preservation, non-cohesive soil 
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Introduction 

Testing scaled-masonry systems is advantageous when a problem is too complex for an 

analytical solution or too unwieldy for full-scale testing [1,2]. Scaled models allow cost-

effective, multi-parameter exploration, but soil-structure experiments must address reduced soil 

strength and stiffness due to shallow soil depths. Therefore, at one-gravity (1g), engineering 

properties of scaled-building components must be modified to compensate for the lower 

allowable soil stresses to generate realistic building responses to soil displacements. Reactions at 

scaled-loads must be akin to reactions of the prototype behaving under full loading. This paper 

presents the fundamentals of soil-structure scaling for 1g models, along with an example for an 

adjacent excavation experiment conducted at a 1/10th scale. 

 

Backgrounds 

Scaling 

Experiments at less than full-size may generate incorrect responses. Langhaar [3] named these 

negative repercussions “scale-effects”. Scale-effects may emerge in terms of geometric, 

kinematic, and/or dynamic factors. To minimize (and eliminate, where possible) scale-effects 

when conducting model-scale work, the concept of dimensional homogeneity or similitude was 

pioneered by Buckingham [4] and Rayleigh [5] and furthered by Langhaar [3]. Specifically, 

prototype behavior must be understood so that variables exhibiting a significant influence on 

system performance can be identified as the input components of dimensionless products to 

describe the behavior of both the model and prototype [6]. Significant variables are then 

considered in relation to components of mass, time, and length. A series of linear equations (one 

each for mass, time, and length) are established using a series of unknown constants for each 
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performance variable of significance (e.g. density, velocity). Various arrangements are tried in 

order to establish a determinant for a 3x3 group. The determinant is considered the rank. The 

difference between the rank and number of performance variables establishes the required 

number of independent, dimensionless products. According to Langhaar [3], dimensionless 

products are independent, “If every other dimensionless product of the variables is a product of 

powers of dimensionless products in the set.” These are achieved through solving the resulting 

linear equations by setting all excess variables equal to zero, except the variable of interest; 

usually the one over which there is greatest control [7]. For the research described herein, these 

experimental variables related to geometry, applied loading, and masonry strength and 

stiffnesses.  

 

Prior Solutions 

Meeting kinematic and dynamic, as well as geometric similitude can be achieved variously 

depending upon the physical constraints of the experiments. For shake-table testing, one solution 

is to increase applied loads [8]. With centrifuge testing, accelerations are increased with 

appropriate material property modifications. In 1g testing, many researchers have ignored 

scaling requirements because of the difficulty in manufacturing small-scale units and 

constructing assemblages of reduced-strength material, thus potentially introducing unintended 

scale-effects.  

 

As an example of the state of practice, shear testing of 1/3rd scale wall assemblages by Neto et al. 

[9] used full-strength materials. Cracking processes and patterns matched full-scale testing, but 

scaled-samples over-predicted shear capacity by 94%. Similarly, 1/10th scale shake table work by 
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Turer et al. [10] on masonry seismic strengthening employed cut, light-weight marble because 

1/10th scale, hollow-clay brick units could not be traditionally manufactured. Additionally, a 

clayey soil representative of local practices served as the mortar. The observed crack patterns 

from this testing were similar to field cases, but performance enhancement could only be 

qualitatively extrapolated to full-scale.  

 

To date only limited studies have been conducted to investigate the behavior of masonry 

structures incorporating small-scale masonry models. Harris and Sabnis’s nearly exhaustive 

treatment of the topic for concrete and block masonry structures, does not address brick masonry 

[7]. Additionally, although similitude-based strength modeling of concrete block masonry is 

relatively well-established (compared to brick masonry) and relatively capable of predicting 

prototype behavior [11,12], the techniques and methods are not fully transferable to brick 

masonry because of the complicated relationship in brick/mortar bonding [13]. Furthermore, 

specific studies conducted on brick masonry modeling remain limited [14,15,16]. Specifically, 

geometrically scaled models have lacked strength scaling, and even when low strength bricks 

were created [17], no procedural basis was presented to establish a consistent and robust 

methodology from which to do further modeling or to verify the results short of full-scale 

prototype testing. As early as 1982, Mark [18] writes about the importance of similitude and 

strength-scaling in modeling of masonry, but chooses to avoid the laboratory challenges by 

adopting photo-elastic analysis in plastics. 
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To facilitate strength-scaling options for soil-structure experiments, results of a new study using 

modified materials are presented herein. The theoretical relationships developed are included 

below, along with the affiliated experimental results. 

 

Soil-structure Scaling 

Soil strength and stiffness pose challenges to scaled geotechnical research, especially when the 

testing includes actual structures or structural components, because model-scale dimensions 

result in decreased soil depth (i.e. testing chambers are not as deep as actual prototypes). Thus, 

the resulting soil strength and stiffness are less than those of the prototype soil. Therefore, 

applied loads must be reduced to prevent soil overloading. Equations describing stress, strain, 

and strength are satisfied by either modifying the geometry or altering performance 

characteristics of the experimental materials. Since strains result from changes in stress and 

stiffness, strain parity is often recommended [19,20] for representing equivalency between the 

model and prototype (Eq. 1)  

 

 mp N εε =  (1) 

 

where pε = prototype strain, mε = model strain, and N = scale factor. 

 

In non-cohesive soils, bearing capacity and deformability are assumed to be linear with depth 

(Eq. 2 and 3), as proposed by Terzaghi [21], where qa is net allowable load, qd design load, SF 

safety factor, γ soil unit weight, Df foundation depth factor, B foundation width factor, and Nγ and 

Nq dimensionless bearing-capacity factors depending primarily on the soil’s friction angle. 
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Stress, sσ , at a point is proportional to the soil’s elastic modulus sE , unit weight γ , and depth 

H.  
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Based on Eq. 2 and Eq. 3, the soil characteristics are considered linear. Thus, because the 

experimental set up used in this laboratory study was only 1/10th the size of the prototype, the 

soil was considered to be only 1/10th as strong and 1/10th as stiff at a model depth as that of the 

prototype (assuming all loading remains within the material’s elastic range, an appropriate 

assumption for achieving the study’s aims [9]). Changing soil characteristics by soil modification 

(e.g. heavy-particles or synthetic soils) is possible but rarely adopted [22] because of the required 

volume of material and the desire to model other soil-related parameters. Consequently, the soil 

could only be loaded to 1/10th of that of the prototype (Eq. 4), 
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For building foundations with elastic stiffness, Eq. 5 is applicable to model displacement (δ) and 

allows geometric or mechanical property modification to achieve similitude, 
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where qf is the foundation load and B the foundation width. To achieve strain equivalency (Eq. 

6), model building stiffness should be reduced (Eq. 7), because applied stresses in the model 

buildings are only 1/10th of the prototype because of the soil loading limit. 
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 ( ) ( )msps EE ×= 10  (7) 

 

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. 8), 

 

 bss σσ =  (8) 

 

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. Consequently, strain equivalence at the soil-structure 

interface can be written by Eq. 9, with the help of Eq. 8, 
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where Eb is the building’s Young’s Modulus and Ab its loaded area (assumed to be uniformly 

loaded). From Eqs. 6-8, to meet the challenges of matching soil characteristics, model building 

materials must be manufactured with ultimate load capacities and stiffnesses of only 1/10th of 

those of the full-scale prototype, if the model-scale system is to respond under 1/10th prototype 

loads as the prototype would under full loading (Eq.10).  

 

 ( ) ( )mbpb EE =
10
1  (10) 

 

An experimental example of these principles is provided below. 

 

EXAMPLE 

The testing program reported herein investigated the impact of adjacent excavation related soil 

movement on existing structures (Fig. 1). Major variables included excavation-wall stiffness, 

applied-load level, and building structural systems. This work is a subset of a larger testing 

program [23,24]. Experiments were conducted in a purpose-built, reconfigurable testing chamber 

(4.90mx4.30m––in plan, 3.00m––in depth, containing 1400kN of pluviated, poorly-graded sand). 

The testing chamber was formed by concrete blocks post-tensioned vertically and laterally to 

provide a high level of rigidity and safety (Fig. 1). Six tests were conducted, each with a 

continuous sheet-piling wall (set 0.76m from the chamber’s front), with 3 levels of tied-back 

anchors, a pair of model buildings walls, and a free field area (Fig. 1). Because 1/10th scale was 

the largest possible scale that could be incorporated without incurring boundary condition 
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influence problems, significant consideration to achieving similitude was critical to avoid scale-

effects at this relatively small size. 

 

There were two physical tests (Test 4 and Test 5) conducted to investigate the response of 

unreinforced masonry (URM) subjected to excavation-induced ground movements. In each 

physical test, a pair of URM walls [East and West (Table 1)] were embedded in the sand. These 

walls were designed to be representative of a class of structures namely low-rise, unreinforced 

masonry as typical of American vernacular and small commercial construction in late 19th and 

early 20th century architecture, as opposed to modeling a specific building. The URM walls in 

Test 4 and Test 5 were supported by shallow and deep footings, respectively. Various load levels 

and distributions were applied to the four model walls as shown in Fig. 2 and summarized in 

Table 2. For collecting precise results, special attention was paid to installation and 

instrumentation details. Mounting details showing Plexiglas sleeves to assist in the seating of the 

applied loads were used both at the windows and along the tops of the wall seen in Fig.s 2 and 3. 

Over each brick, along the wall’s top, a 50.8mm Plexiglas sleeve (Fig.s 2 and 3) was set with a 

slight space between it and the next sleeve, to avoid unintentional stiffening of the wall. Atop 

each Plexiglas sleeve, the load was applied. The sleeve was designed to prevent the out-of-plane 

support system from getting caught in the wall’s mortar joints as the wall displaced against the 

support (Fig 2). Lead or steel blocks (depending upon desired loading levels) were mounted with 

construction adhesive atop each sleeve as dead load (Fig. 3). Footing-level loads were affixed 

with construction adhesive so that they were adhered to the brick through a chair assembly and 

not directly on the footings (Fig. 2). Along the masonry wall’s front, lead pieces (51mm x 76mm 
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x 8mm) were attached to individual bricks to preserve system stiffness by epoxying velcro to the 

bricks and lead. This permitted the epoxy to obtain full strength prior to loading (Fig. 4).  

 

The dead load ranged from 90.72kg (double the model’s weight) to 181.44kg resulting in 

24.82kPa – 49.64kPa in applied pressure. These load levels were determined from Kidder [25] 

and similar early codes. Data was collected on the masonry walls at levels 1, 2, and 3 along 

points a, b, c and d for a total of 12 measurements points.  

 

The soil was a locally obtained sand from Pekin, Illinois and categorized as a clean, medium 

grained, uniform sand with mostly rounded to sub-rounded particles (qualifying as SP under the 

Unified Classification System with a coefficient of uniformity of 2.64 and coefficient of 

curvature of 1.12). The sand was washed and kiln dried prior to usage. 

 

The excavation wall consisted of a 2.5mm thick, steel sheet plate, with three levels of tieback 

anchors (6.5 mm diameter, stainless steel rods with their unbonded zone covered with a plastic 

sleeve). The excavations were done progressively in 15 stages. In each stage, either or the system 

was post-tensioned or a depth of approximately 10.16 cm of soil was removed from in front of 

the “wished in place” tieback excavation wall; meaning that during the experimental set up the 

wall was embedded and the sand back filled around it, instead of being installed simultaneously 

with the excavation, which was necessary because of the extensive instrumentation on the wall. 

The post-tensioning occurred at pre-designated depths in the excavation wall. Prior to those 

points in the testing cycle, the tieback anchors were in the testing chamber but not loaded. Test 

readings of all elements in the experiments were taken before and after loading, as well as during 
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delays of 2 hours or more in the testing cycle. A total of 15 excavation and anchor stressing 

stages were conducted to reach the final design grade, Hdg. During full-scale excavations, two 

stages are often considered critical. One is immediately prior to the installation of the first lateral 

support (referred to as stage 3 heretofore). The other is the performance stage, when the 

excavation has reached its design depth, often called “design grade” (referred to as stage 15 

heretofore). Thus, these will be the focus of the data reporting. After verification (see below) the 

results of these tests were compared to subsequent numerical modeling to demonstrate the 

potential development of scale effects for non-strength scaled materials. 

 

Verification of Experimental Model 

To show the validity of the results, the following sections compare the experimental results to 

expected empirical outcomes with respect to vertical soil settlement, building displacement, and 

building damage. Figure 5 depicts soil settlement profiles from the free field side scaled by a 

factor of 10, where Sv is the vertical settlement, d is the lateral wall displacement at the top, and 

Hdg is the is the height at design grade, representing the deepest point of excavation. As shown in 

fig. 5, the resulting vertical soil settlement profiles are in agreement with the extent and shape of 

those proposed by Peck [26] for installations of average workmanship in sand. 

 

In the geotechnical community, it is regularly assumed that free field soil settlement is 

approximately equal to the building response during adjacent excavations [e.g. 27]. Such a 

response is shown in Fig. 6 where foundation level vertical displacement is plotted in 

comparison to surface soil settlement for both model walls at both stages of reported testing; 

these results are representative of the overall testing program.  In Stage 3, the walls had yet to be 
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mobilized as soil movement was small.  In Stage 15, the wall with the deep foundations (T5W) 

moved less with the soil than the more easily transported wall with shallow foundations (T4E). 

In all cases, the wall displacements with respect to the soil movements were reasonable and 

within the expected range of responses. 

 

Having now established that the vertical soil profiles were of the expected shape and magnitude 

and that these soil displacement profiles generated expected building displacements, the third 

and final validation step was in assessing how the expected building damage levels compares to 

that recorded from the URM model walls. This was done through the application of angular 

strain limits. 

 

Angular strain was defined by Burland and Wroth [28] as a summation of the tangents with 

respect to both deflected sides of a point in Eq. 11 (Fig. 7). 

 

 
BC

BC
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BA

ll
δδ

α +=  (11) 

 

According to Rankin’s damage criteria [29] using angular strain α , damage is negligible for 

values 002.0<α , slight for 005.0002.0 <<α , moderate for 020.0005.0 <<α , and severe for 

020.0>α . In the above described study, angular strains α  were measured at two points at the 

base of the model walls. Cracking began prior to loading the first tie-back (Stage 3) and tended 

to worsen as the excavation proceeded. Angular strains and maximum crack sizes are presented 

with corresponding damage levels in Table 3. Based on the calculated angular strains and 

Rankin’s damage prediction scale, no damage was predicted for either building for Stage 3 and 
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moderate damage was predicted for both buildings at Stage 15 (Table 3). Actual damage levels 

were determined by measuring crack width, a common method to evaluate building response 

[30]. The damage level was assigned based on width limits proposed by Burland et al. [30]. At 

Stage 15, strong agreement between the expected and actual damage was achieved. Earlier in the 

testing cycle recorded damage was slightly more than the predicted damage. This exercise 

demonstrates that the vertical soil displacements, subsequent building displacements, and 

affiliated building damage were all in good agreement with empirical expectations. 

 

To better illustrate the resulting divergence of when scaling relationships are not honored, 

numerical modeling was conducted. A comparison of strength-scaled and non-strength-scaled 

materials applied to the 1/10th scale experimental work is presented below. 

 

Numerical Modeling 

Non-linear analysis was performed using ANSYS® V11.0. Throughout the model, the 3D 

element Solid65 was employed. The element was defined by 8 nodes, each having 3 degrees of 

freedom. Every isotropic element had 2 x 2 x 2 integration points and was capable of cracking in 

tension and crushing in compression. A micro-modeling strategy was embraced, in which brick 

and mortar were modeled separately, with the assumption of perfect bonding between bricks and 

mortar as is commonly considered [e.g. 31]. The micro-model consisted of 18,248 nodes and 

9,373 elements (Fig. 8). A smeared crack model was used to predict the cracking across the 

masonry.  
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Additionally, in studying the contact between two bodies, the surface of one body is 

conventionally taken as a contact surface and the surface of the other body as a target surface. In 

order to replicate the contact behavior of the lintels over the windows and the footings under the 

walls, Target170 (used to represent 3-Dimensional target surfaces for associated contact 

elements) and Contact173 (used to represent contact and sliding between 3-D target surfaces and 

a deformable surface defined by this element) were employed. The lintel was allowed to slide 

freely, but a Coulomb friction model was applied to represent the interaction between the wall 

and footing. Furthermore, as failure through other elements was not expected, element Solid45 (a 

3D solid element with 8 nodes each with 3 translational degrees of freedom) was used to model 

the lintels and footings. Mechanical material properties, as established through small sample 

testing, were used as the input values for tensile and compressive strength and strain 

characteristics for the strength-scaled model (Table 4). Non-strength-scaled (i.e. prototype) 

kinematic values were used for the non-strength-scaled material inputs, thus only scaling the 

geometry. 

 

In both the strength-scaled and non-strength-scaled cases, the numerical modal was subjected to 

the same gravity loads [self-weight and applied, static, vertical loads (Table 2)], along with the 

same excavation-induced displacements obtained from the experimental program. In the first 

loading phase, gravity loads were applied to the model and the bottom of the footings were fixed. 

This allowed stress to develop in the model but without displacement. The loaded, non-displaced 

condition was considered akin to the in-situ situation of existing structures, when displacement 

measurements are taken just prior to construction activities. Subsequently, excavation-induced 

building displacements of each construction stage in the physical test were numerically imposed 
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at the bottom of each wall [24]. Physical testing constraints limited the number of data collection 

points. The numerical results were reported in a corresponding manner. In general, masonry 

buildings are thought to behave as rigid bodies (see Fig. 10) Thus, more continuous 

documentation is rarely justified. 

 

Numerical modeling of the strength-scaled and non-strength-scaled materials (Table 5) were 

compared to the experimental results for Tests 4E and 5W. The horizontal and vertical 

displacements on the top of the building walls are shown (with horizontal depicted as positive 

and vertical as negative), in Figures 9 and 10 respectively, with the numerical displacement 

outputs tabulated in Tables 6 and 7. Interestingly, scale effects only emerged significantly in the 

vertical displacement of the corner furthest from the excavation. In Test 4E, the discrepancy 

using the non-strength-scaled (or protoytpe) mechanical properties was 448% at that point. In 

contrast, the difference for the strength-scaled FEM results was only 17%. For the heavier URM 

wall used in Test 5W, the general performance of the non-strength-scaled model was similarly 

poor in predicting the vertical response. In that test, wall displacement for the non-strength-

scaled material exhibited displacements at the front corner (arguably the most critical point in the 

modeling as this is where field monitoring is concentrated) differed by more than 16%. Two of 

the other three points were well in excess of this, with the back corner differing by 209%. In 

contrast, the numerical modeling of the strength-scaled materials had displacements that were 

nearly all within 10% of the physical model, and the back corner only differed by 24%. This 

achieved accuracy with the strength-scaled material is within the excepted coefficient of 

variation of ± 20% for unreinforced masonry [32]. 
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Conclusions 

To achieve scalable responses when testing less than full-scale masonry, kinematic, as well as 

geometric, similitude relationships must be upheld. This paper provides essential theoretical 

principles for soil-structure scaling in 1g geotechnical experimentation, including a 

representative set of sample masonry wall buildings subjected to adjacent excavation. In this 

study, strain parities were selected as the basic dimensionless grouping for the experimentation. 

This dictated that material properties had to be modified to accommodate the lower applied loads 

required by the reduced soil depth. In the example provided, the geometric scaling factor of 

1/10th was related directly to the stress and subsequently applied to the components of the model 

buildings’ strength and stiffness to properly accommodate the reduced applied stress. Numerical 

analysis further emphasized the necessity to adhere to the often over-looked requirement of 

kinematic scaling during 1g testing to ensure appropriate response, which was shown to differ by 

more than two orders of magnitude when compared to the physical tests when strength scaling 

was ignored. 
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Tables 

Table 1. Summary of dimensional characteristics of the prototype and the scaled model 

Aspects Prototype Scale model 
Excavation depth (m) 12.192 1.219 
Lot width (m) 7.620 0.762 
Lot depth (m) 24.384 2.438 
Building width (m) 6.096 0.610 
Building depth (m) 18.300 1.830 

 

 

Table 2. Summarized vertical loads on the scale model test 

Aspects Test 4E Test 4W Test 5E Test 5W 
Self-weight building (N) 444.98 444.98 444.98 444.98 
Top building (N) 889.64 1779.29 889.64 1779.29 
Top windows (N) 222.41 222.41 0.00 222.41 
Bottom window (N) 222.41 222.41 222.41 222.41 
Footings (N) 222.41 222.41 222.41 222.41 
Extra load on the front chair (N) 22.24 22.24 44.48 44.48 
Façade load (N) 88.96 88.96 88.96 88.96 
Total external loads (N) 1668.07 2557.72 1467.9 2579.96 

 

 

Table 3. Results of deformation analysis; values at the base of the wall, where Hdgi is the design 

grade height for the specific test 

Calculated Angular 
Strain Expected Damage Actual Damage  

(According to Max Crack Width) Test Test step 
αb α c αb α c Bay ab Bay bc Bay cd 

0.25Hdg4 
(Stage 3) -0.00059 -0.00028 No damage No damage Moderate  

(1.0 mm) 
Slight  

(0.5 mm) 
Moderate  
(1.0 mm) 

Test 4E 
1.00Hdg4 

(Stage 15) -0.00770 -0.00568 Moderate Moderate Moderate  
(1.0 mm) 

Slight  
(0.5 mm) 

Moderate  
(1.0 mm) 

0.16Hdg5 
(Stage 3) -0.00021 -0.00008 No damage No damage Slight  

(0.5 mm) 
Slight  

(0.3 mm) 
Slight  

(0.3 mm) 
Test 5W 

1.00Hdg5 
(Stage 15) -0.00758 -0.00340 Moderate Slight Slight  

(0.5 mm) 
Slight  

(0.3 mm) 
Slight  

(0.5 mm) 
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Table 4. Mechanical properties of the masonry components 

Aspects Brick Mortar Lintels 

Dimensions (mm) 57.86x 15.24x 29.75 3.21(a), 2.25(b) 1.58 
Mass density (kg/m3) 1,783.9 1,557.9 674 
Compressive strength (MPa) 8.446 1.310 N/A 
Tensile strength (MPa) 1.262 0.152 N/A 
Elastic modulus (MPa) 88.8 27.58 11,700 
Poisson’s ratio 0.25 0.30 0.25 

* Note: (a) Head joint thickness; (b) Bed joint thickness 
 

 

Table 5. Mechanical properties of prototype materials 

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 modeled due to lack of 
correlation between testing 

orientations 
Not modeled 8.4 MPa 

Brick modulus of rupture 8.62 MPa 0.86 MPa 0.39 MPa 
Brick Poisson’s ratio 0.30 0.30 0.25 
Brick absorption No modeling needed Not modeled 16.3% 

Brick mass density No modeling needed Not modeled 1783.9 
(Kg/m3) 

Brick Young’s modulus No prototype data available Not modeled 88.88 MPa 
Brick tensile strength No prototype data available Not modeled 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 27.58 
Mortar Poisson’s ratio No prototype data available Not modeled 0.30 
Mortar mass density Not modeled Not modeled 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 772.21-1034.21MPa 1482.37MPa 
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 
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Table 6. FEM results from scaled and unscaled materials compared to experimental response for 
Test 4E 

 
Test 4E Location on building (mm) 
Arrangement 0 610 1220 1830 
Physical model horizontal disp. (mm) 4.953 4.839 5.037 4.521 
Physical model vertical disp.  (mm) 5.969 3.940 1.321 -0.127 
FEM scaled material horizontal disp.  (mm) 4.368 4.353 4.196 4.147 
FEM scaled material vertical disp. (mm) 5.348 3.480 1.447 -0.149 
Absolute error horizontal disp.  (%) 11.81 10.04 16.70 8.28 
Absolute error vertical disp. (%) 10.40 11.66 -9.56 -17.32 
FEM Prototype (unscaled) material horizontal disp.  (mm) 4.603 4.598 4.489 4.417 
FEM Prototype (unscaled) material vertical disp. (mm) 5.598 3.565 1.269 -0.696 
Absolute error horizontal disp.  (%) 7.07 4.97 10.87 2.30 
Absolute error vertical disp. (%) 6.22 9.50 3.90 -448.03 

 

 

Table 7. FEM results from scaled and unscaled materials compared to experimental response for 
Test 5W 

 
Test 5W Location on building (mm) 
Arrangement 0 610 1220 1830 
Physical model horizontal disp.  (mm) 3.505 3.479 3.429 2.951 
Physical model vertical disp. (mm) 5.012 2.142 0.631 -0.281 
FEM scaled material horizontal disp.  (mm) 3.814 3.730 3.356 3.271 
FEM scaled material vertical disp. (mm) 4.556 2.357 0.650 -0.349 
Absolute error horizontal disp.  (%) -8.82 -7.23 2.12 -10.84 
Absolute error vertical disp. (%) 9.10 -10.03 -2.99 -24.20 
FEM Prototype (unscaled) material horizontal disp.  (mm) 3.860 3.790 3.720 3.308 
FEM Prototype (unscaled) material vertical disp. (mm) 4.190 2.191 0.379 -0.869 
Absolute error horizontal disp. (%) -10.13 -8.95 -8.48 -12.10 
Absolute error vertical disp. (%) 16.40 -2.28 39.92 -209.25 
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Figure Captions 

Fig. 1. Testing chamber (adapted from [15]) 

Fig. 2. Model wall fully load, instrumented, and awaiting testing 

Fig. 3. Dead load applied along the top of the model wall shown in Fig. 2 

Fig. 4. Velcro pads shown epoxied to individual bricks as receptacles for dead load applied at the 

wall’s façade location 

Fig. 5. Soil surface settlement (after [18]) 

Fig. 6 Vertical (y) displacement variation across T5W and T4E at Stages 3 and 15 

Fig. 7. Definition of angular strain 

Fig. 8. Finite element model in ANSYS® simulated the reduced-scale model test 

Fig. 9. Displacements along top of building during Test 5W  

Fig. 10. Displacements along top of building during Test 4E 

 

Fig. 1 
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Fig. 2 

 

Fig. 3 
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Fig. 4 

 

Fig. 5 
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Fig. 6 

 

Fig. 7 

 

Fig. 8 
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Fig. 9 

Fig. 10 


