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ABSTRACT 

The aim of this research is to investigate, through the Digital Image Correlation (DIC) technique, 

the mechanical performance of a new type of earth masonry, built with extruded blocks and 

characterized by dovetail horizontally staggered bed joints. The experimental program consists of 

two levels of investigations: (i) preliminary phase on components, (ii) compression, diagonal 

compression and combined shear-compression tests on 12 wallettes. Regarding the components, 

results showed that the mean compressive strength of the earth block was low (3.5 MPa) with 

respect to traditional bricks and similar to adobe blocks. The dovetail joints were effective in their 

joining role showing a rather good strength (2.4 MPa) when tested in triplet configuration. 

Regarding the wallettes, the DIC highlighted failure modes complying with the ones of a traditional 

masonry under shear, while it showed a “column behaviour” with vertical sliding under 

compressive tests. Fragile failures occurred during the diagonal compression test. DIC revealed to 

be a promising technique to recover the full-field strain and crack maps. 

 

 

Nomenclature 

fc  compressive strength of the earth block  

fcm  average compressive strength of the earth block 

fvoi           initial shear strength  

fvo       average initial shear strength 
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fvok         characteristic  initial shear strength 

Ei                Young modulus 

          Poisson ratio 

τ             shear stress 

σ normal stress 

τm             wall average shear strength 

σm wall average compressive strength 

G         shear modulus  

          shear strain 

          normal strain 

sx         horizontal displacement  

sy         vertical displacement  
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1. Introduction 

The present research focuses on a new type of masonry made of earth blocks. Benefits associated 

with the adoption of earth units include the improvement of the building energy efficiency [1, 2], 

and its environmental and economic sustainability [3-5]. The blocks are made of a mixture of 

natural components, namely clay, water and rice husk fibres. Clay acts as a natural binder and 

confers strength to the blocks but it can be subject to cracks due to drying shrinkage [6]. This 

drawback can be reduced through the addition of stabilizers. Numerous studies suggest the use of 

both natural [7-9] and artificial [10] fibres to prevent the outbreak of tensile forces and the 

consequent drying shrinkage [11]. Another relevant feature affecting the performance of earth 

blocks is represented by the manufacturing process that can vary from manual to fully automated 

[12-14]. The extrusion of bricks is a promising method, determining strengths comparable with 

those of traditional fired bricks [15].  

While there is a lot of literature on mechanical behavior of stone and fired brick masonries, the 

knowledge on extruded earth blocks constructions is very limited. Indeed the literature on earthen 

wallettes mainly regards the most commonly used earth construction techniques, namely rammed 

earth [12, 14, 16 and 17] and cob [12], while the studies on extruded earth block masonries are very 

rare. The earth blocks adopted in [12] and [13] are brick-like units produced by a mechanized hand-

moulding procedure, horizontally layered with mortar bed joints, thus recreating a traditional 

masonry wall.   

In this research, we have selected extruded perforated blocks with rice husk, to couple a natural 

stabilization method with the most advantageous manufacturing technique (Fig.1a). The block is 

novel since the extrusion is uncommonly-realized at industrial scale, providing a major structural 

potential with respect to usual blocks, which are manually or mechanically compressed within a 

mold. Moreover, a novel assembly technique for the masonry construction is adopted, providing 

horizontally staggered bed joints (thus creating aligned vertical joints), linked through tongue 

and groove dovetail connections. This technique is at the present used in both exterior and interior 

sides of timber framed constructions (Fig.1 b and c), fixed by means of ring-shank nails to the 

external bracing fir boards, with energy saving and shear-collaborating issues, but without load 

bearing functions. 

In the present work, the new earth block masonry was surveyed through Digital Image Correlation 

(DIC). In recent years, this technique has become one of the most promising measurement methods, 

since it allows obtaining a significant amount of information on the strain state of the 

material/structure and a complete reconstruction of the crack pattern [18]. Several authors have 

https://context.reverso.net/traduzione/inglese-italiano/of+rice+husk
https://context.reverso.net/traduzione/inglese-italiano/groove
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advantageously applied DIC in different frameworks, such as the analysis of the mechanical 

behaviour of reinforced concrete beams [19-21], composites [20] and masonry.  

Its application on masonries was carried out at different scales: characterization of small specimens 

of reinforcing mortars [21]; investigation of the bonding behaviour in FRP–brick specimens 

interfaces [22]; survey of the mechanical behaviour of small-scale masonry units [23]; tests on 

wallettes and full-scale prototypes ([24] and [25]); mechanical study of real-scale confined masonry 

walls [26]; map of the crack propagation at the building scale [27].  

 

The present research is aimed at characterizing the mechanical properties of a new type of masonry 

with horizontally staggered bed joints, made of extruded earth blocks by means of the DIC 

technique and evaluating possible applications of such blocks for load bearing functions.  

To that aim, an extensive experimental campaign has been carried out by means of compression and 

shear tests on small samples and wallettes. All measurements have been recorded with the aid of 

DIC technique and processed via MatLab. 

 

2. Test methods 

The research phases are the following:  

 Preliminary phase: material characterization of earth blocks to obtain the compressive 

strength of single units and the initial shear strength of triplets.  

 Main phase: characterization of the mechanical behavior of earth blocks wallettes through 

DIC technique to obtain the displacement and strain fields.  

A detailed outline of the lab tests of the main phase is summarized in Table 1.  

 

2.1. Materials and samples preparation 

The hollow extruded earth blocks were provided by Ton-Gruppe Construction Company.  

Their composition consists of a matrix of clayey soil (70%) and spoils of rice husk fibers (30%) as 

natural stabilizers. The rice husk fibers have size of about 3 mm x 5 mm. The extruded blocks have 

been mechanically produced with the same manufacturing process used in brick factories, except 

for the oven and artificial drying chambers. 

The soil matrix was tested to determine its grain size distribution (ASTM D422) and consistency 

limits (ASTM D4318). All the soil passed the #200 sieve (opening 0,075 mm) and resulted a lean 

clay according to the Unified Soil Classification System, USCS (ASTM D2487), as shown in Table 
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2 and Fig. 2. The activity coefficient, equal to about 1, reveals a normally active soil, with a low 

susceptibility to swelling or shrinkage. X-ray diffractometry revealed that the main mineralogical 

components are calcite, montmorillonite and gypsum as shown in Table 3. 

 

The tested samples consisted of 9 single blocks, 6 triplets and 12 wallettes. 

The block is extruded through a die machine and left naturally air-dried. Each earth unit has 

nominal dimensions of (215 x 230 x 115 mm
3
) and presents one flat vertical surface and one ribbed 

side to improve the adhesion of the external plaster (Fig. 1a). On the lateral surfaces, dovetail joints 

serve as a guide for the alignment of the earth units during the wall assembly and ensure their 

mechanical connection, thus enhancing the overall global behavior. A novel technique for the wall 

assembly with horizontally staggered bed joints is adopted. Thus, the blocks are aligned along 

vertical columns and are linked together through the aforementioned dovetail joints. 

The wallets size was 1.07 x 1.03 x 0.11 m
3
. Their realization comprised the following steps: (i) clay 

was mixed with water in a ratio of 2:1; (ii) the lateral and the bottom surfaces of each block were 

uniformly wetted in this paste; (iii) each block was then secured to the others by vertically sliding it 

along their dovetail joints.  

Preliminary tests on mortar samples (UNI EN 1015-11:2017) revealed values of 0.21 N/mm
2
 and 

1.83 N/mm
2
, respectively for flexural and compression strengths. The upper bed of each specimen 

was leveled to remove excess material as to guarantee a plane surface for the subsequent load 

application.  

All materials and assemblies were stored in the laboratory until testing and the curing process lasted 

30 days in a controlled laboratory environment.  

 

2.2. Preliminary tests on the earth blocks 

The net compressive strength of nine uncapped earth blocks (Fig. 3a) was determined in accordance 

to the UNI EN 772-1:2015 standard. The testing apparatus was a hydraulic press machine 

(maximum load capacity of 5000 kN). The rate of compression was set at 0.05 (N/mm
2
/s). The 

earth blocks were tested in the extrusion direction.  

The initial shear strength parallel to the dovetail joints (Fig. 3b) was determined on 3 specimens 

according to UNI EN 1052-3:2007 standard (Procedure B). The test set up involved the use of two 

20-mm thick plates at the top and at the bottom of the specimen. Compressive load was applied on 

the top plate using of Zwick Roell Z050 testing machine (maximum load of 1000 kN) in force 

control at a rate of 2645 N/min until failure.  
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The initial shear strength perpendicular to the dovetail joints (Fig. 3c), subject to an out-of-plane 

load, was evaluated on 3 specimens by adopting the same UNI EN 1052-3:2007 standard procedure.  

 

2.3. DIC Set-up 

The displacement and deformation of the surface of the wallettes were measured using the 3D-DIC 

technique. The region of interest (ROI) on each side of the wallettes has been spray-painted with 

black and white texture. Preliminary tests were carried out to define the most suitable dimensions 

and intensity of the pattern, following [24]. The experimental set-up is presented in Fig. 4. The 

features of the two cameras (model Pixelink® B371F – see insert A in Fig. 4) and the calibration 

data are shown in Table 4.  

A third camera (insert A in Fig. 4) was used to check, with DIC-2D, the displacement and the 

deformation of the backside. During the tests, the manometer was coupled with an additional high-

resolution camera that acquired the frames needed to register the pressure trend against time. Then, 

compression and tensile strengths values were obtained, according to the relative test standards. 

The pictures of the wallettes acquired during the tests have been post-processed by a 3D-DIC 

software. The correlation method between the two cameras and the deformed images was based on 

global DIC, which incorporates the epipolar constraint and the assembling approach of Finite 

Element method. The displacements of all grid measuring points, created on the entire surface of 

the wallettes, were obtained by minimizing the correlation error computed all over the current frame 

with respect to the reference frame [25]. The zero-mean sum of square difference (ZSSD) criterion 

has been adopted to avoid the effects of lighting offset and inhomogeneity.  

 

Fig. 5a presents one of the pictures recorded by the frontal camera with the overlaid measurement 

grid.  The subsets discretization, used for the DIC analysis, was 25×25 pixels meaning each 

measure point was about 20 mm. Fig. 5b shows the 3D grid calculated by the stereo triangulation 

with the schematic position of the two frontal cameras. The strains (x, y, and xy) have been 

computed by means of the Cauchy-Green theory, starting from the 3D node displacements. Several 

authors have already successfully applied this method on tests of different materials: metals, 

ceramic, foam, cork and FRCM [28-32]. 

In a preliminary phase, the quality of the correlation technique and strains measurements was 

assessed through a set of 50 stationary images. Fig. 5c illustrates the average values of the vertical 

strain distribution (y) and its standard deviation within each frame. The average strain presents 

small random oscillations around zero and the standard deviations are nearly constant, in the order 
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of 100 με. The crack maps were obtained by calculating the equivalent Von Mises strain in plane 

strain conditions (3=0) [33]. 

 

                  
     

   

 
                                                                                       (1)    

 

To avoid visualizing the sliding effect between columns of bricks, the crack maps were calculated 

by creating measurement grids on each brick column separately.  

 

2.4. Tests on the wallettes 

The compressive strength of the wallettes (Fig. 6a) was determined on 3 samples according to UNI 

EN 1052-1. The specimens were subject to a compression load by means of two 500 kN hydraulic 

jacks, uniformly distributed thanks to a 25 mm-thick steel plate. The nominal strains  were 

obtained by averaging the strain values recorded through DIC on the whole specimen area.  

The shear strength of the wallettes (Fig. 6b) was obtained through diagonal compression tests on 3 

samples following the ASTM E519 – 07 standards. The shear test apparatus consisted of a single 

hydraulic jack (500 kN). The shear strain γ was estimated through DIC, as the mean value of the γ 

recorded on the ROI.  

The shear strength of the wallettes under a constant pre-compression load (Fig. 6c) was obtained on 

3 samples following the experimental guidelines provided by [34], using a pre-compression load of 

0.2 N/mm
2
. An “L” shaped steel profile was placed on the upper part of the specimen to transmit 

the horizontal force.  

 

3. Results of preliminary tests 

The compressive strengths of the earth blocks, referred to the net area (the area of the surface on 

which the load is applied excluding the voids), are summarized in Table 5.  

The average net compressive strength     was found to be 3.4 N/mm
2
. As expected, this value is 

quite low as compared to the compressive strength of traditional solid baked bricks, commonly 

around 16 N/mm
2
 [35]. 

The failure mode was the same for all the specimens tested, with cracks originating before the peak 

load (Fig. 7a).  Cracks were located on the front and backsides of the blocks, close to the point of 

application of the load.  
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The average and characteristic initial shear strengths fvoi and fvok parallel and perpendicular to the 

dovetail joints are reported in Table 6. The characteristic initial shear strength fvok  parallel to the 

dovetail joints was 0.03 N/mm
2
. The coefficient of variation (COV) is relatively high, as typical in 

handmade assembled constructions. The typical failure mode is reported in Fig. 7b. The 

characteristic initial shear strength fvok  perpendicular to the dovetail joints was 1.90 N/mm
2
. The 

failure mode is reported in Fig. 7c, denoting a good interlocking effect of the dovetail joint and 

corner expulsion. 

 

4. Normal Compression tests  

4.1 Stress-strain curves 

The stress – strain σ - ɛ diagrams for the 3 wallettes are shown in Fig. 8, where the strain values 

were obtained through DIC and post-processed in MATLAB. The specimens exhibited an 

approximately linear behaviour up to the maximum load with a brittle failure.  

The mean value   , Young’s modulus determined at 1/3 of maximum stress Ei and Poisson’s ratio 

 of the wallettes are summarized in Table 7. The mean value of    was approximately 2 N/mm
2
.  

 

4.2 Full field strain maps 

The DIC allowed recovering the complete deformation field at each point of the wall. The evolution 

in time of the vertical displacement sy, the vertical strain y and the shear strain xy, are shown in 

three distinct frames (Fig. 9) corresponding to the three highlighted points of Fig. 8.  

 

From the evolution of sy it could be noted that the wall behaves as a series of independent slender 

adjacent columns (Fig. 9a). Indeed, the alignment of the vertical joints avoids the uniform 

downward distribution of the load. This behavior leads to a modest out-of-plane instability 

phenomenon (confirmed by the 3D-DIC), which is mitigated by the presence of the dovetail joints. 

The “column effect” is also visible by the evolution of the xy that registered high relative sliding 

between the vertical members (Fig. 9b). As expected, the y is uniformly distributed on the ROI 

surface with some evident areas of strain concentration (Fig. 9c).  

 

4.3 Full field cracks map 

The cracks map under uniaxial compression load obtained through a visual survey is compared with 

the Von Mises strain map obtained by DIC, in Fig. 10. The cracks propagated from the upper region 

of the specimens along the masonry surface, with clay expulsions in proximity of the applied force. 
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The DIC results confirm those obtained by visual inspection and highlight more in detail the weak 

points. Some vertical cracks, not referable to typical tensile block failures, are located in the 

proximity of the wall top edge due to an expulsion mechanism. 

 

5. Diagonal compression tests  

5.1 Stress-strain curves 

The shear stress–strain τ – γ curves for the 3 wallettes are presented in Fig. 11. It can be noted a 

distinctive yield point when elasticity of the specimen is exceeded and first cracks appeared. The 

tensile strength   , shear modulus G and shear strain  of the wallettes are reported in Table 8. The 

diagonal compression test registered a very low average strength value    (0.002 N/mm
2
). This 

value is due to the specific construction technique which relies only on the friction between the 

horizontal and the vertical dovetail joints since the thin mortar layer is characterized by low 

resistance.  

 

5.2 Full field strain maps 

The evolution in time of sx, sy and xy, is illustrated for three distinct moments (see Fig. 12) 

corresponding to the three highlighted points of Fig. 11. The sx and sy maps show that the specimen 

open up in two parts laterally facing the loading line. This behavior is due to the low adhesion at the 

interface between the blocks (Fig.12a, b). Additionally, sliding along the joint lines was also visible 

from the xy maps (Fig.12c). 

 

5.3 Full field cracks map 

The cracks map under a diagonal compression load derived from a visual inspection is presented in 

Fig. 13 and is compared with the Von Mises strain map obtained by DIC. All the specimens 

exhibited a brittle behavior. Fragile-type cracks originated very close to the normal loading line and 

propagated through the joints, without damaging the blocks. At the end of the tests, all the wallettes 

were completely disrupted. The DIC successfully reproduced the visual inspection, giving 

adjunctive information on the strain field. 

 

6. Shear tests with pre-compression  

6.1 Stress-strain curves  
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The results of the shear stress–strain τ-γ diagrams for the 3 specimens subject to a pre-compression 

load of 0.2 N/mm
2
 are presented in Fig. 14. In the first part, the curves showed a linear trend until 

the first crack appeared. Then, a plastic region occurred with formation of other diagonal cracks. 

The trend showed a ductile behaviour, typical of shear tests with pre-compression.  The tensile 

strength   , shear modulus G and shear strain  of the wallettes are collected in Table 9. As 

expected, the test showed a slight increase (about 2.4%) in terms of tensile strength with respect to 

the diagonal tensile findings without pre-compression.  

 

6.2 Full field strain maps 

The evolution in time of sx, sy and xy for the wallettes under shear combined with pre-compression 

are shown in Fig. 16. As expected, the displacement sx presented an approximately linear trend 

along the vertical axis (Fig. 15a). The displacement sy showed a relevant sliding along the vertical 

joints. This phenomenon has already been pointed out in the full strain maps of the compression test 

(Fig. 15b). In the strain xy maps, two inclined crack lines originating from the point of application 

of the shear force were visible (Fig. 15c). 

 

6.3 Full field cracks map 

The hand-drawn cracks map of the specimens under shear and constant compression load is 

compared with the Von Mises strain map in Fig. 16. As expected, the failure mechanism highlights 

diagonal staggered fractures following the vertical and horizontal lines of the joints.  

 

7. Discussion 

The present research experimentally investigated through DIC the mechanical behaviour of a new 

earth block masonry, characterized by industrially extruded units assembled in vertical columns, 

connected by dovetail joints, and with staggered horizontal bed joints. In particular, the objective 

was to verify the shear performance and the possible load bearing functions.  

The data have proved that the masonry units have low compressive strength, typical of earthen 

blocks. The average net compressive strength  m of the single unit (earth block with dovetail joints) 

was compared in Fig. 17a with the ones of either unbaked bricks with different mixtures. 

The fcm values of the present perforated blocks can be compared with the values obtained in 

literature regarding experimentations on solid blocks, since the net compressive strength excludes 

the voids influence. The net strength values are similar to those of solid blocks, namely adobe 
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bricks [36] earth blocks with coarse sand [37] and manually compressed earthen blocks [37], while 

they are much lower than those achieved by perforated earth blocks with mechanical compression 

manufacturing techniques [38].    

The average tensile strength τm parallel to the dovetail joints of the triplet was compared with the 

ones of several triplet configurations made of different brick and mortar assemblies [39, 40] (Fig. 

17b). The low value of the tensile strength of the present technique is comparable with that of other 

techniques characterized by poor quality mortar. 

 

The values of the average compressive strength  m and the Young modulus Ei of the wallettes were 

compared with the ones of other earth walls (Fig. 18a). The  m and Ei values obtained in the present 

study (1.59 N/mm
2
 and 651 N/mm

2
, respectively) were comparable with those of the cob wall but 

significantly lower than the ones of the rammed earth and earth block walls [12-14]. The low 

compressive strength of the experimented earth wallette is due to: (i) the particular block adopted 

here, that is perforated, differently by other studies (e.g. [12 and 13]) that surveyed solid block 

configurations; (ii) the particular assembly technique, which does not provide the uniform 

downward load distribution.  

The tensile strenght τm and shear modulus G of the earth wallette, obtained with diagonal 

compression tests, were compared with the results of the same aforementioned earth masonries in 

[12-14] (Fig. 18b). As already mentioned, the earth wallette under study, exhibited a scarce shear  

behaviour. Indeed, the values of tensile strength (0.002 N/mm
2
) and shear modulus (8.68 N/mm

2
), 

were the lowest. 

 

The findings were compared with the experimental results by other authors in literature regarding 

other masonry samples surveyed through DIC (Fig. 19).  

The DIC applied on compression tests (see Fig. 10 and Fig. 19a) revealed the absence of tensile 

block failure characterized by vertical cracks through the blocks that typically occurs under 

compression in traditional brick masonries (e.g. [41]) and earthen block masonries with horizontal 

courses (e.g.  [13]).  This behaviour is due to the lack in the present wall of a deformable mortar 

layer, which causes horizontal tensions within the blocks. Moreover, the crack pattern in the present 

work reveals also a different failure behaviour respect to the one observed in rammed earth 

wallettes (see e.g. [14]), characterized by the formation of cone shaped cracks at the upper and 

lower regions. 

The DIC on diagonal compression tests showed the presence of weak planes along the bed joints, as 

also highlighted by other authors regardless the block material and size (see Fig. 13 and Fig. 19b). 
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For concrete masonry, the strain accumulation was located along the mortar joints where failure 

occurred [42]. Also for rammed earth, the DIC allowed to visualizing the fracture lines along the 

compaction layers [16]. 

The DIC on shear tests with pre-compression highlighted the formation of cracks along the diagonal 

compressive strut following the staggered lines of the bed joints (see Fig. 16). The shear tests was 

also evaluated through DIC in [17], [33] and [43]. The former study found quasi-diagonal cracks in 

rammed earth walls, while the latter two observed more sharply diagonal cracks for traditional fired 

clay and concrete masonry, respectively (Fig. 19c). 

The results clearly showed the capability of DIC to identify the regions with strains concentrations 

and therefore to locate the position of eventual failure mechanisms. 

  

8. Conclusion 

In this paper, the mechanical properties of a new type of earth blocks masonry have been 

investigated by means of DIC.  

The study of the mechanical behavior of the single block and of the joints gave the following 

results: 

- Compressive strength of the earth block was low (3.5 MPa), but comparable with the values of 

adobe blocks; 

- The tensile strength, evaluated in triplets, was low (0.04 MPa) regardless the presence of the 

dovetail joints. 

The study of the mechanical behavior of 12 wallettes under compression, shear and a combination 

of them, gave the following results: 

- The compression tests highlighted that the geometry of the block coupled with the horizontally 

staggered wall assembly led to a “column behavior” differently from traditional masonries. 

During the test, a differential sliding between bricks columns occurred; 

 - The diagonal compression tests registered a low tensile resistance value since the low quality 

earth mortar coupled with the joints vertical alignment did not guarantee a proper bond between 

the blocks thus enhancing the fragile behavior and the assembly disruption.  

- The shear tests under pre-compression loads showed the formation of compressive struts typical of 

masonries and revealed a slight increase in terms of tensile strength with respect to the diagonal 

tensile findings without pre-compression, due to the collaboration of the dovetail joints.  

In general, the study showed the need to improve the mechanical properties of the earth blocks and 

the connection ability of the dovetail joints to achieve possible bracing capacities of the walls made 
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with this technology. The DIC technique was successfully implemented to determine the 

deformation and failure state of the earth blocks masonries. The full-field measurements using DIC 

technique is promising, especially when the specimens are subject to inelastic deformations. 

Moreover, the DIC proved its high potential in stress-strain monitoring.  
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List of captions  

Fig. 1. (a) Earth block geometry, (b) Platform-Frame construction system and (c)external envelope 

layers. 

Fig. 2. Grain size distribution of the soil matrix. 

Fig. 3. Tests set up for (a) the determination of  the compressive strength of the earth block, (b) the 

determination of the initial shear strength parallel to the dovetail joints (configuration A) and (c) the 

determination of the initial shear strength perpendicular to the dovetail joints (configuration B).  

Fig. 4. DIC set up. 

Fig. 5. (a) Picture whit overlaid grid, (b) 3D grid point, and (c) strain noise evaluation for the 3D-

DIC. 

Fig. 6. Tests set up of the wallette specimen for (a) the determination of its compressive strength, 

(b) the determination of  its tensile strength and (c) the determination of its shear strength with a 

constant compression load. 

Fig. 7. Failure modes of (a) the earth block,  (b) of the triplet (configuration A) and (c) of the triplet 

(configuration B). 

Fig. 8. σ – ε curves of the wallette specimens under compression load. 

Fig. 9. Complete displacement and strains fields of the wallettes under compression load. 

Fig. 10. Crack mapping on wallette under compression load: (a) Von Mises strain field of the 

ultimate state and (b) hand-drawn map based on visual inspection. 

Fig. 11.  τ-γ curves of the wallette specimens under diagonal compression load. 

Fig. 12. Complete displacements and strain fields of the wallettes under diagonal compression load. 

Fig. 13. Crack mapping on wallette diagonal compression load: (a) Von Mises strain field of the 

ultimate state and (b) hand-drawn map based on visual inspection. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

19 
 

Fig. 14. τ-γ curves of the wallette specimen under a shear and constant compression of 0.2 

N/(mm
2
). 

Fig. 15. Complete displacements and strain fields of the wallettes under a shear and constant 

compression of 0.2 N/(mm
2
). 

Fig. 16. Crack mapping on wallette under shear and pre-compression load: (a) Von Mises strain 

field of the ultimate state and (b) hand-drawn map based on visual inspection. 

Fig. 17. Comparison of (a) the compressive strength values of different types of bricks and (b) of 

the initial shear strength of triplet setups. 

Fig. 18. Comparison of (a) the compressive strengths, and (b) the tensile strengths of different types 

of  masonries obtained from a diagonal compression load. 

Fig. 19. Results of the DIC technique applied in masonries under (a) compression load, (b) diagonal 

compression load and (c) shear with pre-compression. 

 

 

 



Tables 

Table 1.   Overview of the lab tests made on wallettes.     

Test method  Standard/Reference Description  Specimen  

Determination of compressive strength UNI EN 1052-1:2001  Application of an evenly distributed load to the 

cross section of the panel until failure occurs. 

n. 3  

Determination of diagonal tensile strength ASTM E519 – 07  Application of an evenly distributed compression 

load along one diagonal axis. 

n. 3  

Determination of tensile strength with pre-

compression load 
[34] 

Application of a shear force to a wallette subject to a 

pre-compression load. 

n. 3  

 

Table 2. Main geotechnical characteristics of the soil matrix. 

Liquid limit 44% 

Plasticity index 23% 

Fine (< 75 m) 100% 

Clay (< 2 m) 22% 

Activity 1.05 

 

Table 3. Granulometric and mineralogical properties of the used earthen material 

Grain size distribution (wt%)  Mineralogic properties 

Grain  Clay 

Clay 

(< 0.002 mm) 

Silt 

(0.002-0.063 mm) 

Sand 

(0.063-2 mm) 

 

 

Quartz  Illite Kaolinite Montmorillonite 

and Chlorite 

42 57 1  +++  ++ + + 

Quantities +++ high; ++ medium; + low 

 

Table 4. Optical set-up and calibration parameters. 

    CAMERA 1 CAMERA 2 CAMERA 3 

Sensor (Type) CMOS CMOS CMOS 

Sensor pixel size (μm) 6.8 × 6.8 6.8 × 6.8 6.8 × 6.8 

Sensor resolution (pixel) 1280 × 1024 1280 × 1024 1280 × 1024 

Frame rate (fps) 27 27 27 

Lens (Type, mm) C mount, 16 C mount, 16 C mount, 25 

Working distance (mm) 2000 2000 4000 

Sensor noise (gray level, dB) 0.94, −19 0.94, −19 0.94, −19 

Subset size (pixel, mm) 25, 20 25, 20 20, 20 

Displ. accuracy (st. dev) (pixel, mm) ±(0.05, 0.1) ±(0.05, 0.1) ±(0.08, 0.1) 

Strain accuracy (st. dev) (mm/mm) ±0.0001 ±0.0001 ±0.00015 

CALIBRATION DATA 

fx - fy (pixel) 1811 - 1803 1818 - 1811 / 

cx - cy (pixel) 659 - 523 708 - 524 / 

Tx – Ty - Tz (mm) 484 – 454 – 2200 / 

x – y - z (rad) 0.0222 – 0.0032 – 0.0198 / 

 

Table 5. Compressive test results of the earth blocks.   

Specimen  Avg. net compressive strength fcm SD COV  

  (N/mm2) (N/mm2) (%) 

A1-A9 3.4 0.4 0.12 

Tables
Click here to download Table: Tables.docx

http://ees.elsevier.com/conbuildmat/download.aspx?id=1465113&guid=53c7033c-2ef8-486f-a1fc-7449493f195c&scheme=1


Table 6. Initial shear strengths of the triplets.     

Specimen Avg. tensile strength fvo Characteristic tensile strength fvok SD COV  

  (N/mm2) (N/mm2) (N/mm2) (%) 

 

        

T1-T3 parallel 0.04 0.03 0.01 18.6 

 

        

T1-T3 

perpendicular 2.37 1.90 0.14 5.8 

 

Table 7. Compressive strength, Young modulus and normal strain of the wallette. 

Specimen    (N/mm2) Ei (N/mm2)  

C1 2.02 591 0.22 

C2 2.46 703 0.23 

C3 1.48 740 0.28 

m 1.99 678 0.24 

SD 0.49 78 0.03 

COV 25% 11% 13% 

 

Table 8. Tensile strength, Young modulus and shear strain of the wallette. 

Specimen    (N/mm2) G (N/mm2)  

S1 0.00246 7.76 0.000105718 

S2 0.00236 8.09 9.70814E-05 

S3 0.00254 10.20 8.26778E-05 

  m 0.00245 8.68 9.51591E-05 

SD 0.00009 1.32 1.16398E-05 

COV 4% 105% 12% 

 

Table 9. Tensile strength, shear modulus and shear strain of the wallettes under a precompression load. 

Specimen    (N/mm2) G (N/mm2)  

SP02_1 0.176 35 0.051 

SP02_2 0.168 40 0.045 

SP02_3 0.157 39 0.056 

  m 0.167 38 0.051 

SD 0.010 3 0.006 

COV 5.7% 7.0% 11.2% 

SP04_1 0.176 344 0.048 

SP04_2 0.171 310 0.035 

SP04_3 0.180 329 0.042 

  m 0.176 327 0.041 

SD 0.005 17 0.006 

COV 0.027 0 0.148 
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The authors really thank the reviewers for their careful revision work and for the suggestions that allowed 

improving the paper. 

 

Reviewer #1:  

The manuscript presents an experimental study on the mechanical behaviour of a new earth block 

masonry. The new block developed is interesting, however, the content should be carefully revised at 

different points. 

 

1.  R: The title is not really convincing and give confusion, because DIC is just a technique which becomes now 

relatively popular. The author should decide what is the most important topic of the manuscript: "new earth block 

masonry" or DIC, to provide a relevant title. 

A: The title has been changed in the following:  

“Experimental study of the mechanical behaviour of a new extruded earth block masonry” 

 

2.  R: Section 2: "Main phase: characterization of the mechanical behavior of earth blocks wallettes through DIC 

technique to obtain the compressive and tensile strengths." However, the DIC technique helps to determine the 

displacements and then the strains, it does not enable to determine the compressive or tensile strength. 

A: The text has been modified as follows: 

“Main phase: characterization of the mechanical behavior of earth blocks wallettes through DIC technique 

to obtain the displacement and strain fields.” 

 

3. R: Section 2.1: the fibers used should be better described (size, ...). Section 2.1: a picture about the machine and 

the manufacturing process of the bricks should be added to provide a better understanding. 

A: the authors have added a new text regarding the composition of the blocks and type of manufacturing 

process. The following text has been added in section 2.1. (Materials and sample preparation): 

“Their composition consists of a matrix of clayey soil (70%) and spoils of rice husk fibers (30%) as natural 

stabilizers. The rice husk fibers have size of about 3 mm x 5 mm. The extruded blocks have been 

mechanically produced with the same manufacturing process used in brick factories, except for the oven 

and artificial drying chambers.“ 

As regards the picture of the machine used for manufacturing process, the authors are not allowed from 

Ton-Gruppe Company to publish a detailed description of the extrusion tools, due to patent issues. 

 

4.  R: section 2.4: the authors should clarify the net compressive strength or gross compressive strength, how to 

determine those values. When the authors compare with the results from other studies, this point should be 

considered. 

*Detailed Response to Reviewers



 

A: The author has clarified in the text that the net compressive strength has been considered (section 3). 

Moreover, in discussion section (section 7), we have specified that the comparisons with other solid and 

perforated blocks were possible since we have considered the net strength value.  

 

5.   R: Fig. 14: the accordance between DIC image and hand-draw is not convincing, while for Fig. 15 is more 

convincing. 

A: To account for the reviewer observation we have adjusted the hand-drawn map through the photos 

taken during the experimental campaign. 

 

If the author can revise carefully their manuscript, I think the manuscript can be considered for publication. 

 

Reviewer #2:  

The topic of the manuscript is interesting and can contribute to improve the knowledge on the mechanical 

behavior of earthen masonry. The manuscript is well written, methodology and significance are clearly 

described. To improve the overall quality of the manuscript, some minor revisions are suggested: 

 

1. R: FIG 2 modify axis captions: percentage passing (%) - Sieve size (mm) 

A: The figure was corrected as suggested. 

 

2. R: FIG 3 Not relevant, the figure can be deleted. 

A. Since the other reviewer required more details on blocks, such as fibres size, blocks extrusion method.., 

we find important to give information on blocks composition. So we have decided to replace the old figure 

with a new table (Table 3). 

  

3. R: Section 7 In the framework of DIC comparison on earthen materials, it could be interesting to add the results on 

adobe masonry (Miccoli et al, 2015 Eng Struct) and rammed earth (Miccoli et al. 2015, Mater Struct). 

A. The authors studied the works suggested by the reviewer and introduced the comparisons in the revised 

version in Section 7. 
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ABSTRACT 

The aim of this research is to investigate, through the Digital Image Correlation (DIC) technique, 

the mechanical performance of a new type of earth masonry, built with extruded blocks and 

characterized by dovetail horizontally staggered bed joints. The experimental program consists of 

two levels of investigations: (i) preliminary phase on components, (ii) compression, diagonal 

compression and combined shear-compression tests on 12 wallettes. Regarding the components, 

results showed that the mean compressive strength of the earth block was low (3.5 MPa) with 

respect to traditional bricks and similar to adobe blocks. The dovetail joints were effective in their 

joining role showing a rather good strength (2.4 MPa) when tested in triplet configuration. 

Regarding the wallettes, the DIC highlighted failure modes complying with the ones of a traditional 

masonry under shear, while it showed a “column behaviour” with vertical sliding under 

compressive tests. Fragile failures occurred during the diagonal compression test. DIC revealed to 

be a promising technique to recover the full-field strain and crack maps. 

 

 

Nomenclature 

fc  compressive strength of the earth block  

fcm  average compressive strength of the earth block 

fvoi           initial shear strength  

fvo       average initial shear strength 
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fvok         characteristic  initial shear strength 

Ei                Young modulus 

          Poisson ratio 

τ             shear stress 

σ normal stress 

τm             wall average shear strength 

σm wall average compressive strength 

G         shear modulus  

          shear strain 

          normal strain 

sx         horizontal displacement  

sy         vertical displacement  
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1. Introduction 

The present research focuses on a new type of masonry made of earth blocks. Benefits associated 

with the adoption of earth units include the improvement of the building energy efficiency [1, 2], 

and its environmental and economic sustainability [3-5]. The blocks are made of a mixture of 

natural components, namely clay, water and rice husk fibres. Clay acts as a natural binder and 

confers strength to the blocks but it can be subject to cracks due to drying shrinkage [6]. This 

drawback can be reduced through the addition of stabilizers. Numerous studies suggest the use of 

both natural [7-9] and artificial [10] fibres to prevent the outbreak of tensile forces and the 

consequent drying shrinkage [11]. Another relevant feature affecting the performance of earth 

blocks is represented by the manufacturing process that can vary from manual to fully automated 

[12-14]. The extrusion of bricks is a promising method, determining strengths comparable with 

those of traditional fired bricks [15].  

While there is a lot of literature on mechanical behavior of stone and fired brick masonries, the 

knowledge on extruded earth blocks constructions is very limited. Indeed the literature on earthen 

wallettes mainly regards the most commonly used earth construction techniques, namely rammed 

earth [12, 14, 16 and 17] and cob [12], while the studies on extruded earth block masonries are very 

rare. The earth blocks adopted in [12] and [13] are brick-like units produced by a mechanized hand-

moulding procedure, horizontally layered with mortar bed joints, thus recreating a traditional 

masonry wall.   

In this research, we have selected extruded perforated blocks with rice husk, to couple a natural 

stabilization method with the most advantageous manufacturing technique (Fig.1a). The block is 

novel since the extrusion is uncommonly-realized at industrial scale, providing a major structural 

potential with respect to usual blocks, which are manually or mechanically compressed within a 

mold. Moreover, a novel assembly technique for the masonry construction is adopted, providing 

horizontally staggered bed joints (thus creating aligned vertical joints), linked through tongue 

and groove dovetail connections. This technique is at the present used in both exterior and interior 

sides of timber framed constructions (Fig.1 b and c), fixed by means of ring-shank nails to the 

external bracing fir boards, with energy saving and shear-collaborating issues, but without load 

bearing functions. 

In the present work, the new earth block masonry was surveyed through Digital Image Correlation 

(DIC). In recent years, this technique has become one of the most promising measurement methods, 

since it allows obtaining a significant amount of information on the strain state of the 

material/structure and a complete reconstruction of the crack pattern [18]. Several authors have 

https://context.reverso.net/traduzione/inglese-italiano/of+rice+husk
https://context.reverso.net/traduzione/inglese-italiano/groove
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advantageously applied DIC in different frameworks, such as the analysis of the mechanical 

behaviour of reinforced concrete beams [19-21], composites [20] and masonry.  

Its application on masonries was carried out at different scales: characterization of small specimens 

of reinforcing mortars [21]; investigation of the bonding behaviour in FRP–brick specimens 

interfaces [22]; survey of the mechanical behaviour of small-scale masonry units [23]; tests on 

wallettes and full-scale prototypes ([24] and [25]); mechanical study of real-scale confined masonry 

walls [26]; map of the crack propagation at the building scale [27].  

 

The present research is aimed at characterizing the mechanical properties of a new type of masonry 

with horizontally staggered bed joints, made of extruded earth blocks by means of the DIC 

technique and evaluating possible applications of such blocks for load bearing functions.  

To that aim, an extensive experimental campaign has been carried out by means of compression and 

shear tests on small samples and wallettes. All measurements have been recorded with the aid of 

DIC technique and processed via MatLab. 

 

2. Test methods 

The research phases are the following:  

 Preliminary phase: material characterization of earth blocks to obtain the compressive 

strength of single units and the initial shear strength of triplets.  

 Main phase: characterization of the mechanical behavior of earth blocks wallettes through 

DIC technique to obtain the displacement and strain fields.  

A detailed outline of the lab tests of the main phase is summarized in Table 1.  

 

2.1. Materials and samples preparation 

The hollow extruded earth blocks were provided by Ton-Gruppe Construction Company.  

Their composition consists of a matrix of clayey soil (70%) and spoils of rice husk fibers (30%) as 

natural stabilizers. The rice husk fibers have size of about 3 mm x 5 mm. The extruded blocks have 

been mechanically produced with the same manufacturing process used in brick factories, except 

for the oven and artificial drying chambers. 

The soil matrix was tested to determine its grain size distribution (ASTM D422) and consistency 

limits (ASTM D4318). All the soil passed the #200 sieve (opening 0,075 mm) and resulted a lean 

clay according to the Unified Soil Classification System, USCS (ASTM D2487), as shown in Table 
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2 and Fig. 2. The activity coefficient, equal to about 1, reveals a normally active soil, with a low 

susceptibility to swelling or shrinkage. X-ray diffractometry revealed that the main mineralogical 

components are calcite, montmorillonite and gypsum as shown in Table 3. 

 

The tested samples consisted of 9 single blocks, 6 triplets and 12 wallettes. 

The block is extruded through a die machine and left naturally air-dried. Each earth unit has 

nominal dimensions of (215 x 230 x 115 mm
3
) and presents one flat vertical surface and one ribbed 

side to improve the adhesion of the external plaster (Fig. 1a). On the lateral surfaces, dovetail joints 

serve as a guide for the alignment of the earth units during the wall assembly and ensure their 

mechanical connection, thus enhancing the overall global behavior. A novel technique for the wall 

assembly with horizontally staggered bed joints is adopted. Thus, the blocks are aligned along 

vertical columns and are linked together through the aforementioned dovetail joints. 

The wallets size was 1.07 x 1.03 x 0.11 m
3
. Their realization comprised the following steps: (i) clay 

was mixed with water in a ratio of 2:1; (ii) the lateral and the bottom surfaces of each block were 

uniformly wetted in this paste; (iii) each block was then secured to the others by vertically sliding it 

along their dovetail joints.  

Preliminary tests on mortar samples (UNI EN 1015-11:2017) revealed values of 0.21 N/mm
2
 and 

1.83 N/mm
2
, respectively for flexural and compression strengths. The upper bed of each specimen 

was leveled to remove excess material as to guarantee a plane surface for the subsequent load 

application.  

All materials and assemblies were stored in the laboratory until testing and the curing process lasted 

30 days in a controlled laboratory environment.  

 

2.2. Preliminary tests on the earth blocks 

The net compressive strength of nine uncapped earth blocks (Fig. 3a) was determined in accordance 

to the UNI EN 772-1:2015 standard. The testing apparatus was a hydraulic press machine 

(maximum load capacity of 5000 kN). The rate of compression was set at 0.05 (N/mm
2
/s). The 

earth blocks were tested in the extrusion direction.  

The initial shear strength parallel to the dovetail joints (Fig. 3b) was determined on 3 specimens 

according to UNI EN 1052-3:2007 standard (Procedure B). The test set up involved the use of two 

20-mm thick plates at the top and at the bottom of the specimen. Compressive load was applied on 

the top plate using of Zwick Roell Z050 testing machine (maximum load of 1000 kN) in force 

control at a rate of 2645 N/min until failure.  
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The initial shear strength perpendicular to the dovetail joints (Fig. 3c), subject to an out-of-plane 

load, was evaluated on 3 specimens by adopting the same UNI EN 1052-3:2007 standard procedure.  

 

2.3. DIC Set-up 

The displacement and deformation of the surface of the wallettes were measured using the 3D-DIC 

technique. The region of interest (ROI) on each side of the wallettes has been spray-painted with 

black and white texture. Preliminary tests were carried out to define the most suitable dimensions 

and intensity of the pattern, following [24]. The experimental set-up is presented in Fig. 4. The 

features of the two cameras (model Pixelink® B371F – see insert A in Fig. 4) and the calibration 

data are shown in Table 4.  

A third camera (insert A in Fig. 4) was used to check, with DIC-2D, the displacement and the 

deformation of the backside. During the tests, the manometer was coupled with an additional high-

resolution camera that acquired the frames needed to register the pressure trend against time. Then, 

compression and tensile strengths values were obtained, according to the relative test standards. 

The pictures of the wallettes acquired during the tests have been post-processed by a 3D-DIC 

software. The correlation method between the two cameras and the deformed images was based on 

global DIC, which incorporates the epipolar constraint and the assembling approach of Finite 

Element method. The displacements of all grid measuring points, created on the entire surface of 

the wallettes, were obtained by minimizing the correlation error computed all over the current frame 

with respect to the reference frame [25]. The zero-mean sum of square difference (ZSSD) criterion 

has been adopted to avoid the effects of lighting offset and inhomogeneity.  

 

Fig. 5a presents one of the pictures recorded by the frontal camera with the overlaid measurement 

grid.  The subsets discretization, used for the DIC analysis, was 25×25 pixels meaning each 

measure point was about 20 mm. Fig. 5b shows the 3D grid calculated by the stereo triangulation 

with the schematic position of the two frontal cameras. The strains (x, y, and xy) have been 

computed by means of the Cauchy-Green theory, starting from the 3D node displacements. Several 

authors have already successfully applied this method on tests of different materials: metals, 

ceramic, foam, cork and FRCM [28-32]. 

In a preliminary phase, the quality of the correlation technique and strains measurements was 

assessed through a set of 50 stationary images. Fig. 5c illustrates the average values of the vertical 

strain distribution (y) and its standard deviation within each frame. The average strain presents 

small random oscillations around zero and the standard deviations are nearly constant, in the order 
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of 100 με. The crack maps were obtained by calculating the equivalent Von Mises strain in plane 

strain conditions (3=0) [33]. 

 

                  
     

   

 
                                                                                       (1)    

 

To avoid visualizing the sliding effect between columns of bricks, the crack maps were calculated 

by creating measurement grids on each brick column separately.  

 

2.4. Tests on the wallettes 

The compressive strength of the wallettes (Fig. 6a) was determined on 3 samples according to UNI 

EN 1052-1. The specimens were subject to a compression load by means of two 500 kN hydraulic 

jacks, uniformly distributed thanks to a 25 mm-thick steel plate. The nominal strains  were 

obtained by averaging the strain values recorded through DIC on the whole specimen area.  

The shear strength of the wallettes (Fig. 6b) was obtained through diagonal compression tests on 3 

samples following the ASTM E519 – 07 standards. The shear test apparatus consisted of a single 

hydraulic jack (500 kN). The shear strain γ was estimated through DIC, as the mean value of the γ 

recorded on the ROI.  

The shear strength of the wallettes under a constant pre-compression load (Fig. 6c) was obtained on 

3 samples following the experimental guidelines provided by [34], using a pre-compression load of 

0.2 N/mm
2
. An “L” shaped steel profile was placed on the upper part of the specimen to transmit 

the horizontal force.  

 

3. Results of preliminary tests 

The compressive strengths of the earth blocks, referred to the net area (the area of the surface on 

which the load is applied excluding the voids), are summarized in Table 5.  

The average net compressive strength     was found to be 3.4 N/mm
2
. As expected, this value is 

quite low as compared to the compressive strength of traditional solid baked bricks, commonly 

around 16 N/mm
2
 [35]. 

The failure mode was the same for all the specimens tested, with cracks originating before the peak 

load (Fig. 7a).  Cracks were located on the front and backsides of the blocks, close to the point of 

application of the load.  
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The average and characteristic initial shear strengths fvoi and fvok parallel and perpendicular to the 

dovetail joints are reported in Table 6. The characteristic initial shear strength fvok  parallel to the 

dovetail joints was 0.03 N/mm
2
. The coefficient of variation (COV) is relatively high, as typical in 

handmade assembled constructions. The typical failure mode is reported in Fig. 7b. The 

characteristic initial shear strength fvok  perpendicular to the dovetail joints was 1.90 N/mm
2
. The 

failure mode is reported in Fig. 7c, denoting a good interlocking effect of the dovetail joint and 

corner expulsion. 

 

4. Normal Compression tests  

4.1 Stress-strain curves 

The stress – strain σ - ɛ diagrams for the 3 wallettes are shown in Fig. 8, where the strain values 

were obtained through DIC and post-processed in MATLAB. The specimens exhibited an 

approximately linear behaviour up to the maximum load with a brittle failure.  

The mean value   , Young’s modulus determined at 1/3 of maximum stress Ei and Poisson’s ratio 

 of the wallettes are summarized in Table 7. The mean value of    was approximately 2 N/mm
2
.  

 

4.2 Full field strain maps 

The DIC allowed recovering the complete deformation field at each point of the wall. The evolution 

in time of the vertical displacement sy, the vertical strain y and the shear strain xy, are shown in 

three distinct frames (Fig. 9) corresponding to the three highlighted points of Fig. 8.  

 

From the evolution of sy it could be noted that the wall behaves as a series of independent slender 

adjacent columns (Fig. 9a). Indeed, the alignment of the vertical joints avoids the uniform 

downward distribution of the load. This behavior leads to a modest out-of-plane instability 

phenomenon (confirmed by the 3D-DIC), which is mitigated by the presence of the dovetail joints. 

The “column effect” is also visible by the evolution of the xy that registered high relative sliding 

between the vertical members (Fig. 9b). As expected, the y is uniformly distributed on the ROI 

surface with some evident areas of strain concentration (Fig. 9c).  

 

4.3 Full field cracks map 

The cracks map under uniaxial compression load obtained through a visual survey is compared with 

the Von Mises strain map obtained by DIC, in Fig. 10. The cracks propagated from the upper region 

of the specimens along the masonry surface, with clay expulsions in proximity of the applied force. 
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The DIC results confirm those obtained by visual inspection and highlight more in detail the weak 

points. Some vertical cracks, not referable to typical tensile block failures, are located in the 

proximity of the wall top edge due to an expulsion mechanism. 

 

5. Diagonal compression tests  

5.1 Stress-strain curves 

The shear stress–strain τ – γ curves for the 3 wallettes are presented in Fig. 11. It can be noted a 

distinctive yield point when elasticity of the specimen is exceeded and first cracks appeared. The 

tensile strength   , shear modulus G and shear strain  of the wallettes are reported in Table 8. The 

diagonal compression test registered a very low average strength value    (0.002 N/mm
2
). This 

value is due to the specific construction technique which relies only on the friction between the 

horizontal and the vertical dovetail joints since the thin mortar layer is characterized by low 

resistance.  

 

5.2 Full field strain maps 

The evolution in time of sx, sy and xy, is illustrated for three distinct moments (see Fig. 12) 

corresponding to the three highlighted points of Fig. 11. The sx and sy maps show that the specimen 

open up in two parts laterally facing the loading line. This behavior is due to the low adhesion at the 

interface between the blocks (Fig.12a, b). Additionally, sliding along the joint lines was also visible 

from the xy maps (Fig.12c). 

 

5.3 Full field cracks map 

The cracks map under a diagonal compression load derived from a visual inspection is presented in 

Fig. 13 and is compared with the Von Mises strain map obtained by DIC. All the specimens 

exhibited a brittle behavior. Fragile-type cracks originated very close to the normal loading line and 

propagated through the joints, without damaging the blocks. At the end of the tests, all the wallettes 

were completely disrupted. The DIC successfully reproduced the visual inspection, giving 

adjunctive information on the strain field. 

 

6. Shear tests with pre-compression  

6.1 Stress-strain curves  
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The results of the shear stress–strain τ-γ diagrams for the 3 specimens subject to a pre-compression 

load of 0.2 N/mm
2
 are presented in Fig. 14. In the first part, the curves showed a linear trend until 

the first crack appeared. Then, a plastic region occurred with formation of other diagonal cracks. 

The trend showed a ductile behaviour, typical of shear tests with pre-compression.  The tensile 

strength   , shear modulus G and shear strain  of the wallettes are collected in Table 9. As 

expected, the test showed a slight increase (about 2.4%) in terms of tensile strength with respect to 

the diagonal tensile findings without pre-compression.  

 

6.2 Full field strain maps 

The evolution in time of sx, sy and xy for the wallettes under shear combined with pre-compression 

are shown in Fig. 16. As expected, the displacement sx presented an approximately linear trend 

along the vertical axis (Fig. 15a). The displacement sy showed a relevant sliding along the vertical 

joints. This phenomenon has already been pointed out in the full strain maps of the compression test 

(Fig. 15b). In the strain xy maps, two inclined crack lines originating from the point of application 

of the shear force were visible (Fig. 15c). 

 

6.3 Full field cracks map 

The hand-drawn cracks map of the specimens under shear and constant compression load is 

compared with the Von Mises strain map in Fig. 16. As expected, the failure mechanism highlights 

diagonal staggered fractures following the vertical and horizontal lines of the joints.  

 

7. Discussion 

The present research experimentally investigated through DIC the mechanical behaviour of a new 

earth block masonry, characterized by industrially extruded units assembled in vertical columns, 

connected by dovetail joints, and with staggered horizontal bed joints. In particular, the objective 

was to verify the shear performance and the possible load bearing functions.  

The data have proved that the masonry units have low compressive strength, typical of earthen 

blocks. The average net compressive strength  m of the single unit (earth block with dovetail joints) 

was compared in Fig. 17a with the ones of either unbaked bricks with different mixtures. 

The fcm values of the present perforated blocks can be compared with the values obtained in 

literature regarding experimentations on solid blocks, since the net compressive strength excludes 

the voids influence. The net strength values are similar to those of solid blocks, namely adobe 
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bricks [36] earth blocks with coarse sand [37] and manually compressed earthen blocks [37], while 

they are much lower than those achieved by perforated earth blocks with mechanical compression 

manufacturing techniques [38].    

The average tensile strength τm parallel to the dovetail joints of the triplet was compared with the 

ones of several triplet configurations made of different brick and mortar assemblies [39, 40] (Fig. 

17b). The low value of the tensile strength of the present technique is comparable with that of other 

techniques characterized by poor quality mortar. 

 

The values of the average compressive strength  m and the Young modulus Ei of the wallettes were 

compared with the ones of other earth walls (Fig. 18a). The  m and Ei values obtained in the present 

study (1.59 N/mm
2
 and 651 N/mm

2
, respectively) were comparable with those of the cob wall but 

significantly lower than the ones of the rammed earth and earth block walls [12-14]. The low 

compressive strength of the experimented earth wallette is due to: (i) the particular block adopted 

here, that is perforated, differently by other studies (e.g. [12 and 13]) that surveyed solid block 

configurations; (ii) the particular assembly technique, which does not provide the uniform 

downward load distribution.  

The tensile strenght τm and shear modulus G of the earth wallette, obtained with diagonal 

compression tests, were compared with the results of the same aforementioned earth masonries in 

[12-14] (Fig. 18b). As already mentioned, the earth wallette under study, exhibited a scarce shear  

behaviour. Indeed, the values of tensile strength (0.002 N/mm
2
) and shear modulus (8.68 N/mm

2
), 

were the lowest. 

 

The findings were compared with the experimental results by other authors in literature regarding 

other masonry samples surveyed through DIC (Fig. 19).  

The DIC applied on compression tests (see Fig. 10 and Fig. 19a) revealed the absence of tensile 

block failure characterized by vertical cracks through the blocks that typically occurs under 

compression in traditional brick masonries (e.g. [41]) and earthen block masonries with horizontal 

courses (e.g.  [13]).  This behaviour is due to the lack in the present wall of a deformable mortar 

layer, which causes horizontal tensions within the blocks. Moreover, the crack pattern in the present 

work reveals also a different failure behaviour respect to the one observed in rammed earth 

wallettes (see e.g. [14]), characterized by the formation of cone shaped cracks at the upper and 

lower regions. 

The DIC on diagonal compression tests showed the presence of weak planes along the bed joints, as 

also highlighted by other authors regardless the block material and size (see Fig. 13 and Fig. 19b). 
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For concrete masonry, the strain accumulation was located along the mortar joints where failure 

occurred [42]. Also for rammed earth, the DIC allowed to visualizing the fracture lines along the 

compaction layers [16]. 

The DIC on shear tests with pre-compression highlighted the formation of cracks along the diagonal 

compressive strut following the staggered lines of the bed joints (see Fig. 16). The shear tests was 

also evaluated through DIC in [17], [33] and [43]. The former study found quasi-diagonal cracks in 

rammed earth walls, while the latter two observed more sharply diagonal cracks for traditional fired 

clay and concrete masonry, respectively (Fig. 19c). 

The results clearly showed the capability of DIC to identify the regions with strains concentrations 

and therefore to locate the position of eventual failure mechanisms. 

  

8. Conclusion 

In this paper, the mechanical properties of a new type of earth blocks masonry have been 

investigated by means of DIC.  

The study of the mechanical behavior of the single block and of the joints gave the following 

results: 

- Compressive strength of the earth block was low (3.5 MPa), but comparable with the values of 

adobe blocks; 

- The tensile strength, evaluated in triplets, was low (0.04 MPa) regardless the presence of the 

dovetail joints. 

The study of the mechanical behavior of 12 wallettes under compression, shear and a combination 

of them, gave the following results: 

- The compression tests highlighted that the geometry of the block coupled with the horizontally 

staggered wall assembly led to a “column behavior” differently from traditional masonries. 

During the test, a differential sliding between bricks columns occurred; 

 - The diagonal compression tests registered a low tensile resistance value since the low quality 

earth mortar coupled with the joints vertical alignment did not guarantee a proper bond between 

the blocks thus enhancing the fragile behavior and the assembly disruption.  

- The shear tests under pre-compression loads showed the formation of compressive struts typical of 

masonries and revealed a slight increase in terms of tensile strength with respect to the diagonal 

tensile findings without pre-compression, due to the collaboration of the dovetail joints.  

In general, the study showed the need to improve the mechanical properties of the earth blocks and 

the connection ability of the dovetail joints to achieve possible bracing capacities of the walls made 
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with this technology. The DIC technique was successfully implemented to determine the 

deformation and failure state of the earth blocks masonries. The full-field measurements using DIC 

technique is promising, especially when the specimens are subject to inelastic deformations. 

Moreover, the DIC proved its high potential in stress-strain monitoring.  
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List of captions  

Fig. 1. (a) Earth block geometry, (b) Platform-Frame construction system and (c)external envelope 

layers. 

Fig. 2. Grain size distribution of the soil matrix. 

Fig. 3. Tests set up for (a) the determination of  the compressive strength of the earth block, (b) the 

determination of the initial shear strength parallel to the dovetail joints (configuration A) and (c) the 

determination of the initial shear strength perpendicular to the dovetail joints (configuration B).  

Fig. 4. DIC set up. 

Fig. 5. (a) Picture whit overlaid grid, (b) 3D grid point, and (c) strain noise evaluation for the 3D-

DIC. 

Fig. 6. Tests set up of the wallette specimen for (a) the determination of its compressive strength, 

(b) the determination of  its tensile strength and (c) the determination of its shear strength with a 

constant compression load. 

Fig. 7. Failure modes of (a) the earth block,  (b) of the triplet (configuration A) and (c) of the triplet 

(configuration B). 

Fig. 8. σ – ε curves of the wallette specimens under compression load. 

Fig. 9. Complete displacement and strains fields of the wallettes under compression load. 

Fig. 10. Crack mapping on wallette under compression load: (a) Von Mises strain field of the 

ultimate state and (b) hand-drawn map based on visual inspection. 
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Fig. 11.  τ-γ curves of the wallette specimens under diagonal compression load. 

Fig. 12. Complete displacements and strain fields of the wallettes under diagonal compression load. 

Fig. 13. Crack mapping on wallette diagonal compression load: (a) Von Mises strain field of the 

ultimate state and (b) hand-drawn map based on visual inspection. 

Fig. 14. τ-γ curves of the wallette specimen under a shear and constant compression of 0.2 

N/(mm
2
). 

Fig. 15. Complete displacements and strain fields of the wallettes under a shear and constant 

compression of 0.2 N/(mm
2
). 

Fig. 16. Crack mapping on wallette under shear and pre-compression load: (a) Von Mises strain 

field of the ultimate state and (b) hand-drawn map based on visual inspection. 

Fig. 17. Comparison of (a) the compressive strength values of different types of bricks and (b) of 

the initial shear strength of triplet setups. 

Fig. 18. Comparison of (a) the compressive strengths, and (b) the tensile strengths of different types 

of  masonries obtained from a diagonal compression load. 

Fig. 19. Results of the DIC technique applied in masonries under (a) compression load, (b) diagonal 

compression load and (c) shear with pre-compression. 

 

 

 


