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Abstract 

In this research the computational modeling of Dry-Stack Block Masonry (DSM) walls subjected to cyclic monotonic 

loading testing is done. The analytical results were compared with experimental test results of the unreinforced and 

unconfined DSM cantilever walls subjected to lateral loading along with a constant axial load. ABAQUS has been used 

for Finite Element Modeling and analysis of the wall. Various material properties are defined for the wall in the software 

and modeled as a homogeneous material. The proposed numerical models had a good correlation with the experimental 

data. The test results discussion includes failure moods, load displacement curves, and stress/strain profile. 

Keywords: Dry-Stack Block Masonry; Quasi-Static Test; ABAQUS; Concrete Damaged Plasticity. 

 

1. Introduction 

Masonry is the oldest structural typology of man-made construction material, dating back to 10000 BC. The 

standing monumental structures, buildings, bridges, palaces and towers in the world affirms the appropriateness of the 

material and methods [1]. 

Conventional masonry consists of units and binding materials. Cement-sand (CS) Mortar is a conventional binding 

material invented in the last two centuries when a construction revolution started to develop novel materials and 

methods. In the 19th century, after the invention of Portland cement, the conventional (CS) mortar replaced the old 

types of mortars. The performance and structural behaviour of masonry is influenced by the mechanical properties of 

mortar [2]. The past research studies revealed that the mechanical properties of CS mortar is not strong enough to 

resist the lateral forces, caused by large earthquake events [3]. The mortar often fails to serve as air or water tight 

against the external environment and differential settlement due to shrinkage when freshly placed. The compressive 

strength, tensile strength, water retentively, durability and bond strength of mortar are very important properties which 

led in modification in the basic proportions and constituents of CS mortar and/or additions. 

Beside the poor structural behaviour and weak mechanical properties of conventional masonry, built with CS 

mortar has technological and workmanship drawbacks such as extra cost of bonding material, slow construction 

process, controlled workmanship difficulties [4]. Such limitations diverted the attention of researchers toward new 
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methods and techniques of masonry construction which resulted in many new inventions in materials and methods. 

Dry stack masonry is one of the new technique developed in recent decades. Research reports revealed that the 

aforementioned difficulties and hurdles, related to CS mortar can be overcome by using dry stack masonry. In modern 

construction dry stacking is a relatively new mortar-less technology, but it is however based on the ancient 

construction technique. The dry stack masonry can be seen in ancient historical buildings in the form of dressed and 

undressed stone masonry. The Egyptians pyramids, Zimbabwe ruins (capital of Shona Kingdom) are the living 

example of dry-stack masonry [5, 6]. The invention of mud mortar, gypsum, lime, cement and Portland cement mortar 

replaced the use of dry-stack stone masonry and played an important role in the enhancement of mechanical properties 

of masonry. Since 1980, considering the aforementioned drawbacks in mortar, the researchers were compelled to 

considered the dry-stack masonry [4]. The conventional masonry based on CS mortar is now losing projects to the dry 

stack masonry [7]. 

In dry stacked masonry, the masonry units are laid without the use of mortar. Such technique is likely to give 

solutions to the mortar associated problems, including cost and construction duration of a project. Besides the 

construction benefits of the dry-stack masonry, its performance is satisfactory against lateral loads [4]. The cyclic 

loading on dry-stack masonry showed that the deformation and energy dissipation capacity of dry-stack masonry is not 

significantly affected by the high strength of units [8]. 

In order to analyse the behaviour of existing structure and /or to assess models with new material and methods, it is 

necessary to develop numerical tools and procedures which will preserve the physiognomy of structures.  The most 

commonly used numerical tool for masonry analysis is the finite element method, wherein the material is modelled as 

a homogeneous orthotropic continuum, while the dry masonry is modelled by discrete element method. Numerical 

modelling of dry-stacked masonry structures is an efficient technique to analyse and examine its structural behaviour. 

Numerous research work has been carried out on the computational behaviour of conventional masonry, but little 

research work has been done, to analyse numerically, the in-plane behaviour of DSM. Experimental research work 

gives an actual testing data and graphical representation of a structural behaviour but is time consuming, laborious and 

uneconomical.  Therefore, this research work has been carried out to analyse the dry-stack block masonry walls for in-

plane behaviour, using numerical strategy.  

Various modelling approaches have been used to analyse the behaviour of masonry structures. The three modelling 

strategies suggested by Lourenco (1996) [9] are micro-modelling, meso modelling, and macro-modelling. This author 

further added that meso modelling only deals with the interface bond strength between masonry units through mortar 

while the behaviour of mortar itself is not considered.  Micro-modelling requires high computational efforts as the 

masonry units are modelled one by one, while macro-modelling is a homogeneous model and requires less 

computational efforts [10].  

Micro-modelling of DSM wall was performed by using DIANA as an eight node continuum plane stress element, 

while joints are modelled as a six node and zero thickness line interface [11]. The experimental and numerical 

behaviour matched for monotonic load while the same did not match for cyclic loading because of crack closure. 

Ample research work has been carried out on the computational behaviour of conventional masonry, but little 

research work has been done, to analyse numerically, the in-plane behaviour of dry-stack masonry. Experimental 

research work gives an actual testing data and graphical representation of a structural behaviour but is time 

consuming, laborious and uneconomical. Therefore, this research work has been carried out to analyse the dry-stack 

block masonry walls for in-plane behaviour, using numerical strategy. 

In this research work an analytical attempt has been made to model an unconfined/unreinforced DSM wall, using 

finite element package ABAQUS. The analytical results thus obtained have been compared with the experimental 

results to check the authentication of the numerical tool. The in-plane behaviour of dry-stacked masonry wall with pre-

compression loading has been assessed numerically for principal stresses and strains, tensile and compression 

damages. 

2. Method and Numerical Modeling 

It is essential to know the behaviour of the DSM wall, under lateral loading conditions so that the influence of 

various factors can be predicted. It is laborious and costly to perform experimental work for various loading with 

various materials and methods. Hence, computer modelling procedures have been tried in this research work for 

modeling DSM walls, which compensates the above-described drawbacks of experimental scheme. A Finite Element 

(FE) model has been developed to produce a numerical approach, compatible with experimental results, in order to 

develop a better understanding of the structural behaviour of DSM. The Flowchart for the 3D Finite Element 

Modelling (F.E.M) of the wall is shown in Figure 1. 
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Figure 1. Flowchart for the 3D finite element model of the wall 

2.1. Description of the Wall 

The numerical model has been developed, using ABAQUS/CAE for the experimental tests and data performed on 

DSM in the Structural Laboratory of University of Engineering and Technology Peshawar. Three piers were tested 

under quasi-static loading with aspect ratio of 1.02. The DSM walls have dimensions of 58ˮ (1468 mm)*57ˮ (1448 

mm)*8.5ˮ (215.9 mm). The experimental setup of the wall is shown in Figure 2. 

 

Figure 2. Experimental Setup of the Wall 
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2.2. Numerical Modeling using ABAQUS 

ABAQUS is a multi-dimensional numerical tool in which, both linear and nonlinear FE analysis can be performed. 

It has extensive material and element libraries, which can model virtually any geometry with various analysis 

procedures [12]. For the analysis of the DSM wall, ABAQUS includes material models that can be used, to define the 

elastic and plastic properties of the block. Two parts were defined for modelling the wall; the masonry wall and 

loading shoe, on which lateral displacement is applied. The loading shoe was tied to the top lateral side (thickness) of 

the wall. There are different systems of units in ABAQUS. In this case, BIN (lb-in-sec) was used as a system of units. 

The 3D Model of F.E Geometry of the wall for monotonic and cyclic load is shown in Figure 3 (a and b) respectively.  

            
                                                               (a)                                                                              (b) 

Figure 3. (a) Model with single steel plate for monotonic load  (b) Model with two steel plate for cyclic load 

 

2.3. Material Models 

Material models have been developed to examine the structural behaviour of the Hydraform block material. 

Concrete Damage Plasticity (CDP) Model is used for the analysis because the CDP provides permanent effects of 

damages occurring in the material due to low restraining pressure. The CDP works on masonry (brick or concrete, 

etc.) and other quasi-brittle materials, subjected to cyclic and dynamic lading. 

2.3.1. Material Properties in CDP 

In CDP, the following properties were found for the tested wall material; 

Elastic Properties 

The elastic properties of the masonry wall have been tabularized in Table 1, obtained from experimental work. 

Table 1. Elastic Properties of DSM 

Property Value 

Density (lb/ft3) 132 

Modulus of Elasticity (ksi) 606.66 

Poisson Ratio 0.2 

Inelastic Properties  

Plasticity: For plastic behaviour of the masonry, parameters given in Table 2 have been incorporated after several 

trials, starting with default values as input in ABAQUS. 

Table 2. Plasticity Factors 

Dilation Angle (degree) Eccentricity fb0/fc0 K Viscosity Parameter 

45 0.1 1.3 0.5 0 

Compressive Behaviour: The ultimate compressive strength of masonry prism obtained from the experimental 

results is used for the numerical analysis. The stress-strain curve of the experiment is given in Figure 4: 
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Figure 4. Compressive stress-strain curve 

The inelastic strains are calculated using Equation 1 [13]: 

𝜀𝑖𝑛 = 𝜀𝑡 − 𝜀𝑒𝑙 (1) 

Where, 𝜀𝑖𝑛 denotes “Inelastic strain”, 𝜀𝑡 “Total strain” and 𝜀𝑒𝑙 “Elastic strain”. The damage parameter is used to find 

damages in the walls after peak load. It is calculated by Equation 2 [13]:      

𝑑𝑐 = 1 −
𝜎𝑐

𝜎𝑐
′⁄  (2) 

Where dc denotes the damage parameter in compression, σc  the compressive strength of masonry after peak stress and 

σ´c  the ultimate compressive strength of masonry.  

The plastic strain is calculated by Equation 3: 

𝜀𝑐
𝑝𝑙

= 𝜀𝑐
𝑖𝑛 −

𝑑𝑐

1 − 𝑑𝑐

.
𝜎𝑐

𝐸0

 (3) 

Equation 1 to Equation 3, graphically are shown in Figure 5. 

 

Figure 5. Demonstration of Compressive Inelastic Strains [17] 

Tensile behaviour 

The ultimate tensile strength of DSM wall for bending in longitudinal direction is 14.5 psi [14] but taking this 

value the result doesn’t match with the experimental result. At 20 psi both the results match satisfactorily. This may be 

because of the frictional forces between the surfaces of the blocks, defined by the Equation used by Deepak (2010) 

[14]. In masonry, the tensile stress values vary linearly from zero to peak value and then start decreasing 

exponentially. From ultimate value of tensile stress, the strain is calculated using Equation 4 [15, 16]; 

𝜎𝑡
1 = 𝐸𝑐𝜀𝑡 (4) 

The second part (exponential) of the curve is calculated using the relation 5 [15, 16]: 

𝜎𝑡
2 = 𝑓𝑐𝑟(

𝜀𝑐𝑟

𝜀𝑡

)𝑐 (5) 
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The tensile stress-strain plot of the material is shown in Figure 6. 

 

Figure 6. Tensile stress-strain curve 

The cracking strains are calculated using Equation 6. 

𝜀𝑐𝑟 = 𝜀𝑡 − 𝜀𝑒𝑙 (6) 

Where, 𝜀𝑐𝑟  denotes cracking strain. The damage parameter is calculated by Equation 7; 

𝑑𝑐 = 1 −
𝜎𝑡

𝜎𝑡
′⁄  (7) 

The plastic strain is calculated by Equation 8: 

𝜀𝑡
𝑝𝑙

= 𝜀𝑡
𝑖𝑛 −

𝑑𝑡

1 − 𝑑𝑡

.
𝜎𝑡

𝐸0

 (8) 

The Equations 6 to 8 are graphically shown in Figure 7. There is a significant difference in the exponential part 

between the actual and analytical graphs. The exponential portion depends on the parameters used in Eqn. 5. In this 

case, the behaviour was accurately predicted by Figure 7.  

 

Figure 7. Definition of Tensile Inelastic Strains [17] 

The model is initially in compression under the Pre-Compression step and then propagates it through DispCont till 

its end. The Pre-compression stress of 58 psi (equal to the effect of two-story load) was placed with “Ramp 

Amplitude” and lateral displacement of 8 mm (0.314 in.) was applied for monotonic response. For cyclic loading, the 

lateral displacement was applied as 2 mm, 4 mm, 6 mm and 8 mm, with each applied in the negative direction. In 

addition to default output variables, two outputs were added to output variables; one for x-directional reactions at the 

bottom of the wall at the reference point (RP-1) and the second for displacement in the x-direction at the top of the 

wall, denoted as U1. Figure 8 (a and b) shows the model with monotonic and cyclic lateral displacement respectively. 
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      (a)                                                                          (b) 

Figure 8. (a) Model with pre-compression load and lateral monotonic displacement  (b) Model with pre-compression load 

and lateral cyclic displacement 

3. Results and Discussion 

3.1. Monotonic Behaviour 

The analysis was run using “Job Module”. After the analysis was done, the model was envisioned via 

“Visualization Module”. The X-Y plots were obtained and matched with respect to four performance levels as per 

[18], shown in Figure 9. Performance Levels have been selected because they have readily identifiable consequences 

associated with the post-earthquake disposition of a building that is meaningful to the building community. These 

include the ability to resume normal functions within the building, the advisability of post-earthquake occupancy, and 

the risk to life safety. 

 

Figure 9. Performance Levels [18] 

The Load-Deformation curve obtained from the result is shown in Figure 10.          

 

Figure 10. Load-Deformation plot of the Model (Unidirectional load) 
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The tension damage initiated at 0.025 inch deformations at which the sideways load was 8000 lbs. This state is 

associated with Operational Level (O) performance. At a displacement of 0.045 inches, significant tension damage 

appeared at the center of the model, at which the corresponding lateral load was 16000 lbs. This state is linked to the 

Immediate Occupancy “IO” level. At 0.07 inch displacement, significant cracks appeared, at which the corresponding 

lateral load value was 17696.36 lbs. The peak lateral load is 17696.36 lbs and is linked to the Life Safety “LS” level. 

The peak displacement at which analysis was stopped was 0.314 inches, at which lateral load correspondingly was 

13817.18 lbs. This level of performance is linked to Collapse Prevention “CP” level. 

3.1.1. Comparison with the Experimental Data 

The Figure 11 shows the comparison between experimental and numerical graph. From the Figure, it is clear that 

both the experimental and numerical graph matches perfectly in linear part. But the lateral displacement reaches to the 

ultimate value (0.314 in.) in numerical case, while in case of experimental result it reaches “0.275 in.”  

 

Figure 11. Comparison of Experimental and Numerical results 

The same was performed by Senthivel and Lourenço (2009) [19] monotonic analysis on dry stone masonry for 

various pre-compression loadings.  

3.1.2. Stress-Strain Visualization 

Stress-strain contours (consisting of misses stresses and plastic strains) obtained from the results are presented for 

the aforementioned performance levels. In Figure 12, Misses stresses at each level are shown.  
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     (c)                                                                                                (d) 

Figure 12. (a) Misses Stress at Operational Level   (b) Misses Stress at Immediate Occupancy level   (c) Misses Stress at Life 

Safety level (d) Misses Stress at Ultimate Limit State (Collapse Prevention level) 

The maximum principal stresses on the wall at different performance levels are shown in Figure 13. The principal 

strains at the operational level start at the rocker point; at the immediate operational level, the crack begins at the 

corner opposite to the lateral displacement point, propagates diagonally up to the collapse prevention level. 

             
     (a)                                                                                                (b) 

      
     (c)                                                                                                (d) 

Figure 13. (a) Max. Principal Plastic Strains at Operational level (b) Max. Principal Plastic Strains at Intermediate 

Occupancy level (c) Max. Principal Plastic Strains at LS level (d) Max. Principal Plastic Strains at CP level 



Civil Engineering Journal         Vol. 7, No. 03, March, 2021 

497 

 

The same maximum principal strains were also observed by Annecchiarico et al. (2010) and Rafiq (2016) [20, 21] 

for brick wall considering homogeneous in ABAQUS.   

3.1.3. Damage Visualization 

This section displays damages at each performance level in Figure 14. As masonry is weak in tension, significant 

damages in tension are observed. Being strong in compression, minor crack is observed at the ultimate level, as shown 

in Figure 15. 

     
(a)                                                                                (b) 

     
(c)                                                                                      (d) 

Figure 14.  (a) Tension Damage at Operational Level (b) Tension Damage at IO level (c) Tension Damage at Maximum 

Resistance (LS level) (d) Tension Damage at Ultimate State 

 
Figure 15. Compression Damage at Ultimate State (CP level) 
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The visual comparison of the cracks is shown in Figure 16. 

 

Figure 16. Cracks comparison between experimental and numerical work for monotonic load 

The same pattern was observed by Nikolić et al. (2016) [22] during the numerical behaviour of Dry Stone 

Masonry. Similarly Kadhim and Dawood (2020) [26] observed cracks in both confined and unreinforced clay brick 

masonry models using ANSYS. 

3.1.4. Parametric Study           

Increase in Pre-compression loads 

By increasing the pre-compression load, the lateral load resistance increases as shown in Figure 17, for various pre-

compression loads. The same situation was observed experimentally by Safiee et al. (2011) [23] during the 

investigation of the in-plane behaviour of interlocking dry masonry walls. 

 

Figure 17. Load-Deformation graph for different pre-compression loads 

Change in Aspect Ratio  

The height to length ratio of a wall has great effect on its in-plane behaviour. When the height of a wall increases, 

the stiffness and lateral load capacity decreases, as shown in Figure 18. From Figure 18, it is clear that when the aspect 

ratio is increased, the peak load goes on decreasing while the peak lateral displacement increases, which was also 
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observed by Abdi et al. (2018) [24]. This shows that the wall with higher aspect ratio reaches ultimate displacement in 

elastic state, while the wall with low aspect ratio covers much plastic stage up to the ultimate lateral displacement. The 

wall with high aspect ratio has low stiffness as compared to the wall with low aspect ratio. This expression is in close 

agreement, presented by Iuorio et al. (2012) [25]. 

 

Figure 18. Load-Deformation behaviour for the two aspect ratios 

3.1.4.3 Cyclic Behaviour 

The load deformation graph of the cyclic loading is shown in Figure 19. The hysteresis loops of cyclic loading is in 

“S” shape while in this analysis the shape is not resemblance to S, which is due to, not assuming several non-linear 

properties in ABAQUS. 

 
Figure 19: Load (kips)-Deformation (in.) graph of the model subjected to cyclic loading 

 

4. Conclusions 

This numerical investigation was done on the experimentally tested wall, and the conclusions of the study can be 

summarized as follows;  

The results obtained from experimental work and numerical analysis using ABAQUS, of DSM walls showed a 

well-defined similarity in behaviour in the elastic range. The damage patterns of experimental and numerical model 

for monotonic lateral displacement are closely matching, which shows the authenticity of the Finite Element Package. 
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The monotonic response of multi-story DSM can be predicted accurately based on the results of the ABQUS software. 

Though the pattern of Hysteresis loop, obtained from ABAQUS does not accurately match with the experimental plot, 

yet the cyclic behaviour of DSM can be predicted. The plastic strains match with the corresponding experimental 

diagonal cracks for cyclic loading. 
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