
Construction and Building Materials 383 (2023) 131397

Available online 17 April 2023
0950-0618/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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A B S T R A C T   

This study addresses the evaluation of the confinement effect in the experimental determination of compressive 
strength in solid fired clay units. The experimental campaign has focused on two different types of solid fired clay 
bricks, namely mechanically extruded and handmade, with a total amount of 458 specimens. The research 
considers different standard specimens, such as whole or half brick, and 100 × 100 × 40 mm3 specimen, and 
nonstandard 40 × 40 × 40 mm3 specimen, subjected to different standard bearing surface treatments, i.e. 
grinding, capping with cement mortar or gypsum plaster, placing with birch plywood or fibreboard. Addition-
ally, two novel bearing surface treatments are proposed, i.e. covering with gypsum powder, and placing two 
oiled PTFE leaves. The experimental campaign has focused on four main aspects. First, the evaluation of the 
compressive strength value in specimens with hardening response. Second, the influence of the cross section’s 
aspect ratio, defined as the ratio between the specimen’s length and width. Third, the influence of the bearing 
surface treatment on the determination of the compressive strength. Fourth, the evaluation of the standard 
compressive strength through the comparison amongst reference standards. The results highlight and quantify 
the different factors that influence the confinement, while detecting differences depending on the manufacturing 
process of the unit. In addition, the results reveal the use of oiled PTFE leaves as a promising and fast possibility 
of low boundary friction to obtain the strength regardless of the specimen shape.   

1. Introduction 

The load-bearing capacity of masonry structures depends on their 
components’ strength, being the compressive strength of the units one of 
the main important parameters [1,2]. Regardless of the type and ma-
terial of the unit tested, the experimental compressive strength depends 
on the specimen’s dimensions and the confinement produced by the 
friction of the press steel platens on the specimen’s bearing surfaces 
during the test [3]. The specimen’s dimensions and the confinement 
effect can have a remarkable influence on the experimental evaluation 
of the compressive strength. The experimental assessment of the 
compressive strength on solid fired clay units has always been a subject 
of debate, and many standards describe different specimen shapes, sizes 
and bearing surfaces treatments, showing an existing lack of consensus 
about a common procedure. In addition, available international stan-
dards and studies usually propose characterisation procedures and 
methodologies regardless the unit shape, form, material and 
manufacturing process. 

Acquiring a full knowledge on the compressive strength of solid units 

is necessary to design adequate masonry structures as well as to evaluate 
existing ones. The experimental compressive strength characterisation 
of solid bricks is greatly affected by the stress developed on the speci-
men’s bearing surface during the loading test, the reduced specimen 
slenderness due to its small height conditioned by the brick thickness, 
which can vary between 40 mm and 60 mm [4], and the cross section’s 
aspect ratio between the length and width [5]. 

The analysis of the effect of the cross section’s aspect ratio was 
addressed in few research studies available in the scientific literature. 
Page [6,7] studied three calcium silicate brick specimen types with the 
same length and height but different width, by testing them between 5 
mm plywood sheets or between flexible brush platens. Khalaf et al. [5] 
studied four solid concrete unit specimen types by fixing the width and 
height and varying the length. Fódi [8] investigated three specimens of 
mechanically extruded solid fired clay bricks by changing their length 
by cutting off a part. A similar approach was followed by Salvatoni and 
Ugolini [9] for modern handmade solid fired clay bricks. 

The stress developed on the specimen bearing surface was reported 
by Murray [10] in 1942, describing three possible stress conditions at 
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the bearing surfaces of the specimens: the uniform uniaxial compressive 
stress, the vertical compressive stress and radial tensile stress when 
capping materials are used due to their deformation under load, and the 
vertical compressive stress with restraining radial stresses induced by 
friction between the bearing surface and the loading press platen. 

Some authors investigated how to determine a uniform uniaxial ideal 
“unconfined” compressive strength by testing specimens with different 
capping or bearing surface treatments. The steel brush bearing platens 
proposed by Hilsdorf [11] for concrete specimens consisted of individual 
filaments with a cross section of 5 × 3 mm2 spaced 0.2 mm and variable 
length from 90 to 140 mm depending on the concrete strength, soldered 
together in a solid platen with 35 mm of thickness. The brushes were 
originally used by Kupfer et al. [12] in 1969, and reported its use by Van 
Mier [3], Thomas et al. [13] and Binda et al. [14,15], among others. 
Page [6,16] reported the use of the brush platens in calcium silicate units 
but with different filament section and distribution, using filaments with 
circular cross section of Ø5.5 mm, 120 mm long, and spaced 0.8 mm. 
Hussein et al. [17] modified the brush platens to test high strength 
concrete and proposed the use of filaments with a cross section of 5 × 5 
mm2 and 75 mm long, soldered in a 40 mm thickness solid platen. 
Schickert [18], in 1973, used the Hilsdorf brushes with a filaments cross 
section of 4 × 4 mm2 and 90 mm long, and also proposed a piston system 
that divides the pressure platen into individual pistons with a cross 
section of 25 × 25 mm2 connected to each other by elastomeric piece 
[19,20]. 

The scientific literature includes only a limited number of references 
about solid fired clay units, while more experimental studies can be 
found for concrete specimens. The first research was carried out by 
Gonnerman in 1924 [21], comparing the standard concrete specimens 
capped with cement mortar with strength ranging from 7 to 38 MPa, 
with alternative capping materials as gypsum or mixtures of cement and 
gypsum. Gonnerman [21] found that the concrete specimens had similar 
strength regardless of the capping material used. Purrinton et al. in 1926 
[22] and McGuire in 1930 [23] proposed the use of fine sand placed in a 
confining container testing 14 MPa, 21 MPa, and 24 MPa concrete 
specimens. Purrinton et al. [22] reported that the strength of the con-
crete cylinders tested with sand cushion were similar to those capped 
with cement mortar, while McGuire [23] reported that the strength 
depends on the diameter of the restraining rings used to confine the 
sand. In 1928, Freeman [24,25] reported the use of sulphur mortar 
capping on 55 MPa strength concrete specimens. The research carried 
out in concrete specimens until the 70’s focused on the comparison and 
validation of the specimens with strength up to 50 MPa capped with 
material such as cement mortar, sulphur mortar, plaster of Paris, high, 
medium and low strength gypsum, and mixtures of cement and gypsum 
(i.e. Troxel in 1941 [26], Vidal in 1942 [27], Masters et al. in 1952 [28], 
Werner in 1958 [29] and Saucier in 1972 [30]). Troxell [26] reported 
that concrete cylinders capped with high-strength gypsum or sulphur 
mortar had higher strength than those capped with plaster of Paris. Vidal 
[27] confirmed the Troxell results. Masters et al. [28] investigate the 
effects of the sulphur cap age and thickness on the strength, and found 
that higher experimental strengths were obtained in specimens with 
reduced thickness sulphur mortar caps. Werner [29] investigated 
aluminous cement mortar, plaster of Paris, mixtures of cement and 
plaster of Paris, high-strength gypsum, and sulphur, concluding that the 
use of different capping materials has greater effects on specimens made 
of high-strength concrete than on specimens of low-strength concrete. 
Saucier [30] used steel rings to confine the capping material because 
low-strength gypsum capping material provided lower experimental 
strength. In the 70’s and 80’s, sever studies investigated the use of an 
unbounded capping system composed of polychloroprene (commonly 
known as Neoprene ®) pads restrained by metal rings for testing of 
concrete specimens. Ozyildirim in 1985 [31], Carrasquillo et al. in 1987 
[32] and Richardson in 1990 [33] compared the strength of the concrete 
specimens capped with sulphur mortar with unbonded specimens using 
Neoprene pads. Ozyildirim [31] and Richardson [33] tested concrete 

specimens up to 40 MPa and concluded that the strengths derived from 
the two capping methods showed no differences. Carrasquillo et al. 
tested specimens up to 114 MPa [32] concluding that the proposed 
Neoprene pad-cap system provided similar strength to those with 
sulphur caps. In the 90’s the use of ground surfaces was incorporated to 
test high-strength concrete specimens and compared with the use of 
Neoprene pads and sulphur caps (i.e. Chojnaki et al. in 1991 [34], Pis-
telli et al. [35], Lessard et al. [36], and French et al. in 1993 [37], and 
Carino et al. in 1994 [38]). Chojnaki et al. [34] reported that for 70 MPa 
and 90 MPa concrete specimens there are no significant differences 
between specimens capped with sulphur mortar and grinded ones. Pis-
telli et al. [35] reported that for concrete specimens between 20 MPa 
and 120 MPa the use of pad-cap Neoprene system provided slightly 
lower strengths than grinded ones. Lessard et al. [36] reported that, for 
concrete specimens between 115 MPa and 130 MPa, the strength of the 
specimens capped with sulphur are 85% of that of the grinded ones. 
French et al. [37] tested concrete cylinders with grinded surfaces, cap-
ped with sulphur mortar and unbounded Neoprene cap-pads, evidencing 
similar strengths. French et al. [37] reported violent failure due to the 
energy stored in the Neoprene pads affecting the post-ultimate behav-
iour of the specimens. RILEM TC 148-SSC [39] presented a research 
carried out by 10 universities in 1997 on 45 MPa and 75 MPa concrete 
specimens with high and low friction loading systems. The chosen low 
friction loading system was based on Polytetrafluoroethylene leaves 
(commonly known as PTFE or Teflon ®). 

The research on the bearing surface treatment influencing masonry 
units were initially developed by Kelch et al. in 1958 [40], Dodd et al. in 
1960 [41] and Morsy in 1968 [42]. Kelch et al. [40] studied the influ-
ence of the thickness of sulphur mortar and gypsum caps on clay ma-
sonry units, reporting similar small differences. Dodd et al. [41] studied 
different capped materials such as cardboard, plasterboard, insulating 
wallboard, cement mortar and dental gypsum plaster, reporting small 
strength difference too. Morsy [42] studied the influence of seven types 
of surface coating on ground and rough scaled solid clay units, i.e. steel 
plate, grind, plywood, hard-board, 6 layers of polythene, rubber with 
fibres, and pure rubber, reporting high strength differences depending 
on the bearing material. Page [6] studied in 1984 the influence of the 
birch plywood sheets in calcium silicate units, comparing with the un-
confined units tested with brush platens. Khalaf et al. [43] studied 
different bearing surface treatments for masonry units in 1989, such as 
grinded, capped with cement mortar, plywood packing or using dental 
plaster in a polythene bag. Khalaf et al. [43] found that the grinded 
specimens were stronger than the other specimens, being the difference 
smaller for low or medium strength bricks. Khalaf et al. [43] recom-
mended to test the solid brick specimens with grinded surfaces instead of 
considering capped ones, but packing was suggested to test the block 
specimens. Templeton et al. [44] studied the methods to prepare the 
bearing surfaces in 1990, as referred in the withdrawn of the ISO 9652-4 
[45], i.e. grinding and capping with cement mortar, founding that the 
specimens capped with cement mortar offered lower compressive 
strength than the grinded ones. Page et al. [16], in 1991, studied the 
influence of the packing hollow concrete bricks using plywood or 
fibreboard, reporting a reduced experimental strength on specimens 
tested with fibreboard. Drysdale et al. [46] suggested in 1994 that ma-
sonry units can be tested using hard capping materials, such as sulphur 
mortar or gypsum plaster as indicated in the ASTM, and other capping 
materials, such as fibreboard, plywood or PTFE leaves, greased platens 
or brush platens. Drysdale et al. [46] evidenced that specimens tested 
with hard capped materials (gypsum plaster) produced higher experi-
mental strengths, without establishing a relationship with those capped 
with soft materials like fibreboard. Crouch et al. [47] studied the use of 
the Neoprene pads in concrete masonry units in 1999, reporting a 20% 
reduction in strength for the specimens tested with Neoprene pads 
compared to those tested with gypsum cement caps, due to the excessive 
expansion of the Neoprene pads. In 2010, Lourenço et al. [48] recom-
mended the use of oiled PTFE leaves to reduce the confinement while 
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testing solid fired clay bricks. In 2016, Aubert et al. [49] compared 
grinding with placing oiled leaves of PTFE on 50 mm cubic specimens of 
earth bricks, finding similar compressive strengths. 

Murray [10], Daniel et al. [50], Neville [51] and Morsy [42] pre-
vented the use of flexible materials from being applied on bearing sur-
faces. Murray [10], Daniel et al. [50] and Neville [51] indicated the 
importance of limiting the differences of Poisson’s ratios between the 
bound material and the specimen. Murray [10] suggested that the most 
desirable conditions results from using capping materials that are as 
strong as the tested material and have similar modulus of elasticity and 
Poisson’s ratio. Daniel et al. [50] reported that soft capping materials, 
such as lead and rubber, can deform outwards when the specimen is 
loaded producing radial stresses. Thus, soft materials such as Neoprene 
reduce the apparent compressive strength of the specimen, as previously 
observed by Richardson in concrete specimens [33] and Crouch et al. in 
concrete units [47]. The capping Neoprene can produce higher 
confinement in the centre of the specimen than in the borders, as ana-
lysed by Braga et al. [52]. Kleeman et al. [53] studied the mechanical 
properties of four different materials commonly used as packing mate-
rial in compression tests on masonry, i.e. plywood, hardboard, fibre-
board and particle board, concluding that the packing material’s tangent 
moduli increase with increasing stress, and so does the tangent shear 
moduli. Morsy [42] concluded that flexible materials such as poly-
ethylene (PE), rubber, or rubber with fibres tend to deform under the 
load application because of their Poisson’s ratio higher than that of the 
clay material [54,55]. Schickert [18] compared the lateral strains and 
experimental strengths of the specimens tested with grinded surface, 
lubricated aluminium sheets, and steel brush platens, reporting that the 
specimens tested with aluminium sheets has 94% the strength of the 
specimens tested with rigid steel platens, and 81% the strength of the 
specimens tested with steel brushes. In addition, the lateral strain 
measured close to the bearing surfaces was about 50% of that measured 
at half height on specimens tested with brush platens, 45% on specimens 
tested with aluminium sheets, and 20% to 30% on specimens tested with 
steel platens. Schickert [18] considered that lubricated aluminium 
sheets produced more unrestrained deformation than steel platens, 
being close to that produced using the brush platens. The research group 
of RILEM TC 148-SSC [39] tested concrete specimens using PTFE leaves 
(single or double) and concluded that the strength and the pre-peak 
stress–strain behaviour became independent of the specimen 
slenderness. 

International reference standards for masonry units recommend 
different surface treatments. The American ASTM C67-21 [56] for clay 
units recommends to cap the bearing surfaces with cement mortar, 
gypsum plaster or sulphur filler, while the ASTM C140/C140M-18 [57] 
for concrete and calcium silicate bricks specifies to cap the specimens 
with gypsum cement or sulphur filler following the ASTM C1552-16 
[58]. The European EN 772-1+A1 [59] recommends to grind the sur-
faces or to cap them with cement mortar. The Australian AS/NZS 4456.4 
[60] recommends the use of two sheets of 4 to 6 mm plywood, hard-
board or 12 mm thick fibreboard. The Canadian CAN/CSA A82:14 
(R2018) [61] indicates the use of gypsum plaster or sulphur filler to cap 
the bearing surfaces, while the CAN/CSA A165-14 (R2019) [62] refers 
to the American ASTM C140 [57]. 

A review of the American and European standards for concrete 
testing shows that the American ASTM C39-21 [63] recommends 
grinding, capping with high-strength gypsum or sulphur mortar 
following the ASTM C617-10 [64], or capping with Neoprene pads 
following the ASTM C1231/C1231M-14 [65], while the European EN 
12390-03 [66] recommends grinding or capping with calcium alumi-
nate cement, sulphur filler or iron sandbox. 

This paper considers whole bricks, half bricks, 100 × 100 mm2, and 
40 × 40 mm2 specimens for the experimental evaluation of the influence 
the cross section aspect ratio and the bearing surface treatment on the 
compressive strength of solid fired clay bricks. The analysed treatments 
considered are grinding, capping with cement mortar or gypsum plaster, 

placing birch plywood or medium density fibreboard (known as MDF). 
The interpretation of the experimental results is carried out according to 
a detailed analysis, quantifying the differences amongst the experi-
mental strengths depending on the chosen approach. Additionally, this 
paper proposes the use of two novel bearing surface treatments to 
generate low boundary friction, i.e. covering with gypsum powder, and 
placing two oiled PTFE leaves. Few references have been found in the 
scientific literature about the use of gypsum powder related with the 
DIN 18555-9 [67] for testing mortar joints, e.g. Pelà et al. [68], while 
other studies used talcum powder as covering material in concrete, e.g. 
Ghadami et al. [69] and RILEM TC 148-SSC [39]. Several references 
recommend to use oiled PTFE leaves, such as RILEM TC 148-SSC [39] 
and Hussein et al. [17] for concrete, Lourenço et al. [48] for solid clay 
bricks, and Aubert et al. [49] for earth bricks. This paper considers the 
use of two oiled PTFE leaves on each bearing surface to reduce the 
friction between the press platen and the specimen’s surface, in order to 
ensure a more uniform distribution of stresses. The use of two leaves 
reduces the radial stresses caused by the deformations of the PTFE in 
contact with the press platen due to the very low coefficient of friction 
(around 0.04, as indicated by the manufacturers). In addition, the 
additional use of mineral oil between both PTFE leaves ensures mini-
mising further the friction of the system. 

This research offers the results of an experimental campaign on two 
different solid fired clay brick types characterised by different 
manufacturing process, i.e. mechanically extruded and handmade, 
including the execution of 458 laboratory tests. The research encom-
passes the following specific objectives: (1) evaluating a methodology to 
estimate an equivalent compressive strength value in specimens that 
exhibit a hardening response in the experimental stress-displacement 
curve; (2) exploring the influence of the specimen’s cross section 
aspect ratio on the determination of the compressive strength; (3) 
determining the influence of the bearing surface treatment on the 
experimental compressive strength; and (4) comparing four available 
reference standards with different recommendations about specimens’ 
geometry and surface treatments for the experimental determination of 
the compressive strength. 

The paper is structured in five sections. After this introduction, 
Section 2 presents the experimental campaign performed on solid fired 
clay bricks, including the description of the materials, the specimens’ 
and bearing surfaces’ preparation, and the testing procedure. Section 3 
shows the experimental results. Section 4 analyses the experimental 
estimation of the equivalent compressive strength values for specimens 
with hardening response, the influence of the cross section’s aspect ratio 
and of the different bearing surface treatments on the compressive 
strength, and the comparison of four different international standards 
for the determination of the compressive strength. The paper ends with 
Section 5 presenting some conclusions and future works. 

2. Materials and testing method 

This section presents the experimental campaign executed on solid 
fired clay bricks, both mechanically extruded and modern handmade, to 
study the effect of the specimen’s cross section aspect ratio and the use of 
different bearing surface treatments on the compressive strength. Details 
are provided about the materials, the preparation of specimens and their 
bearing surfaces, and the testing setup. All experimental tests were 
carried out at the Laboratory of Technology of Structures and Materials 
of the Technical University of Catalonia (UPC-BarcelonaTech). 

2.1. Materials 

Two types of solid fired clay units were considered in this research 
(Fig. 1). The first type of unit, identified with the acronym ‘Ex’, corre-
sponds to modern solid fired clay bricks produced by mechanical 
extrusion in an automated process. The automated process consists in 
mixing the raw material in a pug mill, and when the clay is uniform in 
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consistency is put into the hopper of the extruder. The hopper puts the 
clay into the barrel of the extruder. Inside the barrel, a rotating screw 
moves the clay through a die, which is shaped like the bed-plane of the 
brick. The ‘Ex’ units are extruded perpendicular to the bed surface. As 
the extruded clay leaves the die, it is cut into the desired thickness by a 
wire cutter. The unit is then transported to a drying area, where it is 
dried before firing, loaded into a tunnel kiln, and fired with controlled 
heat conditions at 900 ◦C. The second type of unit, identified with the 
acronym ‘Mo’, corresponds to modern handmade solid fired clay bricks. 
‘Mo’ units were traditionally manufactured in a brickyard by moulding. 
The raw material is mixed in a though and soaked in water for hours to 
soften it. The wet clay is shaped in a wooden mould sprinkled with dry 
fine sand. Then, the moulded clay brick is left to dry under the sun and, 
after extraction from the mould, they are fired into a coal-fired kiln at 
950 ◦C. 

The great availability of modern handmade (Mo) and extruded (Ex) 
units gave the possibility to test a larger number of specimens. Table 1 
presents a description of the sampled materials in terms of origin, 
acronym, average dimensions measured according to EN 772-16 [70], 
net (ρnu) and gross (ρgu) dry density, open porosity (P0), water absorp-
tion capacity (Ws), initial rate of water absorption (Cw,i), Young’s 
modulus (Eb), and Poisson’s ratio (νb). The net and gross dry density (ρnu 
and ρgu) were obtained according to EN 772-13 [71] and EN 772-3 [72], 
the open porosity (P0) following the EN 772-4 [73], the water absorption 
(Ws) following EN 772-21 [74], and the initial rate of water absorption 
(Cw,i) following EN 772-11 [75]. The values of elastic modulus (Eb) and 
Poisson’s ratio (νb) were determined following the testing procedures 
proposed in Makoond et al. [76]. 

2.2. Shape of specimens 

The shape of specimens was determined by analysing the available 
standards and the literature in the field. A total of four shapes for 
specimens was proposed, i.e. the whole brick identified as ‘wh’, the half 
brick identified as ‘ha’, the cut specimens with cross section measuring 
100 × 100 mm2 identified as ‘100’ and 40 × 40 mm2 identified as ‘C40’. 
The proposed whole brick ‘wh’ is recommended by the AS/NZS 4456.4 
[60], CAN/CSA A82:14 (R2018) [61], IS 3495-1:2002 [77] and RILEM 
recommendation LUMA.1 [78]. The proposed half brick ‘ha’ is recom-
mended by the ASTM C67-21 [56] by using a specimen with the full 
height and width of the original brick, and the length equal to one half of 
the full brick’s length. The ‘ha’ is also allowed by AS/NZS 4456.4 [60] 
and CAN/CSA A82:14 (R2018) [61] as long as the unit is symmetrical 
and the whole brick exceeds the capacity of the testing machine. The 
100 × 100 mm2 specimen ‘100’ is included in the EN 772-1 + A1:2016 
[59], and in the withdrawn of the ISO 9652-4 [45]. The EN 772-1 +

Fig. 1. Modern mechanically extruded solid fired clay brick (Ex) (left), modern 
handmade solid fired clay brick (Mo) (right). 
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A1:2016 [59] does not specify the size of the specimen to be tested. 
However, it indicates the possibility of testing representative portions 
cut from the whole unit. The EN 772-1 + A1 does not indicate explicitly 
the need to test a square cross section sample, and its Table A.1 indicates 
only the width as reference parameter to evaluate the so-called “shape 
factors” accounting for the dimensions of the specimen. For a specimen 
with height below 50 mm, the standard EN 772-1 + A1 only allows a 
width value ranging from 50 mm to 100 mm. Therefore, the proposed 
‘100’ specimen satisfies the European standard requirements. The 40 ×
40 mm2 specimen ‘C40’ was adopted by Cabané et al. [4] as a specimen 
of slenderness equal to one. 

In addition, to analyse the effect of the cross section aspect ratio, 
stacked ‘wh’ and ‘ha’ specimens were made up, according with the EN 
772-1 + A1 [59] recommendation, placing one grinded specimen upon 
another grinded one, without any intermediate material. Thus, two 
types of stacked specimens were proposed, i.e. the stacked whole brick 
identified as ‘2wh’, and the stacked half brick identified as ‘2ha’. 

A total amount of 458 specimens were prepared and tested, including 
111 ‘wh’, 97 ‘ha’, 114 ‘100’, 98 ‘C40’, 20 ‘2wh’, and 18 ‘2ha’ specimens. 

2.3. Treatments of the bearing surfaces of specimens 

The specimens were prepared following a controlled procedure. 
First, the bricks were cut using a table saw equipped with a water jet to 
obtain ‘ha’, ‘100’ and ‘C40’. The ‘100’ and ‘C40’ specimens were ob-
tained from the central parts of the bricks. Then, the specimens were 
dried in an oven at a constant temperature of 105 ± 5 ◦C for 24 h. 
Finally, the specimens’ dimensions were measured before preparing the 
bearing surfaces using a calliper with an accuracy of ±0.1 mm according 
to EN 772-16 [70]. The specimens with grinded surfaces were also 
measured after the grinded process. 

Different bearing surface treatments were considered, as explained 
in Section 1, based on the available international standards for masonry 
clay units, the RILEM LUMA.1 recommendations, the ISO 9652-4 
withdrawn, and the scientific literature, i.e. grinding [45,59,78], 
capping with cement mortar [45,56,59,78], capping with rapid-setting 
industrial gypsum plaster [56,61,77], inserting a sheet of plywood 
[60], and inserting a sheet of fibreboard [60]. Capping with sulphur- 
filler [56,61,77] was not considered in this research for environmental 
and health issues as warned in the ASTM C1552-16 [58]. Another reason 
is that specimens capped with sulphur-filled exhibited similar 
compressive strength than those capped with cement mortar in previous 
research on concrete specimens [79,80]. The use of unbonded Neoprene 
pads [63] was also not considered in this research because its use has 
been highly questioned [10,42,47,50,51,81]. Instead, two other novel 
testing procedures were proposed in this research to reduce the friction 
effect, i.e. covering with gypsum powder, and inserting two oiled leaves 
of PTFE. The covering of the bearing surfaces with gypsum powder 
provided smoothing to the rough surfaces of the specimen, while the 
small diameter of the powder particles guaranteed reduced friction. The 
insertion of two oiled PTFE leaves was recommended by RILEM TC 148- 
SSC [39] to test concrete specimens, an also by Lourenço et al. [48] to 
test clay bricks. 

To summarise, the considered treatments for the specimens’ bearing 
surfaces were (1) grinding, (2) capping with cement mortar, (3) capping 
with gypsum plaster, (4) inserting a sheet of birch plywood, (5) inserting 
a fibreboard sheet, (6) covering with gypsum powder, and (7) inserting 
two oiled leaves of PTFE. Fig. 2 shows the specimens with the different 
bearing surface treatments considered in this research. Different mate-
rials and procedures were followed in the laboratory to prepare the 
bearing surfaces.  

(1) To grind the surfaces, a grinder fitted with a high speed rotating 
diamond disc was used until the requirements for flatness and 
parallelism were achieved. After the grinding process, the 
remaining height of the samples was 40 mm. The remaining 

height of the samples was conditioned by the original height of 
the bricks (with raw thickness ranging between 44 mm and 48 
mm). Handmade (Mo) bricks required a greater reduction of the 
original thickness than the mechanically extruded (Ex) units due 
to irregularities in the solid clay beds.  

(2) To cap the surfaces with cement mortar, a composed mortar of 1 
part of cement CEM II/A-L 42,5R and 3 parts of sand was used 
with a maximum grain size of 2 mm. Additionally, silica fume was 
used in 5% by weight of cement to increase the cap’s compressive 
strength [82]. The mixture was made having a water-to-cement 
ratio of 0.50 and adding a water reducer [82]. The capping pro-
cedure was executed on a wooden plate coated with a film of oil, 
and a spirit level to ensure the specimen’s horizontality. The time 
between capping one bearing surface and the other was 24 h. 

Fig. 2. The considered bearing surface treatments for compressive testing. (A) 
Whole handmade brick with grinded surfaces. (B) Whole mechanically 
extruded brick with grinded surfaces. (C) Whole brick with cement mortar 
capped surfaces. (D) Whole brick capped with gypsum plaster. (E) ‘100’ spec-
imen with a sheet of 5 mm ply birch plywood. (F) ‘100’ specimen with a sheet of 
12 mm fibreboard (MDF). (G) ‘100’ specimen covered with gypsum powder. (H) 
Half brick with a leaf of PTFE. (I) Stacked specimen composed of 2 grinded 
whole bricks. (J) ‘C40’ specimens with grinded surfaces. 
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After the second surface was capped, the specimens were aged 28 
days before testing in laboratory conditions. The thickness of 
each cap was approximately 5 mm. The mortar’s compressive 
strength (fm) of 56.5 MPa (CV 16%) and the bending strength 
(fflex,m) of 7.3 MPa (CV 16%) were evaluated according to EN 
1015–11 + A1 [83] by using 160 × 40 × 40 mm3 prisms casted 
with the same material employed during the construction of the 
capped specimens.  

(3) To cap the surfaces with gypsum plaster, a rapid-setting industrial 
gypsum was used. The mixture was made having a water-to- 
gypsum ratio of 0.5 l for each kg. The capping procedure was 
executed on a wooden plate coated with a film of oil, and a spirit 
level to ensure the specimen’s horizontality. Before capping the 
specimens with gypsum, the surfaces were cleaned from dust, and 
coated with shellac to allow them to dry thoroughly. The shellac 
was applied with a conventional low-pressure spray gun. The 
time between capping one bearing surface and the other was 1 h. 
After the second surface was capped, the specimens were aged 24 
h before testing in laboratory conditions. The thickness of each 
cap was approximately 5 mm. The gypsum’s compressive 
strength (fgy) of 5.7 MPa (CV 7.7%) and the bending strength (fflex, 

m) of 2.2 MPa (CV 7.8%) were evaluated according to EN 
1015–11 + A1 [83] by using 160 × 40 × 40 mm3 prisms casted 
with the same material employed during the construction of the 
capped specimens.  

(4) Two 5 mm thick plywood sheets were placed on top and bottom 
of the brick specimens. The 5 mm ply birch plywood had a lon-
gitudinal and transverse flexural strength of 82 MPa and 32 MPa, 
a longitudinal and transverse modulus of elasticity of 11 GPa and 
6.6 GPa respectively, and a tensile strength along the fibres 
greater than 30 MPa. The length and width of the plywood sheets 
exceeded the specimens’ dimensions by 10 mm to 30 mm.  

(5) Two 12 mm thick fibreboard sheets were placed on top and 
bottom of the brick specimens. The 12 mm medium density 
fibreboard (MDF) had a flexural strength of 30 MPa, a tensile 
strength of 0.60 MPa, and a modulus of elasticity of 2.5 GPa. The 
length and width of the fibreboard exceeded each specimens’ 
dimensions by 10 mm.  

(6) To cover with gypsum powder, a thin uniform coat was used of 
dry powder gypsum with a grain size less than 1 mm. The lower 
powder coating was placed on a metal plate with a gypsum 
thickness of approximately 5 mm. Then, the specimen was 
pressed firmly onto this layer, ensuring its horizontality with a 
spirit level. Finally, the upper powder coating with a thickness 
equal to the lower one was placed on the specimen and covered 
with a second metal plate.  

(7) The treatment with two 1 mm thick oiled PTFE leaves placed on 
the top, and two other placed on the bottom of the brick speci-
mens. The treatment previously includes the grinding of the 
specimen surfaces as specified in point (1). The mineral oil 
applied by brush had a viscosity index of 150. The length and 
width of the PTFE leaves exceeded the corresponding specimens’ 
dimensions by 10 mm. 

2.4. Testing procedures 

The specimens were tested making use of two different testing ma-
chines with different loading capacity depending on the specimen’s 
expected compressive strength. The Ibertest testing machine was 
equipped with three different load cell, 3000 kN (MEH-3000), 200 kN, 
and 10 kN (AUTOTEST 200/10 SW), and connected to a MD5 electronic 
module for data acquisition. The Ibertest AUTOTEST 200/10 SW was 
used for bending and compressive tests of the 160 × 40 × 40 mm3 

cement mortar and gypsum plaster capping material, and to test the 
specimens ‘C40’. The Ibertest MEH-3000 was used to test all specimens 
except mechanically extruded (‘Ex’) whole brick ‘wh’. The Suzpecar 

testing machine was equipped with a load cell of 5000 kN and connected 
to a FlexTest60 controller. All the ‘Ex’ whole bricks ‘wh’ were tested in 
the Suzpecar testing machine, regardless of the bearing surface treat-
ment due to the need for loads greater than 3000 kN. 

The specimens were centred on the steel plates with the bearing 
surfaces orthogonal to the direction of the loading. The specimens in the 
Ibertest machine were tested under force control, and the specimens in 
the Suzpecar machine were tested under force control until one-half of 
the expected maximum load and then under strain control. The appli-
cation of the load was selected in order to meet the requirements of the 
reference standards. The AS/NZS 4456.4 [60] allows a constant load 
application under force control between 0.15 MPa/s and 0.70 MPa/s, or 
under strain control between 1 and 5 mm/min without specifying a 
minimum test duration. The IS 3495–1:2002 [77] also indicates a con-
stant load application of 0.23 MPa/s. The CAN/CSA A82:14 (R2018) 
[61] and ASTM C67-21 [56] recommends that the duration of the sec-
ond half of the expected maximum load be between 60 and 120 s, 
without specifying a constant load application. The EN 772-1 + A1:2016 
[59] recommends that the duration of the second half of the expected 
maximum load be over 60 s, offering an indicative table of load appli-
cation between 0.05 MPa/s and 1.00 MPa/s. Thus, the specimens in the 
Ibertest machine were tested at 0.15 MPa/s, 0.30 MPa/s or 0.60 MPa/s 
rates depending on the specimen capacity to comply with all standards 
referenced in this research, and to guarantee that the second half of the 
expected maximum load be between 60 s and 120 s. The specimens in 
the Suzpecar machine were tested at a rate of 0.30 MPa/s until reaching 
the half of the expected maximum load, and then under strain control at 
a rate of 1 mm/min. 

The tests were stopped manually after registering the post-peak 
response of the force–displacement pattern. The specimens that 
showed a strain-hardening response, as explained in Section 3.2, were 
stopped after 120 s ensuring all slope changes in the stress-displacement 
response. 

3. Experimental results 

This section presents the experimental results of compressive 
strength in solid fired clay brick specimens with different cross-section 
aspect ratio and different bearing surface treatments. First, details are 
given about the experimental average values of compressive strength 
and their coefficients of variation (CV), the number of specimens, the 
analysis of the stress-displacement graphs, and the description of the 
specimens’ failure modes. Second, various methods are analysed for 
estimating an equivalent compressive strength in specimens that exhibit 
a hardening response. 

3.1. Results derived from compression tests 

Table 2 presents the number of specimens for each proposed treat-
ment of the bearing surfaces, with their average compressive strength 
(fc), and coefficients of variations (CV). The compressive strength of the 
samples was calculated by dividing the maximum compressive load by 
the cross-sectional area of the specimen. The displacement during the 
test was measured with the transducer from the actuator. 

The ‘Ex’ ‘wh’ and ‘ha’ specimens showed similar compressive 
strengths for grinded, capped with cement mortar, capped with gypsum 
plaster, and placed with fibreboard sheets. The ‘Mo’ ‘wh’ and ‘ha’ 
grinded, capped with gypsum plaster, and covered with gypsum powder 
showed a hardening response without a maximum in the stress- 
displacement curve, and thus they required a careful post-processing 
analysis to propose an equivalent compressive strength value, see Sec-
tion 3.2. The ‘Mo’ ‘100’ and ‘C40’ capped with gypsum plaster showed 
similar strengths. In both ‘Ex’ and ‘Mo’ types, the grinded specimens 
showed the highest average strength while those capped with gypsum 
plaster showed the lowest results. The ‘C40’ placed with plywood or 
fibreboard sheets showed the highest strength, while ‘C40’ covered with 
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gypsum powder showed the lowest strength, even lower than the spec-
imens tested with oiled PTFE leaves. The strengths obtained on the 
specimens tested with oiled PTFE leaves are similar for different speci-
mens’ cross sections within the respective ‘Ex’ and ‘Mo’ types of unit. 
The influence of specimen’s length and bearing surface treatment on the 
compressive strength is presented in Section 4. 

The CV ranged between 1.6%–26% for mechanically extruded (‘Ex’) 
units, and between 7%–29% for modern handmade (‘Mo’) units. The 
‘Ex’ bricks exhibited higher average compressive strength and a general 
lower CV than the ‘Mo’ bricks. The higher CV in ‘Mo’ units is due to the 
larger inhomogeneity of the bricks, as well as to their non-industrialised 
manufacturing. In addition, slightly lower CV values were obtained in 
‘Ex’ grinded units, and the highest CV values were obtained in the ‘Mo’ 
specimens capped with gypsum plaster. 

Fig. 3 shows the stress-displacement curves of the ‘wh’, ‘ha’, ‘100’ 
and ‘C40’ samples of the mechanically extruded (Ex) and modern 
handmade (Mo) bricks with the different treatments of the bearing 
surfaces. The stress-displacement curves with different bearing surfaces 
yield significantly different experimental stiffness depending on the 
bearing surface treatment, being much more evident in the ‘Mo’ 
specimens. 

The tested specimens exhibited two main different responses. On one 
hand, a strain-hardening response due to a confinement effect was 
observed in the ‘Mo’ ‘wh’ and ‘ha’ grinded, capped with gypsum plaster 
and covered with gypsum powder, producing a continuous increasing of 
stress and deformation. On the other hand, a softening post-peak 
response was observed in the other specimens. The determination of 
the compressive strength in the specimens exhibiting hardening may be 

hindered by the fact that a full failure may not be obtained. Specimens 
can maintain their load-bearing capacity due to triaxial confinement, 
and withstand very high levels of compression, despite undergoing a 
complete physical transformation involving a total loss of cohesion. 
Therefore, an estimation of an equivalent compressive strength could be 
associated with the level of compression for which the physical trans-
formation occurs. To overcome this problem, a mathematical analysis is 
proposed in Section 3.2 to determine a slope change in the stress- 
displacement response. Strain-hardening responses are also discussed 
in detail in Section 4.1. 

In addition, different responses are obtained depending on the 
specimen’s bearing surface treatment. The curves of the specimens 
grinded, and capped with cement mortar are either overlapped or par-
allel, showing very similar stiffness that is the highest one amongst those 
derived from all the treatments. The curves of the specimens capped 
with gypsum plaster show a similar initial behaviour and stiffness than 
the grinded and capped with cement mortar, however the displacements 
during the test were strongly influenced by the size of the sample. The 
curves of the specimens ‘Ex’ with plywood sheets show a low initial 
stiffness. This behaviour may be related with the fact that the plywood is 
compressed and adapts to the specimen surface. After this initial 
behaviour, the curves exhibit increasing stiffness with approximately 
linear branch up to the strength. In addition, the ‘Mo’ specimens with 
plywood show lower stiffness in the final part of their stress- 
displacement response. The curves of the specimens tested with fibre-
board show a rather constant stiffness up to the specimen strength. 
However, the curves of the ‘Ex’ ‘wh’ and ‘ha’ specimens show some ir-
regularities in the stress-displacement response starting from 70 MPa. 

Table 2 
Number (N) and average compressive strength (fc) of the tested specimens with different bearing surfaces treatments and cross section aspect ratio. Values in brackets 
correspond to the Coefficients of Variation (CV). (width maximum 19 cm).  

Tested specimen 

Origin 

Grinded Cement Mortar 
Capped 

Gypsum Plaster 
Capped 

Birch Plywood 
Sheets 

Fibreboard 
Sheets 

Gypsum Powder 
Covered 

Oiled PTFE 
leaves 

N fc 

(MPa) 
N fc 

(MPa) 
N fc 

(MPa) 
N fc 

(MPa) 
N fc 

(MPa) 
N fc 

(MPa) 
N fc 

(MPa) 

Ex 

‘wh’ 10 90.0 
[1.6%] 

12 77.3 
[7%] 

8 63.8 
[7%] 

6 89.4 
[2.2%] 

6 76.7 
[2.5%] 

8 84.5 
[8%] 

6 29.9 
[5%] 

‘ha’ 6 88.1 
[4%] 

6 81.9 
[3%] 

8 68.0 
[7%] 

6 77.0 
[3%] 

6 72.9 
[5%] 

6 73.8 
[10%] 

6 34.0 
[7%] 

‘100’ 6 75.3 
[3%] 

6 59.3 
[19%] 

8 55.2 
[7%] 

6 75.2 
[2.3%] 

6 71.7 
[2.2%] 

6 66.4 
[5%] 

6 36.9 
[6%] 

‘C40’ 12 51.1 
[14%] 

6 37.8 
[26%] 

6 29.7 
[11%] 

6 65.4 
[11%] 

6 68.2 
[4%] 

6 24.4 
[10%] 

6 36.4 
[8%] 

‘2wh’ 8 57.7 
[8%] 

– – – – – – – – – – – – 

‘2ha’ 6 59.6 
[10%] 

– – – – – – – – – – – –  

Mo 

‘wh’ 

Point (2) 
secant slope 

9 

29.6 
[10%] 

14 33.0 
[15%] 

8 

24.8 
[15%] 

6 41.0 
[16%] 

6 36.7 
[7%] 

6 

27.8 
[10%] 

6 10.3 
[11%] 

Point (3) 
2nd der.max. 

35.3 
[14%] 

24.5 
[25%] 

27.2 
[13%] 

Point (4) 
2nd der. 0 

43.4 
[9%] 

27.1 
[20%] 

32.7 
[19%] 

‘ha’ 

Point (2) 
secant slope 

7 

23.2 
[20%] 

16 25.1 
[10%] 

6 

13.6 
[9%] 

6 27.2 
[12%] 

6 27.1 
[7%] 

6 

20.7 
[9%] 

6 11.0 
[20%] 

Point (3) 
2nd der.max. 

31.4 
[14%] 

16.1 
[15%] 

22.1 
[10%] 

Point (4) 
2nd der. 0 

33.0 
[13%] 

17.4 
[12%] 

25.0 
[9%] 

‘100’ 14 24.9 
[8%] 

10 20.2 
[7%] 

22 10.4 
[14%] 

6 23.8 
[19%] 

6 22.4 
[8%] 

6 15.9 
[15%] 

6 9.3 
[19%] 

‘C40’ 6 11.5 
[15%] 

8 11.7 
[23%] 

8 10.7 
[24%] 

6 14.5 
[29%] 

6 17.8 
[11%] 

8 4.6 
[22%] 

8 8.0 
[16%] 

‘2wh’ 12 22.7 
[20%] 

– – – – – – – – – – – – 

‘2ha’ 12 17.8 
[12%] 

– – – – – – – – – – – –  
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Fig. 3. Stress-displacement curves of the mechanically extruded (Ex) and of the modern handmade (Mo) of ‘wh’, ‘ha’, ‘100’ and ‘C40’ specimens under compression 
with different treatments for the bearing surfaces. 
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This change in behaviour can be influenced by the tensile failure of the 
fibreboard following the specimen failure crack pattern. The curves of 
the specimens tested with gypsum powder show a similar behaviour to 
that of specimens with gypsum plaster. The curves of the specimens 
tested with two oiled PTFE leaves show a behaviour similar to that of the 
specimens grinded and capped with cement mortar, although they reach 
much lower values of strength and maximum displacement. 

3.2. Experimental failure modes 

Regarding the observed experimental failure modes, all non-stacked 
specimens exhibited splitting and separation of the outer parts 
(Fig. 4a–t), while stacked specimens showed the typical hourglass 
(Fig. 4s and t). Handmade (Mo) ‘100’ and ‘C40’ specimens, after 
removing the split outer parts, also showed the hourglass failure. The 
‘100’ capped with gypsum plaster (Fig. 4q), and ‘100’ and ‘C40’ with 
plywood sheets (Fig. 4r) could be divided into two superimposed square 
frusta of pyramid at the end of the tests. 

An in-depth evaluation of the experimental evidence allowed the 
detection of some differences in the failures modes, depending mainly 
on the surface treatment. The mechanically extruded units (Ex) with 
grinded surfaces (Fig. 4f), with plywood sheets (Fig. 4i and p), and with 
fibreboard (Fig. 4j) presented a brittle response with multiple vertical 
cracks appearing on the edges. The ‘Ex’ ‘wh’ specimens with fibreboard 

sheets exhibited a sudden and noisy failure with detachment of material. 
The ‘Ex’ specimens capped with mortar (Fig. 4g), with gypsum plaster 
(Fig. 4h) and covered with gypsum powder (Fig. 4m) presented a brittle 
response with spaced vertical cracks. The ‘Ex’ specimens with oiled 
PTFE leaves (Fig. 4n) showed fragmentation of the brick material evenly 
distributed throughout the specimen [84–86]. The ‘Mo’ ‘wh’ and ‘ha’ 
with grinded surfaces (Fig. 4a), capped with gypsum plaster (Fig. 4c) 
and covered with gypsum powder (Fig. 4k) showed the expulsion of the 
outer material while the specimen’s core remained compact without 
material cohesion, as will be also highlighted in Section 4.1. The ‘Mo’ 
specimens capped with cement mortar (Fig. 4b) or gypsum plaster 
(Fig. 4c) and covered with gypsum powder (Fig. 4k and o) presented also 
splitting of the outer parts with spaced vertical cracks. The ‘Mo’ speci-
mens tested with plywood sheets (Fig. 4d), and with fibreboard (Fig. 4e) 
presented a total loss of cohesion of the perimeter as well as material 
expulsion. The ‘Mo’ specimens with oiled PTFE leaves (Fig. 4l) showed 
multiple vertical cracks evenly distributed throughout the edges of the 
specimen, with consequent loss of material cohesion. 

A careful visual evaluation of the material interposed between the 
specimen and the press platens was executed after the tests. The cement 
mortar cap (Fig. 4b and g) showed a splitting failure according to an 
elliptical pattern close to the specimen’s edges. The gypsum plaster 
(Fig. 4c and h) and the gypsum powder (Fig. 4k and m) appeared like a 
brittle thin sheet that could be easily separated from the ‘Ex’ specimens. 

Fig. 4. Observed failure modes in the specimens with all bearing surface types. Handmade bricks ‘Mo’ from (A) to (E), (K), (L), (O), (Q), and (R). Mechanically 
extruded bricks ‘Ex’ from (F) to (J), (M), (N), (P), (S), and (T). (A) and (F) grinded, (B) and (G) capped with cement mortar, (C) and (H) capped with gypsum plaster, 
(D) and (I) placed with sheets of plywood, (E) and (J) placed with sheets of fibreboard, (K) and (M) covered with gypsum powder, (L) and (N) placed with two oiled 
PTFE leaves. (O) ‘Mo’ ‘C40’ covered with gypsum powder, (P) ‘Ex’ ‘C40’ placed with sheets of plywood, (Q) ‘Mo’ ‘100’ capped with gypsum plaster, (R) ‘Mo’ ‘100’ 
placed with plywood sheets, (S) Ex ‘2ha’ grinded and stacked. (T) Mo ‘2wh’ grinded and stacked. 
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The gypsum plaster and gypsum powder were stuck into the specimens’ 
clay after the test, being impossible to peel off from the sample. The 
plywood sheets (Fig. 4d and i) were flattened over the specimen zone 
and presented the same crack patterns of the ‘wh’ and ‘ha’ specimen’s 
beds, being either partially or completely embedded in ‘100’ (Fig. 4r) 
and ‘C40’ specimens (Fig. 4p) respectively. The fibreboard sheets 
(Fig. 4e and j) presented the same pattern as that explained for plywood 
at the end of the tests. The PTFE leaves (Fig. 4l and n) did not show any 
deformation in ‘Mo’ specimens. However, the PTFE leaves showed the 
imprint of the ‘Ex’ specimens’ fragmentation on their surfaces. 

3.3. Specimens with hardening response 

As explained in Section 3.1, the ‘Mo’ ‘wh’ and ‘ha’ specimens with 
grinded surfaces, capped with gypsum plaster and covered with gypsum 
powder exhibited a hardening stress-displacement response. Since this 

peculiar behaviour does not allow one to identify unambiguously the 
compressive strength, this research proposes a novel method to estimate 
an equivalent compressive strength based on the identification of a 
representative point in the experimental stress-displacement response. 
Fig. 5a, b and c show the experimental stress-displacement curves of a 
representative specimen obtained from testing a ‘wh’ grinded specimen 
(Fig. 5a), and from testing a ‘ha’ capped specimen with gypsum plaster 
(Fig. 5b) or gypsum powder (Fig. 5c). The curves corresponding to 
specimens with grinded surfaces (Fig. 5a) and covered with gypsum 
powder (Fig. 5c) exhibit increasing stiffness at lower stress levels, which 
are related with the adjustment of the platens to the bearing surfaces of 
the specimens. However, the curves of specimens capped with gypsum 
plaster (Fig. 5b) start with a high stiffness response, which progressively 
decreases probably due to the deformation of the gypsum plaster. After 
this common initial stage, all the curves present an inflexion point. After 
the first inflexion point, denoted as point 1, the stiffness decreases until 

Fig. 5. (A), (B) and (C) Experimental stress-displacement curves of representative specimens with hardening response obtained from handmade bricks (Mo) with 
surfaces grinded, capped with gypsum plaster and covered with gypsum powder. The marked points correspond to the point of the maximum secant slope (point 2), 
the inflexion points of the stress-displacement curve (point 1 and 4), and the inflexion point of the 1st derivative function (point 3). (D), (E) and (F) show the slope of 
the secant line that intersects the origin and the stress-displacement curve, evidencing the local maximum (point 2). (G), (H) and (I) show the 1st derivative 
evidencing the local maximum (point 4) and the local minimum (point 1). (J), (K) and (L) show the 2nd derivative evidencing the local maximum (point 3) and the 
considered points with zero value (points 1 and 4). 
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reaching a second inflexion point, denoted as point 4, where the stiffness 
starts to increase until the loading is stopped at the end of the test. The 
inflexion points in the curves can be detected as the points with value 
zero in of the 2nd derivative (Fig. 5j, k and l). 

In order to approximate the estimation of the compressive strength in 
these specimens, four mathematical criteria are proposed to identify 
four significant points: the point of the maximum secant slope (point 2), 
the inflexion points of the stress-displacement curve (points 1 and 4), 
and the inflexion point of the 1st derivative function (point 3). The point 
of the maximum secant slope (point 2) is determined by the maximum 
slope of the line that intersects the origin of the function and the stress- 
displacement curve. Since the curve of the specimens capped with 
gypsum plaster (Fig. 5b) shows an initial stage with high stiffness, the 
considered point 2 was the second relative maximum of the secant slope- 
displacement curve (Fig. 5e). Fig. 5d, e and f show the graphs indicating 
the secant slope vs. displacement curve evidencing the points 2. The 
inflexion points of the stress-displacement curve are determined by the 
relative maximum (point 4) and the relative minimum (point 1) of the 
1st derivative function, see Fig. 5g, h and i, as well as by the zero values 
of the 2nd derivative function, see Fig. 5j, k and l. The inflexion point of 
the 1st derivative is determined by the relative maximum of the 2nd 
derivative (point 3). Fig. 5j, k and l shows the 2nd derivative evidencing 
the relative maximum (point 3) in the graph. 

The four options aforementioned indicate “representative points” in 
the experimental stress-displacement response that might be considered 
to evaluate the compressive strength in specimens exhibiting a hard-
ening response. Section 4.1 reports a comparative analysis amongst the 
different representative points. 

4. Discussion 

This section presents four analytical studies based on the experi-
mental results described in Section 3. The first study analysed the pro-
posed method to estimate an equivalent compressive strength on 
specimens with hardening response. The second study focuses on the 
influence of the cross section’s aspect ratio on the resulting experimental 
compressive strength. The third study is aimed to understand the rela-
tionship between the compressive strength of the specimens and the 

bearing surface treatment. The fourth study analyses the different ap-
proaches available for the evaluation of the compressive strength, ac-
cording to different available reference standards. The second and third 
study considers additional experimental data from the available litera-
ture in the field to complement those derived from the present experi-
mental campaign. 

4.1. Evaluation of the compressive strength in specimens with hardening 
response 

Section 3.2 has highlighted the hardening response detected in ‘Mo’ 
‘wh’ and ‘ha’ specimens with bearing surface grinded, capped with 
gypsum plaster and covered with gypsum powder, observing that it is 
possible to evaluate four “representative points” derived from a simple 
mathematical study of the stress-displacement experimental functions. 
This Section presents a careful analysis of the levels of damage reached 
in the tested specimens at each proposed point, to identify the most 
adequate value of the compressive strength. 

The approach for evaluating the geometric macroscopic damage on 
the specimens follows the descriptions for concrete of Stroeven [87] and 
Kotsovos [88,89]. Stroeven [87] described an initial damage stage as 
discontinuous and gradual, observing an increasing of crack length and 
number, and a second stage consisting mainly of the union of the pre-
vious cracks. Kotsovos [88,89] described four damage stages. First, 
initial isolated microcracks appear and remain stable. Second, the initial 
microcracks begin to branch out in the direction of maximum principal 
compressive stress. Third, branching cracks start to propagate by 
spreading relatively steadily. Fourth, the crack pattern becomes unsta-
ble and failure occurs, marked by a rapid increase within the total vol-
ume of the material. Fig. 6 shows the stress-displacement curves of the 
representative specimens, indicating the four representative points and 
the relevant specimens’ levels of damage. In addition to the specimens 
with hardening already presented in Section 3.2, the figure presents also 
two specimens with plywood sheets and with two oiled PTFE leaves as 
they also exhibited post-peak response with no clear compressive 
strength value. Fig. 6 shows the corner of the specimens to visualize two 
lateral edges. At point (1) the specimens began to show some diffuse and 
minor vertical cracking. At point (2) the specimens exhibited major 

Fig. 6. Stress-displacement curves with hardening response for ‘wh’ and ‘ha’ specimens obtained from handmade bricks (Mo) for different bearing surfaces treat-
ments, with levels of damage corresponding to the proposed representative points. 
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vertical cracking. At point (3) the main cracks widened and new vertical 
cracks emerged. At point (4) all the cracks widened and the specimen 
exhibited important lateral expansion, until the expansion stabilised 
causing a final increase of stiffness in stress-displacement curve until the 
test stopped. In the specimens with plywood sheets and with two oiled 
PTFE leaves, the considered points 1 and 2 can be obtained before 
reaching the peak or ultimate stress, when all the cracks connect and 
widen, and lateral expansion occurs in the post-peak. 

The initial microstructure of the solid fired clay bricks depends of the 
firing temperature and the raw clay quality, where mineralogical and 
complex chemical reaction influence the brick material porosity, as 
explained by Fernandes et al. [90]. This porosity is related with the 
volume of void spaces in the material’s microstructure. Fernandes et al. 
[91] reported that most common porosity in handmade solid fired clay 
bricks range between 25 and 35 vol%. Krakowiak et al. [86] analysed 
the microstructure of the mechanically extruded solid fired clay bricks 
reporting that the size of the particles varies depending on mineralogy of 
raw material and processing conditions. During the linear range, the 
material microstructure presents resistance against the splitting of the 
bonded particles. The nonlinear behaviour begins once the particles 
start to unlink or split their bonds and crushed particles occupy the void 
spaces, as observed by Wang [92]. During the nonlinear behaviour, the 
brick material changes from cohesive to disjoint. In materials as clay, 
stone or concrete, the disjoined material cause a softening post-peak 
response with the expulsion of the outer parts. However, the ‘Mo’ ‘wh’ 
and ‘ha’ specimens showed a hardening nonlinear behaviour due to the 
confinement produced by the bearing surface treatment (grinded, cap-
ped with gypsum plaster or covered with gypsum powder) together with 
the reduced slenderness of the specimen (less than 0.4 h/w [59]). The 
developed confinement, after the expulsion of the outer parts of the 
specimen, prevents the inner material subject to triaxial compression 
from further expulsion. Finally, once the material has lost its cohesion 
within a state of confinement, the crushed particles start the rear-
rangement of their microstructure again, recompacting the material. 
This behaviour can be compared with that observed in confined sand 
tested in compression, as analysed by Nakata [93] who observed that the 
yielding characteristics depend on the grading curve. This behaviour can 
be associated with the increase in stiffness obtained in the final branch of 
the test, before reaching the load limit of the loading machine. 

The considered representative points (1), (2), (3) and (4) can be 
related with meaningful effects with different stages in the behaviour of 
the specimens under compression. Points (1) and (2) are also identifiable 
in the specimens with a post-peak response before achieving the peak 
ultimate stress. Point (3) can be related with the descriptions of the 
second stage by Stroeven [87] and the third stage by Kotsovos [88,89], 
where cracks start to propagate and join in a stable manner. Point (4) 
shows a lateral expansion with widening cracks, as identified by Kot-
sovos [88,89]. Point (4) also indicates an inflexion point in the stress- 
displacement curve, denoting the beginning of a hardening response. 
Table 2 in Section 3.1 shows the equivalent compressive strength as 
derived from the reference values of the points 2, 3 and 4. In the 
following analysis reported in Section 4, the equivalent compressive 
strength estimated by point 4 of the grinded, capped with gypsum 
plaster and covered with gypsum powder specimens will be used. 

4.2. Study of the influence of cross section’s aspect ratio on the 
compressive strength 

The experimental campaign on ‘wh’ and ‘ha’ specimens of both the 
mechanically extruded (Ex) and modern handmade units (Mo) allowed 
the comparison of the compressive strength in specimens with different 
cross-section aspect ratio and bearing surface treatment. The ratio be-
tween the shorter edge, the width (w), and the longer edge, the length 
(l), has been considered as the cross section’s aspect ratio w/l. The cross 
section’s aspect ratios w/l in the experimental campaign were 0.49 and 
0.97 for ‘Ex’ ‘wh’ and ‘ha’, and 0.48 and 0.96 for ‘Mo’ ‘wh’ and ‘ha’. The 

specimens tested with oiled PTFE leaves has not been considered in the 
analysis, since the experimental results in Section 3 show close values 
regardless of the specimen’s shape. 

Fig. 7 presents in a boxplot the distribution of the data based on the 
quartiles (being the second and third quartiles coloured inside the 
boxes), and shows the median (depicted as a horizontal line inside the 
box) and the average (depicted as a cross). As presented in Table 2 
(Section 2) and in Fig. 7, the mean and median strength values for ‘ha’ 
are higher than that for ‘wh’ in the ‘Ex’ for stacked, capped with cement 
mortar and capped with gypsum plaster, while ‘wh’ strength values are 
higher than that for ‘ha’ in the ‘Ex’ for grinded, placed with birch 
plywood sheets, placed with fibreboard sheets and covered with gypsum 
powder. The ‘Ex’ specimens grinded and placed with fibreboard sheets, 
even if the ‘wh’ mean and median are higher than ‘ha’ ones, present the 
‘wh’ distribution within the upper distribution of ‘ha’. The mean and 

Fig. 7. Boxplot with ‘wh’ and ‘ha’ specimens’ compressive strength values (fc) 
for the ‘Ex’ and ‘Mo’ units with different bearing surface treatment. Inside the 
boxes, the medians are presented with a horizontal line and the averages are 
presented with an X. 

Fig. 8. Experimental compressive strength evaluated in specimens with 
different length/width ratio as found in five available experimental programs in 
the literature that tested solid units with different materials. 
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median strength values for ‘wh’ are higher than that for ‘ha’ in the ‘Mo’ 
specimens. 

The scientific literature discussed in Section 1 reports only a limited 
number of references dealing with the experimental testing of brick 
specimens in compression studying the cross section’s aspect ratio in-
fluence. Fig. 8 shows experimental compressive strength values in 
specimens with different cross section’s aspect ratio (l/w) obtained by 
Page [6,7], Khalaf and Hendry [5], Fódi [8] and Salvatoni and Ugolini 
[9]. The results from the references, including all the experimental 
values, are presented in a graph presented as a point (mean) with a line 
indicating the CV. Page [6,7] testing calcium silicate samples with 
plywood sheets obtained the highest strength for the lowest cross sec-
tion’s aspect ratio (w/l). Khalaf and Hendry [5], testing solid concrete 
bricks, also obtained the highest strength for the lowest w/l, and 
concluded that the length of the unit affects as the width. Khalaf and 
Hendry [5] proposed the experimental equation δ100 = (h/√A)0.37 to 
obtain the shape factor referring to a cubic specimen of 100 mm edge, 
involving the specimen height (h) and the loading area (A). Fódi [8], 
after testing extruded solid fired clay bricks with grinded surfaces, ob-
tained similar compressive strengths regardless of the w/l ratio, and 
concluded that the compressive strength depends on the width (smaller 
edge) and does not depend on the loaded area. Finally, Salvatoni and 
Ugolini [9], testing grinded modern handmade units, obtained, as Page 
[6,7] and Khalaf and Hendry [5], the highest compressive strength for 
the lowest w/l ratio. As explained in Section 4.1, in the specimens tested 
by Salvatoni and Ugolini [9] the compressive strength was calculated as 
the point of maximum secant slope due their hardening response. Thus, 
the literature review indicates that a cross section’s aspect ratio (w/l) 
influence is normally observed in calcium silicate bricks, solid concrete 
bricks and handmade bricks. However, no apparent influence of the w/l 
ratio has been found in mechanically extruded bricks. 

An in-depth analysis of the compressive strengths derived from the 
specimens with different cross section’s aspect ratio (w/l) allows the 
detection of possible length influence in the mechanically extruded 
bricks (Ex) and modern handmade bricks (Mo). A correlation can be 
made between the compressive strength average of the specimens with 
the w/l aspect ratio close to 1.0 (‘ha’), denoted by fc_ha, and the 
compressive strength average with the w/l aspect ratio close to 0.5 
(‘wh’), denoted by fc_wh. Table 3 shows the fc_ha/fc_wh correlations 
obtained from the experimental data derived from this research using 

different bearing surface treatments and from the scientific literature. 
For the specimens with hardening response, the compressive strength 
was estimated as proposed in Section 4.1. The mechanically extruded 
solid fired clay bricks (‘Ex’) show an experimental fc_ha/fc_wh ranging 
from 0.86 to 1.07, while Fódi [8] obtained 1.03. The concrete solid 
bricks tested by Khalaf and Hendry [5] showed fc_ha/fc_wh = 0.90. The 
modern handmade solid fired clay bricks (‘Mo’) show fc_ha/fc_wh 
ranging from 0.64 to 1.78, while Salvatoni and Ugolini [9] obtained 
0.84. The calcium silicate bricks tested by Page [6,7] showed the lowest 
values of fc_ha/fc_wh, i.e. 0.57 and 0.68. 

A significant influence of the cross section’s aspect ratio (w/l) has 
been found in modern handmade bricks ‘Mo’, in which the highest 
compression strength is obtained in specimens with lower cross section’s 
aspect ratio (‘wh’ specimen). This remarkable influence of the cross 
section’s aspect ratio on the compressive strength of handmade bricks 
was also observed by Salvatoni and Ugolini [9], as well as by Khalaf and 
Hendry in moulded solid concrete units [5] and by Page in calcium 
silicate bricks [6,7]. Slight influence of the cross section’s aspect ratio 
has been found in mechanically extruded solid clay bricks ‘Ex’, as also 
observed by Fódi in mechanically extruded bricks [8]. 

4.3. Empirical correlation among compressive strengths derived from 
specimens with different bearing surface treatments 

Based on the experimental campaign presented, this research has 
evaluated an empirical correlation between the compressive strengths 
derived from specimens with different bearing surface treatments (fc,TR), 
making reference to the grinded surface treatment (fc,GR) on ‘wh’, ‘ha’ 
and ‘100’. The grinded surface treatment is taken as reference since it 
produces the highest compressive strength value. Table 4 shows the 
following aspects: (1) the ratios between compressive strengths (fc,TR/fc, 

GR) seem to be higher for mechanically extruded bricks (Ex) than 
handmade bricks (Mo); (2) the ratios for specimens tested with two oiled 
PTFE have stepped values depending on the specimen’s shape; (3) the 
ratios fc,TR/fc,GR for each treatment seem to be influenced by the slen-
derness of the specimen, since each treatment seems to produce different 
amount of confinement; (4) specimens capped with gypsum plaster has 
the lowest fc,TR/fc,GR ratio, except for ‘C40’ specimens that exhibited 
lowest fc,TR/fc,GR when covered with gypsum powder; (5) the ratios fc,TR/ 
fc,GR for the specimens capped with gypsum plaster or covered with 
gypsum powder are different for ‘Ex’ and ‘Mo’ units due to the different 
response depending on the brick type; (6) the specimens with plywood 
and fibreboard show higher fc,TR/fc,GR ratios than ‘C40’ specimens. 

Table 4 presents, together with the results derived from the experi-
mental program of the current research, the compressive strength ratios 
on fired clay bricks obtained from the experimental results of RILEM 
recommendations [78], Khalaf et al. [43], Templeton et al. [44], Morsy 
[42], already mentioned in the literature review of Section 1. 

RILEM recommendations [78] specify that fired clay brick specimens 
grinded and capped with cement mortar bearing surface preparation 
exhibit different results, without quantifying such difference. Khalaf 
et al. [43] reported the compressive strength of whole hollow clay, 
frogged clay, and calcium silicate bricks, and concrete blocks with 
grinded surfaces, capped with mortar, with dental plaster, and placed 
with plywood sheets. The higher strength units (considered over 100 
MPa) exhibited fc,TR/fc,GR = 0.80 for specimens grinded or capped with 
mortar, fc,TR/fc,GR between 0.52 and 0.62 for specimens capped with 
dental plaster, and 0.66 for specimens with plywood sheets. For medium 
strength bricks, the fc,TR/fc,GR ratios ranged between 0.94 and 1.07 for 
specimens capped with cement mortar, between 0.63 and 0.72 for 
specimens capped with dental plaster, and between 0.69 and 0.79 for 
specimens placed with plywood sheets. Templeton et al. [44] related the 
compressive strength of different types of modern clay bricks (me-
chanically extruded solid and perforated units, solid handmade and 
hydraulic pressed solid units) with grinded surface and capped with 
cement mortar. Templeton et al. [44] proposed the experimental 

Table 3 
fc_ha/fc_wh ratios of the experimental compressive strengths derived from 
specimens with aspect ratio close to 0.5 and 1.0, considering data from the 
current experimental program and from the literature. Values in brackets 
correspond to the Coefficients of Variation (CV).  

fc_ha/fc_wh ratio  

Ex Mo 

Grinded 0.98  0.76  
Stacked 1.03  0.78  
Cement mortar 1.06  0.76  
Gypsum plaster 1.07  0.64  
Plywood sheets 0.86  0.66  
Fibreboard sheets 0.95  0.74  
Gypsum powder 0.88  0.76  
Average 0.97 [8.6%]  0.73 

[7.6%]   

References on scientific literature – ratio’w/l ≈ 1.0’ /’ w/l ≈ 0.5’ 

Fódi [8] Khalaf & 
Hendry [5] 

Page[6,7] Page[6,7] Salvatoni & 
Ugolini [9] 

Mechanically 
extruded solid 
fired clay brick 

Moulded 
solid 

concrete 
brick 

Calcium 
silicate 

solid brick 

Calcium 
silicate 

solid brick 

Moulded 
handmade 

solid fired clay 
brick 

1.03 0.90 0.68 0.68 0.84  
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equation fc,TR = 0.707⋅fc,GR + 8.534 to relate the compressive strength 
between both treatments, obtaining fc,TR/fc,GR ratios ranging between 
0.78 and 0.80. Morsy [42] analysed ground and rough scaled clay units 
with seven types of bearing surface coating, i.e. steel, plywood, hard-
board, 6 layers of polythene, rubber with fibres and pure rubber. The 
ratios between specimens tested with grinded surfaces and placed with 
plywood were 0.96 and 1.04, depending if the specimens tested with 
plywood had grinded or rough surfaces. The ratios with hardboard were 
between 0.87 and 0.94, depending on the direction of the fibres and if 
the specimen had grinded or rough surfaces. 

Table 4 also considers available references dealing with bearing 
surface treatments in earth units (Aubert et al. [49]), and concrete 
specimens (RILEM TC 148-SSC [39]). 

Aubert et al. [49], after placing 2 mm PTFE leaves on 50 × 50 × 50 
mm3 extruded earth bricks, observed experimental compressive strength 
similar to that of grinded specimens. The ratios range between 0.98 and 
1.07. RILEM TC 148-SSC [39] for concrete indicates that the compres-
sive strength in grinded specimens increases when the slenderness 
decrease below 2, except when oiled PTFE leaves are used. The thickness 
of the used oiled PTFE leaves in RILEM TC 148-SSC [39] are 50 mm, 100 
mm, and 500 mm. The RILEM recommendations allow to found different 
fc,TR/fc,GR ratios depending on the specimen slenderness, 0.37 for h/w of 
0.25, 0.58 to 0.75 for h/w of 0.50, and 0.57 to 1.18 for h/w of 1.00. 

The analysis of the fc,TR/fc,GR ratios presented in Table 4 show 
important conclusions about the influence of the bearing surface treat-
ment on the compressive strength of the investigated brick types. 
Overall, the results show a clear correlation between the compressive 
strength of each bearing surface treatment (fc,TR) and of the grinded 
surface (fc,GR) for both mechanically extruded (Ex) and modern hand-
made (Mo) brick samples. The experimental campaign exhibited similar 
ratios of those derived from data available in the scientific literature, yet 
enlarging the experimental database. The specimens capped with 
cement mortar have similar ratios of those investigated by Khalaf et al. 
[43] (0.80–1.07) and Templeton et al. [44] (0.78–0.80). The specimens 
capped with gypsum plaster have similar ratios of those investigated by 
Khalaf et al. [43] (0.52–0.72). The specimens with birch plywood and 
fibreboard sheets also have a similar ratio of those investigated by Morsy 

[42] (0.95–1.04 and 0.87–0.94), but differ from those studied by Khalaf 
et al. [43] for plywood sheets (0.69–0.79). The ratios close to 1.00 
suggest that the lateral strains of the plywood and fibreboard were 
reduced as observed by Kleeman et al. [53]. It is noticed that the samples 
capped with gypsum plaster and covered with gypsum powder have 
different average fc,TR/fc,GR depending on the brick type. There is no 
research available in the scientific literature comparing the compressive 
strength of grinded specimens with specimens covered with gypsum 
powder. The samples with oiled PTFE leaves have different ratios fc,TR/ 
fc,GR depending on the specimen’s shape, since the influence of the 
specimen’s slenderness seems to be attenuated as observed by RILEM TC 
148-SSC [39]. RILEM TC 148-SSC [39] recommends the insertion of the 
oiled PTFE in concrete specimens to obtain similar strengths regardless 
of the specimen slenderness h/w. Although RILEM TC 148-SSC [39] 
remarks that the use of PTFE with a controlled application of oil can 
reduce the scattering, this research did not show any reduction in 
scattering with respect to the other proposed treatments (see Table 2). 

Fig. 9 represents the results of the experimental program in a 
graphical manner, following the approach formulated by Morsy [52]. 
Different graphs refer different to types of unit (‘Ex’ or ‘Mo’) and spec-
imens (‘wh’, ‘ha’, ‘100’, and ‘C40’). The relevant strength values for 
different surface treatments are reported on y-axis, while the x-axis can 
represent in a qualitative manner the amount of lateral restraint, as 
stated by Morsy. If we set the specimens with PTFE leaves as the refer-
ence ones, as PTFE leaves surface treatment showed similar compressive 
strengths regardless of the specimen shape, one can detect in a visual 
manner which treatments present a relative increase or decrease of the 
lateral restraint during compression testing. The specimens capped with 
cement mortar or gypsum plaster, or covered with gypsum powder, are 
more susceptible to variations of lateral restraint, as the restraint can 
either decrease for ‘C40’ specimens or increase for the rest of specimens. 
The specimens with plywood or fibreboard sheets increase the lateral 
restraint regardless of the specimen type. The grinded specimens show 
the highest lateral restraint for ‘wh’, ‘ha’ and ‘100’ specimens, except for 
‘C40’ specimens. 

Table 4 
Experimental ratios fc,TR/fc,GR derived from the experimental program and from literature data. Values in brackets correspond to the Coefficients of Variation.  

Origin Mortar capped Gypsum 
plaster 

Plywood 
sheets 

Fibreboard 
sheets 

Gypsum 
powder 

Oiled PTFE 
leaves 

Experimental fc,TR/fc,GR 

Ex ‘wh’ 0.86 0.70 0.99 0.85 0.93 0.33 
‘ha’ 0.93 0.77 0.87 0.83 0.87 0.39 
‘100’ 0.79 0.73 1.00 0.95 1.00 0.49 
‘C40’ 0.74 0.58 1.28 1.33 0.48 0.71 

Average ‘Ex’ 0.83 [10%] 0.70 [12%] 1.04 [17%] 0.99 [23%] 0.82 [28%] – 
Mo ‘wh’ 0.76 0.63 0.94 1.04 0.76 0.24 

‘ha’ 0.76 0.53 0.82 0.86 0.76 0.33 
‘100’ 0.81 0.40 0.95 0.90 0.64 0.37 
‘C40’ 1.02 0.92 1.26 1.54 0.41 0.69 

Average ‘Mo’ 0.89 [12%] 0.64 [35%] 1.06 [17%] 1.09 [29%] 0.63 [25%] –  

References on literature reviewed fc,TR/fc,GR 

LUMA.1 [78] different      
Khalaf et al. [43] a 0.80 

0.94–1.07 
0.52–0.62 
0.63–0.72 

0.66 
0.69–0.79    

Templeton et al. [44] 0.78–0.80      
Morsy [42]   0.96–1.04 0.87–0.94b   

Aubert et al. [49] c      0.98–1.07 
RILEM TC148-SSC [39] d      0.37 

0.58–0.75 
0.57–1.17 

a Hard strength brick first row, Soft strength brick second row. 
b Hardboard. 
c Specimen slenderness 1.00. 
d Specimen slenderness 0.25 first row, 0.50 s row and 1.00 third row. 
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4.4. Evaluation of the compressive strength according to different 
international standards 

Fig. 10 shows the standard compressive strengths derived from the 
experimental campaign following the different international standard 
recommendations. The experimental average compressive strength ob-
tained by testing all types of specimens with oiled PTFE leaves have been 
used as a reference, i.e. 34.3 MPa (10.4% CV) of ‘Ex’ and 9.5 MPa 
(20.2% CV) of ‘Mo’. The European standard EN 772-1 + A1 [59] con-
siders the use of the grinded specimens ‘100’ and ‘2ha’, and the spec-
imen capped ‘100’ with cement mortar. The experimental values have to 
be multiplied by a shape factor indicated in the Table A.1 of the stan-
dard, which is 0.7 for the ‘100’ and 0.885 (interpolated value) for the 
‘2ha’. Thus, the compressive strength according to the EN standard 
range between 41.5 MPa 52.7 MPa for ‘Ex’ and 14.1 to 17.4 MPa for 

‘Mo’. The American standard ASTM C67-21 [56] use the specimen ‘ha’ 
capped with cement mortar or capped with gypsum plaster. The ASTM 
standard does not specify the use of any shape factor. The CAN/CSA 
A82:14 (R2018) [61] use the specimen ‘wh’ and allow the specimen ‘ha’ 
to test capped with gypsum plaster. The CAN/CSA does not specify the 
use of any shape factor either. The ASTM and CAN/CSA standard 
compressive strengths are the highest values, ranging between 63.8 and 
81.9 MPa for ‘Ex’ and 17.4 to 27.1 MPa for ‘MPa’. The Australian 
standard AS/NZS 4456.4 [60] use the specimen ‘wh’ and allow the 
specimen ‘ha’ to test placed with birch plywood sheets and fibreboard 
sheets. The experimental values require the use of an aspect ratio factor 
indicated in the standard, the interpolated 0.425 for ‘Ex’ and 0.375 for 
‘Mo’ due to their different widths. The AS/NZS standard compressive 
strength are the lowest values, ranging between 31.0 and 38.0 MPa for 
‘Ex’ and 10.2 to 15.4 MPa for ‘Mo’. The AS/NZS values for ‘ha’ 

Fig. 9. Increase/decrease of the amount of lateral restraint according to different bearing surface treatments, making reference to specimens with oiled PTFE leaves.  
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specimens tested with birch plywood or fibreboard sheets and ‘Ex’ ‘wh’ 
tested with fibreboard have close standard compressive strength values 
than specimens tested with oiled PTFE leaves in both brick types. 

5. Conclusions 

This paper has presented novel experimental results about the 
compressive strength of fired clay brick solid samples with different 
shapes and surfaces treatments. A comprehensive experimental program 
considered a total amount of 458 specimens, derived from mechanically 
extruded (Ex) and modern handmade (Mo) bricks. The research has 
proposed first a novel method for the determination of the compressive 
strength in brick specimens with hardening response. Second, the paper 
has addressed the influence of the cross section’s aspect ratio on the 
compressive strength. Third, the influence of bearing surface treatment 
has been analised indetail by investigating six different treatments, i.e. 
grinding, capping with cement mortar, capping with gypsum plaster, 
placement of plywood sheets, covering with gypsum powder, and 
covering with oiled PTFE leaves. Finally, the study has compared 
different methods of evaluating the compressive strength from the 
experimental measurements, according to different international stan-
dards for masonry testing. The following conclusions can be drawn from 
the analysis of the experimental results:  

- The experimental tests on whole and half handmade brick specimens 
show a noticeable hardening response due to their low slenderness. 
allows simple method based on mathematical analysis of the stress- 
displacement experimental function is proposed to estimate the 
compressive strength.  

- The experimental results and the scientific literature show that the 
cross section’s aspect ratio is more influent in modern handmade 
solid fired clay bricks (Mo) than in mechanically extruded ones (Ex). 
The ratios between the strengths of the whole brick and the half brick 
(‘wh’/’ha’) ranged between 0.88 and 1.06 for ‘Ex’ specimens, and 
between 0.64 and 0.78 for ‘Mo’.  

- The compressive strength measured on the specimens with different 
bearing surface can be characterized by the ratio fc,TR/fc,GR for 
slenderness under 0.4. The experimental ratio is 0.82 (CV of 8%) for 
specimens capped with cement mortar, and 0.93 (CV 7.5%) for 
specimens with birch plywood sheets, being similar to evidences 
available in the scientific literature. The experimental ratios fc,TR/fc, 

GR of the specimens tested with gypsum material seem to be influ-
enced both by the manufacturing process and the unit’s strength 
unit. The ratio for ‘Ex’ specimens is 0.74 (CV of 4.7%) for capping 
with gypsum plaster, and 0.94 (CV of 6.7%) for covered with gypsum 
powder. The ‘Mo’ specimens present a ratio of 0.52 (CV 21.8%) for 
capping with gypsum plaster, and 0.72 (CV of 9.3%) for capping with 
gypsum powder. 

- The capped specimens has exhibited varying amount of lateral re-
straint, depending of the scross section aspect ratio. Specimens tested 
with plywood and fiberboard sheets show high values regardless of 
the specimen shape. The amount of lateral restraint in specimens 
with grinded surfaces seems to be influenced mainly by the slen-
derness of the specimen.  

- Capping with gypsum powder has shown compressive strength 
values similar to those of the grinded specimens, and those with 
plywood sheets for ‘Ex’ bricks, and similar to the specimens capped 
with cement mortar for ‘Mo’ bricks. The use of gypsum powder can 
hardly be considered as a low friction surface treatment, since the 
compression loading compacts the powder during the execution of 
the test, inducing a mechanical behaviour similar to that of capping.  

- Testing the specimen placed with two oiled PTFE leaves has proved 
to be an advantageous technique for the evaluation of the unconfined 
compressive strength of solid fired clay units. This technique has 
shown similar compressive strength values regardless of the spec-
imen shape.  

- The standards for the evaluation of the compressive strength in 
bricks present a great variety of approaches. The American ASTM 
and the Canadian CAN/CSA provide the highest values of compres-
sive strength, while the Australian AS/NZS provide the lowest 
values. 

As this research has focused on solid fired clay bricks, future works 
could address the extension of the experimental database by including 
the application to different materials, such as mudbricks, fly ash clay 
bricks, concrete units, and calcium silicate bricks, as well as to other 
manufacturing processes, such as dry pressed into a mould or mechan-
ically extruded in different directions. Another topic of future research 
may be studying the possible influence of other parameters on the 
compressive strength and the failure mechanisms, such as the material’s 
porosity and the mineralogical composition. 

Fig. 10. Bar graph with the standard compressive strength of the references: European EN 772-1 + A1 [59], American ASTM C67-21 [56], Canadian CAN/CSA 
A82:14 (R2018) [61], and the Australian AS/NZS 4456.4 [60]. 
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