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Abstract

:

Unreinforced masonry (URM) is a construction of brick or concrete block unit that is joined together using mortar, without steel reinforcement. Because of the heterogeneous nature and difference in mechanical properties of the masonry elements, analyzing and capturing the structural behaviour of URM walls under various loading conditions is therefore complex. In recent decades, research efforts have been focused on addressing and understanding the compressive behaviour of URM walls from the experimental viewpoint. However, from the existing experimental literature, there is a significant degree of variation in the mechanical and geometric properties of URM walls, especially the comprehensive comparison of apparently equivalent test parameters, which has yet to be examined. It is therefore necessary to highlight and critically examine major results derived from the experimental literature to better understand the performance of URM walls under compressive loads. This review paper presents the assessment performance with regard to axial compressive tests on URM walls, along with comprehensive comparisons among the experimental literature findings on the basis of masonry construction methods and various influencing parameters. Emphasis in the literature has been placed chiefly on the masonry elements, design provisions, axial load, slenderness ratio, openings, and stress–strain response. Based on observations from the study, experimental development trends have been highlighted to identify and outline potential directions for future studies.
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1. Introduction


A masonry wall is the structural assemblage of masonry elements, i.e., bricks or blocks with mortar as the binding material. Masonry walls and the building as a whole are designed to be durable, stable, and resilient under sustained loading. In masonry construction, the imposed loads are supported and transmitted to the foundations by the bricks or blocks joined together by mortar and, in some cases, are filled with grouts and reinforcements. One significant benefit of masonry building—aside from the ease of construction with readily available basic materials—is the durability of masonry materials such as the unit, which, with proper selection, could be expected to last for several decades, if not centuries, with very little maintenance [1]. Despite the ease with which masonry buildings are constructed, the analysis of its structural behaviour still remains a difficult challenge.



Unreinforced Masonry (URM) walls are largely non-homogeneous, non-elastic, and anisotropic elements made up of two materials with very different characteristics—one element of either mortar or unit considerably stiffer than the other—and a relatively weak bond between them [2,3,4]. Thus, masonry walls are relatively weak in tension. As a result, the walls are usually designed and expected to resist only compression loads [5,6,7,8]. Over the last several decades, research studies have been dedicated to investigating the structural behaviour of masonry walls and improving design standards [9,10,11]. In particular, significant attention has been focused on masonry components and the interaction between them. The walls of a structural masonry building serve as the primary resisting component against dynamic or static loads exerted on the structure, and as such, its compressive strength is of utmost importance when designing masonry walls in different loading conditions. In addition, the compression behaviour of masonry walls is a key factor in the design of masonry structures for other actions, such as in-plane shear and out-of-plane flexural behaviour [12]. However, the analysis of masonry walls under axial compressive load has been largely overlooked in the past.



In recent years, several research studies have been dedicated to investigating the axial compressive behaviour of URM walls [13,14,15,16,17,18,19,20,21,22,23]. In general, the mechanical properties of each masonry element and bonding properties between mortar and units are of major significance in the compressive behaviour of URM walls as a composite material. As a result, the behaviour of axially loaded URM walls becomes very complicated because it is dependent on several factors relating to the slenderness ratio and eccentric loading conditions of the walls. Moreover, multiple provisions in the masonry design standards are stipulated in predicting the strength of URM walls under axial compressive loading [24,25,26]. Nonetheless, there are discrepancies observed in existing design standards to predict the compressive strength of URM wall structures, particularly in the guidelines in choosing and testing of wall configurations. Based on these constraints, previous experimental investigations focused on the effect of various factors on the strength of the URM wall. As such, a detailed comparison of the experimental literature is required.



There are reviews that provide information about masonry structures, especially for in-plane damage analysis of the masonry [27,28,29] and also for out-of-plane failure analysis [30,31,32,33,34,35]. However, these review articles do not focus on the axial compressive loading of URM walls alone. There is also a recent review on the behaviour of masonry prisms in compression [36], but these types of specimens do not reflect the deformation behaviour of full-scale walls in compression due to the slenderness effect and the possibility of non-uniform load distribution. Taking into account the masonry structures which are prominent in developing countries, this present study is therefore limited to reviewing and assessing the existing experimental literature on the compressive performance of URM walls, with a particular focus on concrete block and clay brickwork, which are the most common types of masonry building currently in service. A comprehensive literature survey was carried out for a variety of influencing parameters to assess available experimental literature data, as well as to demonstrate the vastly different predictions of masonry compressive strength from various masonry standards. Special consideration is given to adopted construction methods by taking into account the unit type, unit and mortar strength, slenderness ratio and eccentricity, and opening effects in URM walls.




2. Review of Design Provisions and Concepts


This section provides a concise overview of the design guidelines specified for URM walls in four commonly used masonry design codes, with a focus on their capacity to resist axial compression. Additionally, this section succinctly addresses the inclusion of grouted masonry compressive strength, the approach to addressing slenderness, and the consideration of eccentricity with the design standards.



2.1. European Masonry Standards


The load-carrying capacity of a masonry wall is solely determined by its susceptibility to compression failure. The design methodology for a masonry cross-section, as per Eurocode 6 [24], is based on the principles of rigid-plastic material behaviour and involves a verification process across three distinct sections (top, middle, and bottom). This verification aims to establish the minimum capacity reduction factor, accounting for factors like slenderness and eccentricity. The load-carrying capacity of URM walls, as defined by Eurocode 6 for masonry constructed with general-purpose mortar, is represented by Equation (1).


      f   ′     k   = 0.55   f   b   0.70     f   m   0.3    



(1)




where f’k is the characteristic compressive strength of the masonry; fb denotes the normalized compressive strength of the unit; and fm represents the mean compressive strength of the mortar. The thickness of the mortar bed joints is limited to a maximum of 15 mm. It is important to note that Eurocode 6 refers to the characteristic compressive strength of the masonry, diverging from the literature, which often pertains to the mean values. Mean properties are typically used for assessing existing structures, while characteristic values are more appropriate for new structures. For determining the reduction factor values in relation to slenderness and eccentricity at the wall’s top or bottom, it is recommended to use a rectangular stress block, as represented in Equation (2).


   Φ i  = 1 − 2    e i    t    



(2)




where t represents the wall thickness and ei denotes the eccentricity of the wall, calculated using Equation (3), and as shown in Figure 1. Mid is the design value of the bending moment at the top or bottom of the wall. Nid is the design value of the vertical load at the top or bottom of the wall; ehe is the eccentricity at the top or bottom of the wall, if any, resulting from the horizontal load; and einit is the initial eccentricity. In cases where the slenderness ratio of the URM wall surpasses 12, second-order effects also need to be taken into account. It is noteworthy that Eurocode 6 [24] only provides design expressions for the compressive strength of unreinforced masonry. Consequently, the evaluation of grouted URM strength can be determined using EN 772-1 [37] or via a compressive strength test on masonry wallette as specified in EN 1052-1 [38]. The recommended minimum compressive strength for grout stands at 12 MPa.


    e   i   =     M   i d       N   i d     +   e   h e   +   e   i n i t   > 0.05   t  



(3)








2.2. Canadian Masonry Standards


In Canada, the standard method for structural design is the limit states design, which applies to masonry, as well as other construction materials. According to the CSA S304.1-14 [25] standard, limit states are defined as conditions where a building structure no longer fulfils its intended function. This standard serves as a guideline for masonry design and specifies the prescribed values for the compressive strength of unreinforced masonry via tabulated data that correspond to specified unit strengths. The Canadian standard introduces a constraint whereby the maximum resistance of URM walls against axial load is limited to 80%. This implies that the axial load-bearing capacity should not surpass a specified value, denoted as P, and is represented as Equation (4).


  P = 0.8       Φ   m         0.85   f   ′     m         A   e    



(4)




where Φm represents the material resistance factor for masonry and f’m denotes the specified compressive strength of the masonry. The effective cross-sectional area, Ae, represents both the mortar bedded area and the area of voids filled with grout. The Canadian standard also provides designated values for the compressive strength of grouted masonry. The standard dictates that the minimum compressive strength of grout, prepared according to specified guidelines and cast in non-absorbent cylinder moulds, should fall within the range of 10 MPa to 12 MPa. In cases where test data are unavailable, an assumed in situ grout strength of 20 Mpa can be adopted.



Recognizing the practicality that axial loads are seldom applied accurately along the centroidal axis of a masonry wall and absolute vertical alignment is rarely achieved, clause 7.7.3 of the Canadian standard stipulates that the eccentricity of axial load application must not be less than 10% of the wall’s thickness at both ends. The Canadian standard also specifies the following slenderness limits:




	
For   k h / t < ( 10 − 3.5   e   1   /   e   2   )   n e g l e c t   s l e n d e r n e s s   e f f e c t  ;



	
For   k h / t > 30 r e v i s e   n o t   a p p l i c a b l e   ;  



	
For   30 > k h / t > ( 10 − 3.5   e   1   /   e   2   )   a c c o u n t   f o r   s l e n d e r n e s s   e f f e c t  ;








where kh is the effective height of the wall, and the values e1 and e2 correspond to the smaller and larger virtual eccentricities at the ends of the wall, respectively.




2.3. Australia Masonry Standards


The guidelines for designing URM walls under axial compression in Australia, as outlined in AS 3700, 2018 [26], ensure the safe and efficient construction of masonry walls that do not contain any reinforcing elements such as steel bars or mesh. In the previous edition of the Australian masonry design standards, AS 3700, 2011 [39], the maximum compressive strength for grouted masonry was set at 1.3 times the compressive strength of the masonry units. The lower limit for grout strength was 12 Mpa. However, the approach to incorporating grout strength has been revised in the updated version. The new requirement stipulates that the grout strength must be equal to or greater than the characteristic compressive strength of the masonry, with an upper limit of 50 Mpa. Consequently, the design expression for URM walls subjected to axial compressive loads has been revised based on the expression provided in Equations (5) and (6).


  P = Φ     f   ′     m     A   b                                           u n g r o u t e d   U R M  



(5)






  P = Φ       f   ′     m     A   b   +     f   g         f   ′     c g     1.3       0.55 + 0.005   f   c g         A   g             g r o u t e d   U R M  



(6)




where Φ is the capacity reduction factor, which takes different values depending on the type of masonry: 0.5 for unreinforced hollow masonry, 0.6 for unreinforced grouted masonry, and 0.75 for unreinforced solid masonry. Ab refers to the bedded area of the masonry unit, while fg denotes the compressive strength of grout. F’m is the characteristic compressive strength of the masonry, while f’cg is the design characteristic compressive strength of the grout. Ag denotes the design cross-sectional area of the grout.



AS3700 permits a simple assumption that when a roof or floor connects to a wall, its load can be regarded as acting with an eccentricity equal to one-third of the bearing thickness. Each side of the wall is considered to be supported by half of the bearing thickness if the floor or roof spans across the wall. In this approach, the vertical load coming from the level above is assumed to be centred at the level under consideration. Figure 2 depicts these simplified assumptions for evaluating eccentricity. In the case of a slab connected to either a solid wall or one leaf of a cavity wall (as shown in Figure 2a), the resulting eccentricity is computed using Equation (7). For a slab that spans continuously over a solid wall (as shown in Figure 2b), the resulting eccentricity is calculated based on Equation (8)


  e =     W   2   ×     t   w     6       W   1   +   W   2      



(7)






  e =       W   2   −   W   1     ×     t   w     6       W   1   +   W   2   +   W   3      



(8)








2.4. American Masonry Standards


The axial compression design provisions for URM walls in MSJC [40] exhibit a similarity to those outlined in the CSA S304 [25]. Consequently, the design values are confined to compressive strength ranging from 10.34 to 27.58 MPa for concrete masonry units and 10.34 to 41.37 for clay brick units. Using tabulated data enables the determination of allowable compressive strength for grouted masonry. The compressive strength of grout must meet or exceed the specified compressive strength of the masonry unit and should not fall below 13.74 MPa. The code further outlines upper limits for grout strengths: 41.37 MPa for clay brick and 34.47 MPa for concrete masonry. Based on the recommendations proposed in the MSJC [40], the nominal axial compressive strength should not exceed Equations (9) and (10) for members with an h/r ratio not greater than 99 and for members with an h/r ratio greater than 99, respectively.


  P = 0.8     0.8   A   e       f   ′     m     1 −       k h   140 r       2            



(9)






  P = 0.8     0.8   A   e       f   ′     m     1 −       70 r   k h       2            



(10)




where f’m is the specified compressive strength of the masonry, Ae is the effective cross-sectional area of the wall, kh is the effective height of the wall, and r is the radius of gyration.





3. Masonry Units in Construction


Masonry wall units such as blocks or bricks are primarily made of concrete, calcium silicate, and clay. Blocks and bricks come in a variety of forms, shapes and sizes, including solid, hollow, and interlocking (e.g., see a selection in Figure 3). All these units have roughly comparable functionalities, but their properties vary markedly and are dependent on their constituent raw materials employed and their mode of production. Besides solid block and brick units, hollow concrete blocks (HCB) are widely attractive nowadays in low- and medium-rise constructions due to their advantages like light weight, ease of construction, and higher load-bearing capacity, as well as their ability to facilitate conduits for concealing electrical units, sewer, and water pipes [9,41,42]. Under similar conditions, the quantity of masonry mortar used to lay HCB can be lowered by more than 50% when compared to solid concrete blocks, thereby significantly lowering construction costs.



With regard to masonry unit characteristics, its compressive strength is the most important. In addition to being closely associated with the strength of the wall, the properties of the unit provide an overall indicator of the masonry characteristics [43]. It is evaluated using standardized tests, and the results rely largely on the conditions and recommendations specified in the relevant standards in use. It can be said that the axial compression behaviour of masonry blockwork differs considerably from brick masonry since not only does the mortar strength influence the axial compression response but also the type and shape of block unit and strength of grout can inadvertently influence the overall response of the masonry wall [6,36,42]. Clay bricks can be made with compressive strength as high as 100 N/mm2, but modest strength, i.e., 20–40 N/mm2, is usually adequate for low-rise residential construction and the cladding of walls in medium-rise constructions. Concrete block units have lesser normalized strength, which ranges between 2.8 and 35 N/mm2, but the effect mentioned previously must be considered if comparisons are to be made. In addition, the strength of brickwork will be lower than that of the corresponding blockwork if made from clay units with a similar strength value [44]. Although mortar represents only about 7% of total masonry volume, it has a far greater impact on performance than this fraction suggests. Conventional mortar mixtures are composed of cement, sand, plasticizer, or lime, and the mortar mix is graded based on its compressive strength [45]. The stiffer the mixture, the less it can facilitate movement, and thus, it is not recommended to employ a stronger mixture than required to satisfy performance requirements [44].



Various types of concrete blocks are also available, such as aerated autoclaved concrete (AAC) [46,47], whose material density ranges from 450 to 850 kg/m3 and enables the sizeable solid unit to be handled without mechanical support. The use of core-aligned blocks with special geometries, such as the Double H block [48], interlocking bricks [49,50,51,52,53], cellular lightweight concrete (CLC) [54,55,56], and three-cell concrete block [57], have also garnered a lot of attention in recent years. The development of these newer types of blocks necessitates corresponding research into the adequacy and durability of such blocks for continued usage in masonry construction, and in particular to walls subjected to compressive loads.




4. Overview of Experimental Research in the Literature


As previously stated, various construction and testing parameters can influence the compressive performance of URM walls. The primary factors are the strength of masonry units (brick/block) and mortar strength, as well as the slenderness ratio and eccentric load conditions of the walls [17]. Apart from these parameters, the presence of openings is another significant parameter which could affect the performance of the masonry structure and should be properly taken into account. All the above-mentioned parameters can be varied during the construction and testing of masonry walls, leading to a more accurate assessment of the design of load-carrying URM elements.



When evaluating the structural response of URM walls, both shear capacity and bending moment should be considered by taking into account its interaction with compression forces due to lateral load and gravity [58,59,60]. In the context of masonry structures in general, substantial eccentricity loadings could be precipitated either by in-plane or out-of-plane lateral forces or a combination of both [61]. The latter are typically induced by thrusting components (e.g., vaults and arches), wind and soil pressures and seismic actions transmitted from the masonry floor. In contrast, the former can be seismic-induced shear force ensuing from box-type global seismicity of the building structures. As observed from the literature (e.g., see ref. [62]), axial loading differs from eccentrically loaded walls since the former is a statically determinate problem in which the strength of a given wall panel may be presumed to be maximum compression forces divided by the total cross section (Figure 4). On the contrary, eccentrically loaded wall panels are statically indeterminate problems in which the bending moment could be defined by integrating the normal stress and the corresponding axial strain over the given gross sectional area [63,64,65]. As a general recommendation in the design of URM structures, the capacity reduction factor (Φ)—expressed as a ratio of prism strength to the strength of the wall—can be introduced to accommodate and account for different characteristics and to obtain the permissible compressive strength of the masonry [24,40,66].



In evaluating the axial compressive performance of URM walls, experimental tests carried out on brick and concrete block masonry wall specimens available in the literature have been analyzed (e.g., see a selection in Table 1). However, it is important to highlight that previous research on the compressive behaviour of full-scale masonry walls is still limited. To augment the understanding, tests conducted on wallettes and partially grouted wall panels subjected to axial compressive loading have been used since the actual behaviour of these types of wall panels is identical to full-scale URM wall panels [12]. In addition, URM wall panels subjected to shear–compression loading have also been examined. However, the results from such experiments reported in the literature were not included in the database since these types of tests are closely associated with earthquake loadings.



Based on a series of assumptions, scholars have introduced a wide range of predictive models to estimate the compressive strength of masonry. These models vary from simple linear ones with a single variable to complex nonlinear ones that consider the influence of multiple variables. Linear models were proposed in [67,68], while nonlinear expressions were introduced via standards such as Eurocode 6 [24]. These expressions established correlations between the compressive strength of masonry and both the compressive strength of the unit and the compressive strength of mortar. In many cases, the expressions proposed did not consider any distinctions based on the type of masonry. However, beyond the compressive strength of masonry constituents, additional factors were considered by researchers like Khan et al. [69]. The authors introduced a mathematical model that takes into account the slenderness ratio (height-to-thickness ratio, h/t) and the width-to-thickness ratio (l/t). A summary of the expressions proposed in the literature for calculating the compressive strength of masonry wallettes is provided in Table 2.



The following sections present a review of the literature on the compressive performance of URM walls, summarizing the work and salient observations made by earlier researchers in different experimental campaigns. Code provisions have also been compared with results from experimental studies, and disparities are highlighted to identify and outline potential directions for future studies.





 





Table 1. Overview of experimental studies on compressive tests of unreinforced masonry.
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Reference

	
Year of Publication

	
Unit Type

	
Material

	
Wall Dimensions

	
No. of Samples

	
Properties of Masonry Elements (MPa)

	
Test Parameter




	
H × L × T (mm)

	
fb

	
fm

	
fg






	
Camacho et al. [13]

	
2015

	
HCB

	
Conv. concrete

	
1000 × 900 × 140

	
9

	
8.64; 15.76

	
7

	
17

	
Axial load; stress–strain.




	
Fortes et al. [14]

	
2017

	
HCB

	
High-strength concrete

	
2200 × 1200 × 140,

2200 × 800 × 140

	
30

	
18.7–34.5

	
13.4–26.9

	
31.3–42.4

	
Axial load; stress–strain.




	
Keshava and Raghunath [16]

	
2017

	
Brick

SCB

HCB

	
Table moulded;

Conv. Concrete;

Conv. Concrete.

	
2500 × 950 × 220;

2560 × 1030 × 150;

2600 × 830 × 150

	
14

	
5.8

4.5

6.0

	
9.4

	
–

	
Axial load; slenderness ratio and eccentricity.




	
Amalkar et al. [17]

	
2020

	
CCB

HCB

	
Conv. Concrete;

Conv. Concrete.

	
2667 × 802 × 200;

2680 × 800 × 200, 2680 × 830 × 150

	
9

	
7.1

13.7; 6.6

	
5.3

	
–

	
Axial load; slenderness ratio and eccentricity.




	
Dharek et al. [18]

	
2021

	
HCB

	
Conv. Concrete.

	
2600 × 845 × 152.

	
2

	
8.86

	
5.3

	
23.5

	
Axial load.




	
Hasan et al. [19]

	
2021

	
HCB

Brick

	
Conv. Concrete;

Clay.

	
300 × 200 × 150–1200 × 750 × 150

	
24

	
7.5–19.2

5.8

	

	
7.5

	
Axial load.




	
Gumaste et al. [15]

	
2007

	
Brick

	
Table moulded;

Wire-cut

	
520 × 600 × 105;

520 × 665 × 230

	
9

	
5.7

23.0

	
0.8–6.6

0.6–12.2

	
–

	
Axial load, elastic modulus.




	
Watstein and Allen [21]

	
1970

	
Brick

	
Extruded wire-cut

	
940 × 685 × 94–3716 × 3200 × 97.

	
36

	
54.2–174.3

	
10.0–48.6

	
–

	
Axial load; slenderness ratio and eccentricity.




	
Kirtschig and Anstotz [22]

	
1991

	
SCB

	
Calcium silicate;

Lightweight aggregate.

	
635 × 1000 × 115–3120 × 1000 × 115

	
64

	
20.9

4.1

	
5

	
–

	
Axial load; slenderness ratio and eccentricity.




	
Hendry and Malek [70]

	
1987

	
Brick

	
Clay;

Lightweight AAC

	
590 × 665 × 102

590 × 665 × 215

	
48

	
28.8–92.4

4.4

	
17.6; 27.4

	
–

	
Axial load; stress–strain




	
Fattal and Cattaneo [71]

	
1976

	
Brick

HCB

	
Wire-cut

Conv. Concrete

	
2438 × 812 × 90

2438 × 812 × 140

	
56

	
90.2

8.5

	
10.4

	
–

	
Axial load; stress–strain.




	
Khan et al. [69]

	
2023

	
Brick

	
Fired-clay

	
530 × 410 × 75;

445 × 445 × 75

	
18

	
16.1–20.2

	
5.0; 6.7

	
–

	
Axial load.




	
Milani et al. [72]

	
2021

	
Brick

	
Clay

	
965 × 580 × 140

	
8

	
14.6–19.6

	
5.8

	
–

	
Axial load; stress–strain.




	
Calderón et al. [73]

	
2023

	
Brick

	
Multi-perforated clay

	
745 × 745 × 140

	
9

	
19.5–22.3

	
7.6–28.0

	
–

	
Axial load; stress–strain.




	
Bergami and Nuti [74]

	
2015

	
Brick

	
Clay

	
1010 × 1010 × 260; 770 × 770 × 120

	
48

	
10.4–23.3

	
23.4; 11.7

	
–

	
Axial load.




	
Jafari et al. [75]

	
2022

	
Brick

	
Clay; CS

	
430 × 475 × 100;

880 × 300 × 100

210 × 180 × 100

	
54

	
13.1–36.4

	

	
–

	
Axial load; stress–strain; shear compression.




	
Costigan et al. [76]

	
2015

	
Brick

	
Fired-clay

	

	
5

	
12.7

	
1.4–22.2

	
–

	
Axial load; stress–strain.




	
Zhu et al. [77]

	
2017

	
HCB

	
Conv. concrete

	
990 × 590 × 190

	
6

	
25.75

	
15.55

	
-

	
Axial load.




	
Sandoval et al. [78]

	
2011

	
Brick

	
Clay

	
238 × 300 × 35; 896 × 300 × 35.

	
36

	
32.5

	
7.3

	
–

	
Axial load; slenderness ratio and eccentricity.




	
Mohammed et al. [79]

	
2009

	
Brick

	
Fired-clay

	
1700 × 1700 × 102

	
12

	
80

	
5.3–11.6

	

	
Axial load; stress–strain; opening.




	
Zhou et al. [80]

	
2017

	
HCB

	
Conv. concrete

	
990 × 590 × 190

	
24

	
14.1–31.1

	
6.3; 15.5

	
–

	
Axial load; stress–strain.




	
Thamboo and Dhanasekar [81],

	
2019

	
Brick

	
Clay;

Compressed-earth

	
410 × 430 × 100; 590 × 570 × 140

	
40

	
3.8–15.8

6.5; 7.9

	
6.4; 3.9

	
–

	
Axial load; stress–strain.








Note: HCB = hollow concrete block, SCB = solid concrete block, CCB = cellular concrete block, CS = calcium silicate, AAC = autoclaved aerated concrete, Conv. = conventional, fb = compressive strength of unit, fm = compressive strength of mortar, fg = compressive strength of grout.













 





Table 2. A summary of selected equations proposed in the literature for predicting either the characteristic compressive strength of the masonry, fk, or the mean value, f’m, using the normalized compressive strength of the unit, fb, and the compressive strength of the mortar, fm.






Table 2. A summary of selected equations proposed in the literature for predicting either the characteristic compressive strength of the masonry, fk, or the mean value, f’m, using the normalized compressive strength of the unit, fb, and the compressive strength of the mortar, fm.





	Reference
	Masonry Type
	Model





	Eurocode 6 [24]
	Clay and calcium silicate units
	f’k = 0.55 fb 0.70 fm 0.3



	Gumaste et al. [15]
	Calibrated for table moulded brick masonry
	f’m = 0.317 fb 0.866 fm 0.134



	Khan et al. [69]
	Calibrated for clay brick wallette
	f’m   =  f b    (   4 + 0.1 f m   1.5 l / t + 5 h / t   )   



	Hendry and Malek [70]
	Calibrated for clay brick masonry
	f’m = 0.317 fb 0.531 fm 0.208



	Costigan et al. [76]
	Calibrated for fired clay brick wallette
	f’m = 0.56 fb 0.53 fm 0.5



	Zhou et al. [80]
	Calibrated for HCB wallette
	f’m = 0.886 fb 0.75 fm 0.18








4.1. Effect of Strength of Components and Loading Orientation


In real-world situations, the majority of masonry buildings are typically stressed in compression. As a result, it is of significant importance to assess masonry’s compressive strength for which challenging problems exist to test full-scale wall specimens. In recent decades, several experimental campaigns have been conducted to assess the compressive strength of small-scale specimens, i.e., masonry prisms, for which comprehensive reviews have been published (see ref. [36]). However, the strength values of these types of specimens may not be representative of the actual performance of full-scale walls. It is for this reason that several scholars have conducted a significant number of experimental campaigns to study the axial load response of URM walls. Results from past studies indicate that the load-bearing capacity and deformation behaviour of URM walls are closely related to the relative strength of the individual masonry element, production and test procedure, as well as the geometry of the test walls.



Recent research generally confirms the widely accepted fact that higher unit strength results in improved compressive strength for URM walls constructed using different types of units. The studies reviewed in this present article indicate that the type and strength of the unit have a significant impact on the compressive strength of URM walls. As depicted in Figure 5a, the majority of the walls constructed with concrete units had compressive strength values ranging from 3.28 to 19.8 MPa, which are typically higher than the compressive strength observed in walls built using clay units, which ranged from 1.1 to 13.9 MPa. Additionally, the majority of the walls constructed using concrete units exhibited a masonry efficiency—defined as the ratio between masonry compressive strength and compressive strength of unit (f’m/fb)—ranging between 35 and 96%. In contrast, the masonry walls built using brick units demonstrated f’m/fb values ranging from 11 to 76%.



For example, Keshava and Raghunath [16] carried out axial compression tests on fourteen full-scale URM wall panels made up of table-moulded bricks (fb = 5.85 MPa), solid concrete blocks (fb = 4.57 MPa), and HCB (fb = 6.08 MPa) available in South India. All walls were constructed using the same mortar strength (fm = 9.42 MPa). Observations from the study generally indicated that the HCB walls have better performance in load-carrying capacity among all three different types of blocks in the set of experiments. The compressive strength of the wall panels made with concrete blocks (hollow/solid) was found to be in the range of 3.05 and 4.2 MPa, while the strength of the wall panels made with bricks was found to be between 1.28 and 1.72 MPa, indicating the better performance in load capacity of concrete block walls in comparison to wall panels made with bricks. Similar findings are also observed in [17,19]. In the study by Amalkar et al. [17], in particular, the entire experimental campaign focused on cellular concrete blocks (CCB) and HCB URM walls. The test results—nine specimens in total—gave evidence of better performance in the load capacity of wall panels built with HCB in comparison to that of brick walls tested in previous experiments [15,16].



Such observations are also noted in [19], where HCB and brick masonry walls were tested in compression. Results from the study gave evidence—and in accordance with previous findings—that the HCB wall panels exhibit higher compressive strength in comparison to wall panels built with bricks. Camacho et al. [13] also reported a 100.2% increase in the compressive strength of full-scale URM walls built with HCB units (fb = 15.76 MPa) in comparison to masonry constructed with lower strength units (fb = 8.64 MPa). Likewise, experimental investigations by Milani et al. [72] on clay brick masonry wallettes constructed with a mortar strength of 5.84 MPa demonstrated that the compressive strength of masonry wallettes built with a unit strength of 19.61 MPa was 175.3% higher than those constructed with lower unit strength (fb = 14.23 MPa). However, the difference in the masonry strength was mainly attributed to the scale effect of the unit.



Traditionally, lower-strength mortar and stiffer units are used in the construction of URM walls. However, in recent years, engineers worldwide have encountered unique scenarios where mortar needs to be stronger than units. This can be attributed to various factors, including advancements in mortar cement properties and the necessity of using locally available soft units for affordable housing construction in developing nations [15,81,82,83,84]. A better understanding of how the relative strength of mortars and units affects the performance of URM walls under axial compression loads has been made possible by recent research that has been published in the last few years. According to research findings, when low-strength units are used, increases in mortar compressive strength have only a little impact on the compressive strength of the wall. Figure 5b graphically displays the compressive strength values of mortars relative to the compressive strength of URM walls, as reported in Table 1. The dataset is presented based on M1 (fm ranging between 0.86 and 2.6 MPa), M2 (fm = 5 and 11.9 MPa), and M3 (fm = 12.2 and 26.9 MPa) mortars used in the different experimental campaigns. The dataset in Figure 5b indicates that the ratio between the compressive strength of masonry and mortar compressive strength (f’m/fm) in M1 mortars ranges between 0.67 and 2.79 MPa. While M2 and M3 mortars presented f’m/fm values of 0.13 to 2.49 MPa and 0.13 to 1.27 MPa, respectively.



For example, Zhou et al. [80] carried out a test on 23 URM wallettes—590 mm × 990 mm × 190 mm their nominal sizes—using different block–mortar strength combinations, i.e., HCB (fb = 14.08 MPa, 25.73 MPa, and 31.18 MPa) and mortars (fm = 6.31 MPa and 15.55 MPa). An increment of about 80% in the compressive strength of the block was found to have caused a corresponding increase in the compressive strength of the wall panels by approximately 60%. On the other hand, an increment in mortar strength by about 150% was found to have caused an increase in the masonry compressive strength by only approximately 2%, indicating—and in accordance with prior studies [85,86]—that the strength of mortar has minimal influence on the strength of URM wall. The negligible effect of mortar strength on the compressive strength of unreinforced masonry was also observed in the study by Bergami and Nuti [74]. The authors observed that an increase in mortar strength by 100.4% only amounted to a 19% increase in the compressive strength of the wall. In contrast, an increase in the unit strength by 94.9% increased the strength of the masonry by about 155%. However, the influence of mortar joint thickness on full-scale URM walls constructed with different combinations of unit strength and mortar strength is unavailable in the experimental literature, thus drawing up possible lines for future research.



In recent years, the need to construct taller masonry structures has driven the construction industry to develop a robust capability for producing high-quality units with varying degrees of strength and geometric characteristics [14,87,88]. Consequently, there has been a growing importance placed on advancing the understanding of URM walls constructed using high-strength blocks [87]. However, it is worth highlighting that existing masonry codes do not include design procedures that account for the use of high-strength units. In this regard, Fortes et al. [14] conducted an articulated experimental campaign to study the performance of high-strength URM walls subjected to axial compressive loading. Grouted wall panels (2.2 m high, 1.2 m wide) and ungrouted wall panels (2.2 m high, 0.8 m wide) constructed with and without a mid-height bond beam were included in the set of experiments. Three different strengths of hollow concrete block and mortar were used: fb = 18 MPa, 27.3 MPa, 34.5 MPa and fm = 12 MPa, 18 MPa, 24 MPa. Observations from the experiments indicated an increment in compressive strength of grouted wall panels by about 50% in all the grouted wall panels in comparison to the un-grouted wall panels. Test observations also indicated that the use of a bond beam at the mid-height of the wall prevented a decrease in the compressive strength of the wall panels. However, the use of such special schemes altered the failure pattern of tested walls. In addition, results from the set of experiments also differ from code recommendations specified in [89], and this may be due to the geometry of blocks used in the study.



A number of studies have also indicated that the compressive performance of URM walls may be influenced by the loading orientation. Specifically, loading perpendicular to the bed joints is known as vertical compression and loading parallel to the bed joints is referred to as horizontal compression (e.g., see Figure 6). For example, recent experimental comparisons conducted by Khan et al. [69] revealed a higher compressive strength of masonry in the case of O1B1M1 and O1B2M2 wall specimens loaded in the vertical direction compared to P1B1M1 and P1B2M2 wall specimens loaded in the horizontal direction. Similarly, the experiments carried out by Bergami and Nuti [74] indicated that the compressive strength of hollow brick masonry is significantly affected by the strength of both the units and mortar. Essentially, stronger mortar contributes to the overall strength of the masonry panels, particularly under vertical compressive loading, where this effect is more pronounced than under horizontal compressive loading. Recent findings by Jafari et al. [75] gave further evidence that the strength of URM walls can be lower when subjected to horizontal compressive loads. Likewise, recent experimental investigations by Calderón et al. [73] on multi-perforated clay bricks masonry demonstrated higher compressive strength of wallette specimens loaded perpendicular to the bed joint compared to specimens loaded parallel to the bed joint, a fact mainly attributed to the internal configuration of the bricks (layout of webs and shells). This internal configuration impacts the resistant areas in each direction, consequently affecting the compressive performance of the walls.



Although several studies have reported that the performance of URM walls is affected by the loading orientation; however, all of these studies were conducted using clay bricks with essentially stronger units and weaker mortar strength. More studies focusing on URM walls—possibly in full scale—built with concrete block units, taking into account stiff mortar–weak unit combinations, should be considered to verify the axial compression performance based on the loading orientation.



Figure 7 plots the compressive strength of masonry (f’m) derived from the experimental campaigns discussed in this paper against the compressive strengths of units used in each campaign, while Figure 8 plots the normalized compressive strength of the masonry (i.e., f’m/fb vs. fb/fm) reviewed in this present article. Observations from the literature suggest that the strength of URM walls is largely influenced by the strength of the unit, i.e., the greater the unit strength, the greater the compressive strength of the wall, and this feature holds true for most of the experimental studies considered. However, as depicted in Figure 7, a significant degree of scatter on the compressive strength of URM walls can be observed from the experimental literature. A similar trend could also be observed in the normalized compressive strength of the masonry when considering all masonry types, as shown in Figure 8. The high degree of variation observed in the figures is mostly due to the different wall geometries and material units employed in the various campaigns.



As discussed in Section 2, existing design standards such as the Eurocode 6 [24] provide empirical expressions used to predict the compressive strength of masonry structures. On the contrary, masonry standards such as the CSA S304 [25] and MSJC [40] provide tabulated values to estimate the masonry’s compressive strength, accounting for various strength of unit and mortar combinations. In this present review article, the compressive strength values of URM walls were compared to the strength values predicted by the empirical equations proposed in the Eurocode 6 [24] and the tabulated values from the MSJC [40] and CSA S304 [25]. Figure 9 illustrates the comparison between the compressive strengths of URM walls derived from the experimental campaigns discussed in this paper and the compressive strengths predicted by the various design standards. The values tabulated in CSA S304 [25] were not applied to masonry constructed with mortars that could not be classified as type S or N according to CAN/CSA-A179 [90]. Furthermore, the tabulated values in MSJC [40] were not used to predict the compressive strength of masonry built with mortars that could not be classified as S, N, or M, as outlined in ASTM C270-19a [91]. Lastly, the predictions were not applied to URM walls constructed with units, mortar, or grout of strength classes and types not covered by CSA S304 [25] and MSJC [40]. It can be seen in Figure 9 that the empirical expressions recommended by Eurocode 6 [24] and CSA S304 [25] are more conservative than those proposed by MSJC [40]. Considering all masonry types reviewed in this present article, the model introduced by the Eurocode 6 [24] can be considered to be the most reliable one with the data reported in the experimental literature. Nonetheless, a substantial amount of the experimental data showed significant deviations from the equality line depicted in Figure 9. In many instances, the CSA S304 [25] underestimated the compressive strength of URM walls, with the exception of masonry constructed with high-strength concrete block units, whereas the MSJC [40] consistently overestimates the compressive strength of the analyzed cases.



These observations align with recent discussions presented by Zhou et al. [80], which indicate that existing design standards lack consistency and tend to make non-conservative predictions regarding masonry strength. Similarly, Fortes et al. [14] noted that the empirical expressions outlined in the masonry standards fail to adequately consider the significant impact of high-strength mortar on the compressive performance of URM walls built with high-strength concrete block units. This limitation is further supported by the findings of Thamboo and Dhanasekar [81], who pointed out that the existing strength formulations overestimate the compressive strength of the masonry, particularly in cases where low strength units (fb =< 5 MPa) are employed.



Furthermore, numerous research efforts have been dedicated to establishing empirical expressions that relate the compressive strength of unreinforced masonry with the compressive strength of mortar and masonry units. These expressions are often developed via statistical analysis of numerous tests conducted on unreinforced masonry walls in various countries around the world and to compare with the expressions provided in masonry design standards. From Table 2, it can be seen that the empirical relationships proposed by the various masonry design standards in predicting the compressive strength of unreinforced masonry show significant deviation from the empirical expressions proposed in the literature for most of the experimental studies considered. The studies examined in this paper emphasize significant shortcomings in the empirical expressions and tabulated values proposed in the existing design standards, underscoring the need for their urgent and thorough revision. Moreover, the compressive strength values observed in this present review article are much lower than those observed in the review of masonry prisms conducted by Nalon et al. [36]. In their recent review study, the authors reported compressive strength values ranging between 1.1 and 41.8 MPa when considering all types of masonry prisms [36]. In comparison, compressive strength values ranging from 1.1 to 19.8 MPa were observed for wallets and full-scale masonry walls reviewed in this present article. Based on the dataset reviewed in this paper, it appears that estimating masonry compressive strength via full-scale tests may be a more suitable approach than relying on the expressions and tabulated values proposed in existing masonry standards, which are mainly based on tests of small-scale specimens.




4.2. Effect of Slenderness Ratio and Eccentricity


The current design of masonry structures compensates for the eccentric gravity loads and wall slenderness by the introduction of the capacity reduction factor to the compressive strength of the masonry. In conventional masonry construction, the load-bearing wall structure is usually thick; therefore, the influence of slenderness could be neglected if the height-to-thickness (h/t) ratio is less than 10 [71]. The DIN 1053 [92] allows for a slenderness ratio of masonry walls up to 20, and just two better quality grades between 10 and 20 are permitted. Within this permissible range, only light loads are allowed on the masonry with slenderness greater than 14, and the strength of the material may be reduced by a factor (25-h/t)/15, whereas the Eurocode [24] permits a slenderness ratio of up to 27.



Within this constraint, Hasan and Hendry [20] investigated the influence of slenderness ratio and load eccentricities on the compressive strength of the URM wall and compared the results with the capacity reduction factors prescribed in the British code [93]. Tests were conducted on twenty-five brick walls using different slenderness ratios (i.e., 6, 12, 18, and 25), with various support conditions (hinged, RC slab, and flat end) and loading eccentricities (0, t/3, and t/6). Observations from the test results indicated a decrease in wall strengths of specimens tested with flat-end conditions with an increase in slenderness ratio, with the exception of specimens with a slenderness ratio of 12. The authors observed that in wall specimens tested with hinged support conditions and eccentrically loaded 0, the capacity reduction factor permitted in the British code is almost 10% less, with the exception of specimens having a slenderness ratio of 25, whereas in wall specimens tested with eccentricity t/3, the capacity reduction factor was about 25% greater than that permitted in the British code. However, in wall specimens with eccentricity t/6, the capacity reduction factor yielded almost identical value as that found in the British code. It is worth highlighting that while the maximum value of wall slenderness used in [20] is 25.0 and the values in [93] provide up to 46.1 slenderness ratio, the British code is now obsolete and is superseded by the Eurocode [24]. In the opinion of the authors, tests on masonry wall panels with a slenderness ratio higher than 30 are more a matter of academic rather than practical interest since the results obtained by the authors for wall panels loaded with zero eccentric loads were about 18% lower than that reported by Haller [94]. On the contrary, for wall panels loaded with t/6 eccentricities, the results obtained in [94] were higher than those obtained in [20].



Watstein and Allen [21] investigated the influence of different slenderness ratios (12.4, 22.8, 32 and 42.5 and eccentricities (0, t/6 and t/3) on the load capacity of full-scale brick URM wall panels constructed with low-strength and high-bond mortar. In the case of wall specimens having a slenderness ratio of 22.8 and loaded with eccentricity t/6, the strength of the walls built using high-bond mortar was 25% higher than the compressive strength of the same wall panels constructed using normal-strength mortar. Similarly, for wall specimens loaded with eccentricity t/3, the compressive strength of walls constructed using high-bond mortar was 33% higher than the resistance of the same wall panels constructed using lower-strength mortar. A similar finding was also reported by Kirtschig and Anstötz [22]. The authors investigated the effect of different slenderness ratios (5.6, 11.1, 18.8, and 27.7) on the strength of URM walls constructed using different heights (0.63 m, 1.25 m, 2.12 m, and 3.12 m) and different concrete blocks. Results from the study showed a reduction in load capacity in all tested wall panels with the increase in slenderness ratio (e.g., see Figure 10). Consequently, it can be inferred that URM walls exhibit maximum load-carrying capacity when their aspect ratio (i.e., l/h) is equal to 1. Fattal and Cattaneo [71] also gave evidence of a decrease in load-bearing capacity in HCB URM walls with the increase in eccentric loads, which was mostly accompanied by greater shattering at failure in tested specimens.



To complement previous experimental findings, Sandoval et al. [78] conducted an extensive analysis to study the axial performance of a large number of scale brick URM wall panels constructed using various combinations of slenderness ratio and eccentric loads. As expected—and in accordance with previous findings [21,22]—an increase in slenderness ratio and eccentric load significantly affected the strength of tested walls. Observations from the study indicated that the decrease in load-bearing capacity of wall panels having a slenderness ratio of 6.8 could vary between 25% and 40% and between 55% and 70% for walls with a slenderness ratio of 25.6 if eccentrically loaded at t/6 in comparison with walls loaded with zero eccentricity. Similarly, the reduction in load capacity for wall panels with a slenderness ratio of 6.8 could be between 60% and 75% and between 80% and 90% for walls constructed with a slenderness ratio of 5.6, if eccentrically loaded at t/3, in comparison with walls loaded with zero eccentric loads. The study findings emphasize the fact that the maximum load capacity of the URM wall reduces significantly with an increase in the slenderness ratio and eccentric loading.



For the sake of clarity, Figure 10a–c presents a comparison among experimental literature results. The comparisons are made in terms of f’m/fb, where f’m is the maximum compressive stress of the URM walls and fb is the compressive strength of the unit used in the individual experimental campaign. The comparisons are made only between experimental tests having identical support conditions (i.e., hinge supports at both the top and bottom of walls) and eccentric loadings (e = 0, e = t/6, and e = t/3). Remarkably—and despite the different materials and geometry employed in the various experimental campaigns—similar trends can be seen between the slenderness ratios and normalized compressive strength in the majority of experimental results considered.



A common feature of these studies is that a decrease in wall slenderness will cause an increment in its compressive strength, which is duly recognized. Accordingly, this holds true if the URM walls are constructed using different thicknesses of units and tested with hinged support conditions under axial compression and eccentric loads. This phenomenon may not be true if the lateral and rotational restraint conditions are considered, for which limited experimental studies indicate an increment in thickness of URM walls built using various types of units did not cause a corresponding increase in the wall compressive strengths despite the reduction in slenderness ratio [16,17]. In addition, observations in [23] indicate that the strength of the masonry is dependent on the height of the wall rather than its slenderness since experimental tests on two walls (270 cm high, 25 cm and 38 cm thick) constructed with bricks (25 × 12 × 6·5 cm) resulted in the same axial compressive strength despite the difference of wall slenderness ratios [23].



Amalkar et al. [17] noted that the capacity reduction factor prescribed in the various masonry standards underestimates the strength of URM walls. The authors conducted tests on nine full-scale walls, which were constructed using different slenderness ratios and tested under axial and eccentric loads. The capacity reduction factor (CRF) of CCB and HCB masonry walls obtained experimentally was compared with the various national codes such as the Indian standard [95], the British code [93], the Eurocode [24], and the Australian standard [26]. The results showed that for both axially and eccentrically loaded cases, the CRF derived experimentally for walls built with CCB seems to be higher than the values prescribed in the various codes. A similar trend was also observed for HCB walls with a slenderness ratio of 14.9. However, HCB walls with a slenderness ratio of 11.3 indicate lower experimental CRF values when compared to code recommendations. Likewise, Keshava and Raghunath [16] noted that the CRF prescribed in the masonry standard seems to underestimate for axially loaded brick/block walls and overestimate eccentrically loaded brick walls. Hence, it is of utmost importance to reassess the capacity reduction factor values by conducting more tests on URM walls and also to prescribe the values of the capacity reduction factor separately for concrete block and brick masonry.




4.3. Effect of Openings


The failure mechanism of solid masonry under compression is well-established based on previous research. Failure usually occurs due to the incompatible elastic properties of the masonry units and mortar. This leads to the formation of vertical cracks in either the units or mortar parallel to the direction of the applied compressive load [36,80,81,96,97]. However, in recent decades, one aspect of structural masonry walls which has piqued the interest of scientists is the design and failure behaviour of URM wall panels with openings subjected to compressive loads. Openings in masonry buildings are required to be provided in the wall for the functional needs of new buildings or functional alterations to an existing structure. These openings are of vital importance in designing building structures, particularly for spatial optimization and repurposing for long-term conditions. However, the openings constitute a vulnerability and may size-dependently decrease the stiffness and load capacity of the walls relative to the equivalent walls without an opening [3,79,98]. In particular, the presence of window or door openings in URM walls may affect the load path, leading to unfavourable stress concentrations at the corners of the opening under the applied compressive loads. These stresses are the main cause of the propagated cracks, which lead to final failure [80]. However, the current American [40] and Canadian [25] masonry design standards do not provide design rules for masonry wall panels with openings, while Eurocode 6 [24] specifies some limitations. Within this constraint, very few experimental works have been carried out in the past on masonry walls using various opening configurations in order to understand the behaviour of such walls under axial compressive loads, as well as to develop or verify analytical failure models.



Mohammed et al. [79,99] reported axial compression test results on fired clay brick masonry wall panels with small openings (380 × 380 mm2 opening area). As seen in Figure 11, typical vertical cracks were observed in the tested walls, and the location of these cracks was largely influenced by the position of the openings. Moreover, a significant reduction in the cracking load value was also reported for wall panels with openings compared to solid panels without openings. Test observations demonstrated that the reduction in load-bearing capacity and post-cracking stiffness is directly related to the position of the openings [99]. Chong [100] also reported a series of test results on the behaviour of full-scale brick masonry wall panels—5600 mm × 2475 mm × 50 mm their nominal sizes—with different opening sizes under lateral loads. Four different forms of opening configurations were considered, being representative of doors and windows. Observations from the study, as expected, gave evidence of significant differences in crack patterns and failure modes of wall specimens due to differences in opening size and positions (see Figure 11). Wallet strengths also proved to be conservative relative to the ultimate load capacity of the full-scale wall panels. The strength of the walls with openings (less than 10% of the total wall area) was around 25% lower than that of walls without openings.



Similar observations are also noted in [101], where the authors conducted a comparative study on the axial load response of full-scale URM walls with different opening configurations. The wall specimens—1200 mm × 1200 mm × 110 mm, their nominal sizes—were made with clay brick and an opening size of 400 mm × 800 mm (approximately 22.2% of the wall area). While the wall panels failed as a result of vertical cracks, the cracking patterns of the tested walls, as expected, differed significantly due to the presence of openings. The authors also gave evidence of a reduction in the load capacity by about 35% in addition to the increase in maximum displacement by 27% due to the presence of openings.



Although openings are a significant and integral aspect of masonry structures, experimental research in this area has not been given adequate attention. Further experiments are therefore required to improve the understanding of how openings affect the deformation behaviour of masonry walls subjected to axial compression. Future research should also prioritize walls with openings constructed with HCB units since this type of wall is currently unavailable in the experimental database.




4.4. Stress–Strain Behaviour


The compressive stress–strain relationship can be used to estimate the material properties of masonry, i.e., its strength, elastic moduli, and stress distribution under compressive loads [9]. Since masonry structures are constructed with different and non-homogenous elements, they can display typical behaviour that is non-elastic and anisotropic [23,36,102,103]. Prior investigations [9,85,86,104,105] indicated that the stress–strain profiles of unreinforced masonry constructed with stiff unit–soft mortar combination tend to exhibit greater nonlinear behaviour up to the point of maximum load compared to masonry constructed with stiff mortar–soft unit combination. These studies suggest that the compressive strength of the unit is the primary factor influencing the overall strength of the masonry, while the other component properties may merely alter the deformation path of the structure.



For example, Fortes et al. [14] observed that the individual properties of mortar and grout only had minimal influence on the shape of the stress–strain curve of full-scale walls constructed with three different unit strength (fb = 18 MPa, 27.3 MPa, and 34.5 MPa); mortar strength (fm = 12 MPa, 18 MPa, and 24 MPa); and grout strength (fg = 31.3 MPa, 34.9 MPa, and 42.4 MPa). Observations from the test results indicate that for walls with bond beams at a middle section, the stress–strain curve is linear up to approximately 70% of the failure load. In grouted wall panels without bond beams at the middle section, the stress–strain curve of these test specimens was linear up to about 60% of the ultimate failure load (e.g., see Figure 12). Similar results were also noted in the study conducted by Thamboo and Dhanasekar [81], which investigated the stress–strain response of URM wallettes constructed using bricks with compressive strength of 3.8 MPa and 15.8 MPa, along with two different mortar types: a stiff mortar (mix ratio 1:3) with compressive strength of 6.48 MPa and a weaker mortar (mix ratio 1:5). Two cases of clay and compressed earth brick wallettes (particularly specimens CLB1 and CLB2) are shown in Figure 12. The authors noted that the masonry specimens built using the 1:3 mortar displayed significantly lower compressibility, particularly beyond the linear elastic regions of the curves, compared to masonry specimens constructed with 1:5 mortar. However, it is worth highlighting that, regardless of the unit–mortar combination, the authors did not verify the complete descending portions in the stress–strain profiles.



Accordingly, Costigan et al. [76] verified that the existing prediction models prescribed in the masonry standards do not consider the various failure modes of unreinforced masonry or the onset of the nonlinear stress–strain curves. Two cases of clay brick wallettes (particularly CL90s and M6 specimens) are also shown in Figure 12. Costigan et al. [76] explained that unreinforced masonry wallettes constructed using stiff unit–softer mortar combinations exhibit significant deformations at the start of the compression loading regime due to the early plastic deformation of the mortar. This was subsequently followed by an upward, relatively linear segment occurring between 30% and 60% of the peak load level. Beyond this point, typically above 60% of the peak load, the curve ceases to be linear, and the material reaches its maximum stress, ultimately leading to failure. In contrast, the masonry built with a combination of stiff mortar and softer units exhibited a different behaviour. Initially, it absorbed high stress with minimal deformation, followed by abrupt failure with very limited plastic deformation. These findings emphasize the significant influence of mortar properties on masonry deformation. This aligns with findings reported in [106], which indicated that the stress–strain relationship becomes progressively nonlinear as mortar strength decreases. Costigan et al. [76] further noted that for the stress–strain curve prescribed in Eurocode 6 [24], the descending portion of the curve can only be applied to mortars with fm value greater than 7 Mpa.



The peak strain is an important parameter that characterizes the behaviour of masonry when subjected to axial compression. Despite its significance, the topic of indirectly estimating the peak strain corresponding to the masonry’s compressive strength has received limited attention. The Eurocode 6 [24] recognizes the nonlinear nature of the stress–strain relation of unreinforced masonry under compression. It assumes the curve to be linear up to 0.33, the characteristic compressive strength of the masonry (i.e., 0.33f’m), or can be considered to be a parabolic curve, rising up to a strain of 0.002, or as a horizontal plateau in the stress–strain curve up to a strain of 0.0035 (e.g., see Figure 12). Based on regression analysis of experimental results, other authors have proposed expressions to deduce the peak strain in relation to the strength of full-scale masonry, its mortar strength and elastic modulus (see a selection in Table 3).



A novel rational model for a nonlinear stress–strain curve for HCB masonry wall structures subjected to axial compressive loading was proposed by Zhou et al. [80]. Testing was carried out on 23 URM wallettes—590 mm × 990 mm × 190 mm, their nominal sizes—using three different block/mortar strength combinations, i.e., HCB (fb = 14.08 mPa, 25.73 mPa, and 31.18 mPa) and mortars (fm = 6.31 mPa and 15.55 mPa). Results from the study indicated that a reduction in mortar strength produced a corresponding increase in the peak strain of the wall panels, confirming that the mortar properties greatly influence the deformation characteristics of URM walls, contradicting the observations noted in [9,105]. The model proposed in [80] produced results comparable to the stress–strain curve observed in all tested specimens from the early stages, via the upward curve and up to 20% of the ultimate load in the descending curve. However, in the latter stage of the downward curve, the proposed model failed in predicting the response of the downward curve since the strain continues to infinity with larger ultimate stress. Despite this, the proposed model is presumed adequate for use in the design and numerical analysis of HCB masonry walls.



A new model for correlating the compressive stress–strain curves of masonry prism to that of wallette was also proposed by Thamboo and Dhanasekar [81], based on axial compression tests conducted on clay and compressed earth bricks. Results from the study confirm that the compressive strength of wallette is more representative of full-scale wall panels since the strength results derived from the set of wallette tests were more conservative than those obtained from the prism tests. The authors noted that the proposed constitutive relationship was in good agreement with results obtained from the experiments since the model can be used to convert the prism strength to the equivalent wallette strength and incorporated into the design of real-world structural walls using the design standards. However, such a conversion is only applicable to solid blocks and bricks and thus cannot be further applied to other types of masonry walls. Hence, more laboratory experiments on URM walls—possibly on full scale—utilizing concrete block units and testing using different wall set-ups are needed to account for the discrepancies.



Although several experimental works have focused on the compressive behaviour of URM wall structures, limited literature efforts are still available on the stress–strain behaviour of URM with openings under axial loads. In the case of walls with openings, for example, the strain response at the openings, which may encourage local stress concentrations and ultimately determine the load path of wall panels when under axial compressive load, should also be properly taken into account. In this regard, Mohammed et al. [79] carried out an extensive experimental campaign to study the strain behaviour of full-scale brick URM walls—1700 mm × 1700 mm, their nominal sizes—with different opening configurations under compressive loading. Lintel blocks were used at the top of the openings, and two different boundary conditions were assigned to test specimens: fully restrained (fixed end) at the bottom of the wall panels, while the top edges were either fixed end or left free. High localized strains were noticeable in close proximity at corners of openings, and these strains appeared to reduce with an increase in the distance of openings from the width direction. The authors also observed that the inclusion of openings in the wall panels enabled the transfer of the load path to the lintel support by an arching action formed at the top of the openings. However, the different types of boundary conditions assigned to the walls during the tests showed insignificant effects on the strain results, which was attributed to the small value in the slenderness ratio of the wall panels. Further detailed studies on the axial compressive stress–strain behaviour of URM walls utilizing full-scale specimens are strongly recommended.



The elastic modulus of masonry is usually derived from the secant modulus of the linear portion of the stress–strain curve. The Eurocode 6 [24] recommends that this segment of the curve should typically be defined at service load conditions (i.e., at one-third of the peak stress), whereas the MSJC [40] recommends that the modulus be estimated at a stress level of 5 to 33% of the maximum compressive strength of the masonry. While the theoretical relationship between the elastic modulus and compressive strength may be considered irrelevant, it holds practical significance. Generally, the masonry’s compressive strength and elastic modulus exhibit a linear correlation. According to MSJC [40], the elastic modulus can be estimated at 700 times the compressive strength of the masonry. The Eurocode 6 [24] and AS 3700 [26], on the other hand, both suggest the elastic modulus be estimated as 1000 times the masonry’s compressive strength, while the Canadian standard [25] recommends a value of 850. Notably, some researchers have also proposed nonlinear expressions between the masonry’s compressive strength and its elastic modulus, as shown in Table 4.



Furthermore, the secant elastic modulus values examined in this present review article were compared against the predictions made by the expressions provided in the Eurocode 6 [24], MSJC [40] and CSA S304 [25], as depicted in Figure 13. Indeed, it can be seen that the data presented exhibit a significant degree of variation when compared with the expressions proposed in the various masonry standards. Specifically, when considering all types of URM walls, the ratio between the Young modulus and the compressive strength of the masonry ranges between 181 and 1928. Figure 13 illustrates that the modulus of elasticity predictions prescribed by the MSJC [40] tend to be more conservative than those recommended by the Eurocode 6 and CSA S304 [25]. This is evident as a significant amount of the data reviewed in this article deviates from the equality line shown in Figure 13. This extensive variability underscores the diverse behaviour and characteristics observed across different masonry compositions and configurations. The least accurate predictions of the elastic modulus values were observed in URM walls built with high-strength concrete, given that a majority of the data points were situated below the equality line in Figure 13. Thus, future research should prioritize enhancing the predictive accuracy of URM walls built with a combination of high-strength units and high-strength mortar.





5. Concluding Remarks


Unreinforced masonry walls represent one of the most commonly used structural systems in low and medium-rise buildings worldwide. The compression behaviour of masonry walls is a key factor in the design of masonry structures for other actions, such as in-plane shear and out-of-plane flexural behaviour. Thus, an accurate assessment of the masonry performance when subjected to axial compressive loads is required for the appropriate design and analysis of masonry elements. Despite the importance of this subject area, experimental campaigns on the compressive performance of URM walls are still very limited in comparison to the extensive research related to their in-plane and out-of-plane behaviour. Nonetheless, experimental literature efforts have been increasing in recent years and are discussed in this present paper.



The analysis of the experimental literature findings suggests a high degree of scatter in the geometric and mechanical properties of the units, which makes it challenging to compare results. While a relatively small number of wall specimens were tested squarely in axial compression in a large percentage of the tests, a majority of test specimens were constructed with clay brick units, few were built using hollow concrete block and far fewer with solid concrete block units. The strength distribution of URM walls showed a high variability due mostly to the heterogeneous composition of masonry elements, as well as the relatively small number of full-scale wall specimens tested.



The effect of unit strength and mortar strength on the compressive strength of masonry walls were also observed in graphs constructed based on the reviewed dataset. In general, higher unit strength results in significant improvement in the compressive strength of URM walls. However, an increase in the compressive strength of URM walls is only marginal if a combination of high-strength mortar and lower unit strength are used. The studies reviewed in this present article also indicate that the type of the unit has a significant impact on the compressive strength of URM walls. The majority of the walls constructed with concrete units had compressive strength values ranging from 3.28 to 19.8 MPa (masonry efficiency values ranging between 35 and 96%), which are typically higher than the compressive strength observed in walls built using clay units, which ranged from 1.1 to 13.9 MPa (masonry efficiency ranging from 11 to 76%).



Also, the empirical relationships proposed by the various masonry design standards to predict the compressive strength and elastic modulus of unreinforced masonry show significant deviation from experimentally obtained compressive strength and elastic modulus values for most of the studies considered in the literature. The least accurate predictions of the compressive strength and elastic modulus values were observed in URM walls built with high-strength concrete. Moreover, the compressive strength values observed in this present review article are much lower than those observed in a recent review of masonry prisms. Based on the dataset reviewed in this paper, it appears that estimating masonry compressive strength via full-scale tests may be a more suitable approach than relying on the expressions and tabulated values proposed in existing masonry standards. This limitation underscores the need for an urgent and thorough revision.



The analysis of the experimental literature findings indicates that the compressive strength of URM walls can also be affected by several other factors, including the slenderness ratio, loading eccentricity, and the loading orientation. Specifically, URM walls loaded perpendicular to the bed joint revealed higher compressive strength values compared to walls loaded parallel to the bed joint. Also, the capacity reduction factor derived from the experimental literature generally revealed higher values in comparisons with code provisions for most of the experimental studies considered. This limitation signifies the utmost importance of reassessing the capacity reduction factor values by conducting more tests on URM walls and also to prescribe the values of the capacity reduction factor separately for block and brick masonry.




6. Recommendations for Future Research


Existing experimental works focused on various influencing parameters such as unit strength, mortar strength, loading conditions, slenderness ratio, openings, etc. Observations from the experimental literature indicate that while some aspects have been given substantial consideration, some others require further detailed investigation.



In most of the tests with hinged support both at the top and bottom of the wall panels, a reduction in the slenderness ratio can cause a corresponding increase in the compressive strength of the walls. However, this may not be true when the lateral and rotational restraint conditions are considered, but the sample size of experiments is too small to make a proper comparison. More experimental tests utilizing different boundary conditions, tested under axial compression—and in particular for full-scale concrete block masonry walls—are highly recommended. In addition, most of the experimental campaigns have only been dedicated to investigating the different parameters which influence the compressive performance of URM walls built using normal strength units. Relevant future research in this area should focus more on full-scale wall specimens constructed with high-strength units to obtain representative strength values, considering different combinations of unit strength, mortar strength, joint thickness, and boundary conditions, among others.



Several inconsistencies have also been observed in the stress–strain state of URM walls under axial compression. In particular, future research should focus on developing appropriate stress–strain curve models, as well as strength/stiffness prediction, taking into account the effects of the mismatch of elastic properties of masonry components. Thus, future research should prioritize enhancing the predictive accuracy of URM walls built with a combination of high-strength units and high-strength mortar.



Observations from the literature have shown that the load capacity of URM wall structures is also significantly affected by the size of openings. The load capacity of the walls also depends on the position of the opening. However, very little experimental research has focused on URM walls with openings, tested squarely under axial compressive loading. In particular, systematic experimental studies on crucial geometric variability of the opening, such as the shape, size, and positions, are limited in quantity in the experimental database. Thus, reliable conclusions cannot be drawn on the effect of the different opening parameters on the axial compressive behaviour of URM wall structures due to the limited number of experimental studies.



In general, it appears that all the aspects previously stated require further investigation to adequately understand the behaviour and performance of URM wall panels under compressive loading. However, two major aspects should be given priority: the strength of URM walls and the slenderness ratio. After a detailed knowledge of the influence of these two aspects, determining the effect of the other aspects becomes much easier. Hence, more experimental studies considering wall specimens—possibly in full scale—should be increased for URM walls, considering different strengths of units and mortar and featuring an adequate number of test specimens. Also, in-depth experimental research on the durability of URM walls is highly recommended since existing literature efforts have majorly fixated on their compressive behaviour.
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Figure 1. Moments from calculation of eccentricities according to Eurocode 6. 
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Figure 2. Simplified assessment of eccentricity in accordance with the Australian masonry standards: (a) slab connected to a solid wall; (b) slab spanning continuously over a solid wall. 






Figure 2. Simplified assessment of eccentricity in accordance with the Australian masonry standards: (a) slab connected to a solid wall; (b) slab spanning continuously over a solid wall.



[image: Applsci 13 12306 g002]







[image: Applsci 13 12306 g003] 





Figure 3. Construction method of unreinforced masonry: (a) hollow clay bricks, (b) interlocking clay brick, and (c) hollow concrete block masonry. 
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Figure 4. Axial compressive test of URM wall: (a) wall with test frame and (b) concentric and eccentric loading. 
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Figure 5. Plot of compressive strength of URM wall against masonry elements reviewed in this article (a) unit strength (b) mortar strength. 
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Figure 6. Tests on masonry wall: (a) loading perpendicular to the bed joints; (b) loading parallel to the bed joints. 
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Figure 7. Compressive strength of unreinforced masonry walls derived from recent experimental literature [13,14,15,16,17,69,72,73,74,75,80]. 
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Figure 8. Normalized compressive values of masonry reviewed in this article [13,14,15,16,17,69,72,73,74,80]. 
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Figure 9. Comparison between compressive strength of masonry walls derived from the literature and values predicted by the different masonry codes. 
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Figure 10. Influence of slenderness ratio and eccentricity on the load capacity of axially loaded URM wall panels as derived from several literature sources for (a) e = 0 [20,21,22,71,78], (b) e = t/3 [20,22,71,78], and (c) e = t/6 [20,71,78]. 
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Figure 11. Influence of opening on damage pattern of axially loaded masonry wall [79,100]. 
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Figure 12. Stress–strain response of URM walls produced with different combinations of unit strength (fb) and mortar strength (fm) as derived from the experimental literature [14,24,76,81]. 
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Figure 13. Comparison between elastic modulus derived from the experimental literature and values predicted by the different masonry standards. 
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Table 3. Summary of existing literature studies showing the estimation of the masonry peak strain, ɛpp, using the elastic modulus, E’m, compressive strength of masonry, f’m, compressive strength of mortar, fm, and the compressive strength of unit, fb.
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	Reference
	Model
	Masonry Type





	Jafari et al. [75]
	     ε   p p   =   0.27     f   ′     m         E   ′     m     0.2       f   m     0.25       
	Calibrated for clay brick wallette



	Costigan et al. [76]
	     ε   p p   =   0.34     f   m     0.01               f   ′     m         E   ′     m           
	Calibrated for fired-clay brick wallette



	Zhou et al. [80]
	     ε   p p   =   0.21     f   ′     m       f   m     0.2       E   ′     m     0.8       
	Calibrated for HCB wallette



	Thamboo and Dhanaseka [81]
	     ε   p p   =   0.0043     f   b         0.15     f   m     0.05           
	Calibrated for clay brick wallette










 





Table 4. A summary of selected literature studies showing the relationship between the elastic modulus, E’m, and the characteristic compressive strength f’k, as well as the mean compressive strength of the masonry, f’m.
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	Reference
	Masonry Type
	E’m/f’m
	E’m/f’k





	Eurocode 6 [24]
	No division
	-
	1000



	CSA 304 [25]
	No division
	850
	-



	MSJC [40]
	No division
	700
	-



	AS 3700 [26]
	No division
	1000
	-



	Fortes et al. [14]
	High strength HCB
	650
	-



	Gumaste et al. [15]
	Table moulded and wire-cut brick
	256–638
	-



	Milani et al. [72]
	Clay brick
	391–843
	-



	Calderón et al. [73]
	Clay brick
	849–1928
	-



	Khan et al. [69]
	Clay brick
	261
	-



	Jafari et al. [75]
	Clay brick
	477
	575



	
	Calcium silicate
	702
	833



	Costigan et al. [76]
	Fired-clay brick
	-
	82–231



	Thamboo and Dhanaseka [81]
	Clay brick
	563
	-



	Zhou et al. [80]
	HCB
	872
	-
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