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Fig. 5. Typical modes of failure of reinforced specimens: a) specimens made with one mortar layer 
(Y-R-1), b) splitting surface with visible reinforcement non-covered by mortar, c) and d) specimens 

made using two layers of mortar (Y-R-2)

3.2. State of cracking and ultimate stresses 

During laboratory tests, at each measuring step (approximately every 30 seconds), the 
compressive force and displacements measured by inductive LDV gauges were recorded. 
Based on this, the characteristic values of forces and stresses (corresponding with the cracking 
moments and at the state of failure) were determined. Table 2 shows the values of cracking 
forces Fcr1, Fcr2 and the maximum forces (the ultimate value) recorded at the state of failure Fu 
and corresponding to each force of cracking stresses τcr1, τcr2 and the ultimate shear stresses τu 
observed. Table 3 shows the mean values of all characteristic forces (Fcr1,mv, Fcr2,mv, Fu,mv) and 
stresses (τcr1,mv, τcr2,mv and τu,mv) grouped for unreinforced specimens (Y-UR), the reinforced 
wallettes with one layer of mortar (Y-R-1) and the reinforced specimens with reinforcement 
placed between two mortar layers (Y-R-2). Additionally, the reinforced specimens (both 
Y-R-1 and Y-R-2) were compared with the unreinforced specimens (Y-UR) in terms of the 
first cracking stresses and ultimate stresses.

a)                                                                                b)

c)                                                                                d)
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T a b l e  3

Mean values of characteristics diagonal compressive forces and shear stresses for all series  
of tested elements

Element Fcr1,mv 
[kN]

τcr1,mv [N/
mm2]

Fcr-vis,mv
[kN]

τcr-vis,mv
[N/mm2]

Fu,mv
[kN]

τu,mv
[N/mm2]

UnreinforcedY-
UR 18.14 0.063 – – 101.04 0.359

Reinforced with 
1 layer of mortar 

Y-R-1
21.73 0.075 59.90* 0.207* 100.15 0.346

Reinforced with 
2 layers of mortar 

Y-R-2
75.81 0.262 114.81 0.396 133.61 0.461

Y-R-1/Y-UR

–

1.19

–

0.96

Y-R-2/Y-UR 4.16 1.28

Y-R-2/Y-R-1 3.49 1.33

* uncerntaily average values – obtained on the basis of only two results.

The analysis of both the cracking and maximum (ultimate) stresses at failure leads to very 
interesting conclusions. Development of the first cracking was recognised as a typical micro-
crack, barely visible on the surface of the element. Their occurrence in masonry of non-filled 
perpend joints caused during the first load phase, the closing of internal spaces between 
the masonry units and tightening of the masonry wallettes structure. This phenomenon was 
noticed during the first cracking observed on the basis of the recorded data and recognised as 
disturbance on the displacements diagram. The next cracking state (the second crack), clearly 
observed in reinforced specimens with a proper bonding between the reinforcement and 
masonry units (using two layers of mortar Y-R-2), was found when visible vertical cracks 
appeared on the surface of the specimens. The typical width of the cracks was smaller than 
0.1 mm. The development of the second crack was also noticed on the displacement diagrams 
as the changing of the inclination of the graph line. 

In both reinforced elements, the values of cracking stresses (first and second) were higher 
than those noticed in the unreinforced specimens. In the unreinforced masonry wallettes, 
the first cracks were found for stresses in the range of τcr = 0.058÷0.067 N/mm2. Slightly 
higher values (τcr = 0.061÷0.095 N/mm2) were recorded for reinforced specimens with 1 
layer of mortar. When using 2 layers of mortar coating, the increase of stresses at the cracking 
moment was significant because the stresses amounted to τcr = 0.179÷0.294 N/mm2. For both 
types of the reinforced masonry wallettes, the delay in development of cracks was noticed, 
but in the first group of reinforced elements (Y-R-1), the increase analysed for the average 
values amounted to only 19%, and in the reinforced elements with 2 layers of mortar coating 
(Y-R-2), it was much more significant and was as high as 316%. The comparison of both 
reinforced types of specimens shows that the introduction of two layers of reinforcement 
mortar coating corresponded with 249% increase in micro-cracking stresses. 
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Analysis of a possibility of a second crack occurrence shows that only specimens with 
two layers of mortar developed visible cracks with no ensuing danger of rapid damage to 
masonry wallettes. The value of stresses, at the time when the second crack was observed, was 
very high and was determined to be equal to 0.86% of the ultimate stresses. In unreinforced 
elements and the first series of reinforced elements (Y-R-1), a visible and safe second 
crack was practically not observed. The development of cracks in the unreinforced element 
occurred together with a simultaneous rapid damage of this element. In reinforced specimens 
with one layer of mortar coating, the crack development was the result of a splitting effect 
observed and recognised as the failure state of this element. 

A similar tendency was found in the analysis of the ultimate stresses. Improvement of the 
maximum stresses was recorded only for two layers of mortar application. Unfortunately, 
when using only one layer of mortar, the failure occurred almost at the same moment as the 
failure of unreinforced specimens (the difference of the ultimate stresses amounted only up 
to 1% and should be neglected). This phenomenon was associated with a splitting effect 
observed in reinforced specimens (Y-R-1), which occurs instead of a wide vertical crack 
observed in unreinforced specimens (Y-UR).

In the second group of reinforced specimens (with two layers of mortar coating in Y-R-2 series), 
failure occurred later than in unreinforced specimens. The maximum (ultimate) stresses were 
higher than 35% when compared to the maximum stresses noticed for unreinforced elements. 
In this case, reinforcement was placed between the two layers of mortar, which allowed for 
a better bonding between the reinforcement and ACC blocks and thus the lack of occurrence 
of the splitting effect. 

3.3. In-plane deformations 

An analysis of deformation characteristics for the tested elements was conducted on 
the basis of in-plane deformability parameters obtained from the displacement measured 
using inductive gauges sets fixed along the diagonals of both surfaces of the specimens. The 
recorded data allowed for the determining of values of the non-dilatational strain angles 
occurring in the in-plane stiffness of masonry wallettes subjected to diagonal compression. 
Additionally, the values and changes of shear modulus were also analysed.

In Table 4, the values of non-dilatational strain angles (shear strains), determined at the 
time of the appearance of first and second cracks Θcr1, Θcr2 and at the state of failure Θu for 
all tested specimens are presented. The table also covers the average values of shear strains 
Θcr,mv, Θu,mv and shear modulus for both cracking moment Gcr and the average value Gcr,mv. 

A comparison of calculated values, presented in Table 4, indicates that deformation of 
both types of reinforced specimens should be discussed separately, because the behaviour of 
specimens of series (Y-R-1) was significantly different than that of the wallettes of (Y-R-2) 
series. Additionally, the deformation had to be analysed together with the values of stresses 
observed for characteristic moments, as shown in Table 2. 

Using only one layer of mortar coating for the reinforced specimens (Y-R-1) resulted in 
the element’s behaviour being almost the same as unreinforced specimens. The failure of 
both masonry wallettes (Y-UR and Y-R-1) was caused by the same shear stresses and the 
same deformability parameter. The non-dilatational strain angle calculated for reinforced 
specimens was Θu=1.161 mm/m, where the average value of strain angle for unreinforced 
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specimens was only 10% lower (Θu=1.061 mm/m). Development of the second cracking 
state was not noticed in either element; however, in two cases of reinforced specimens (most 
likely due to the fact that the reinforcement coating was a little better) a vertical crack was 
observed, but the deformation observed at the moment of cracking was not very high. Only 
in the case of the first cracking recorded, the strain deformation of the reinforced element was 
different than the one observed for the unreinforced element. The first micro-cracks occurred 
almost at the same load level as for the unreinforced specimens, but the corresponding 
deformation was smaller. 

T a b l e  5

Values of deformation parameter and shear modulus

Element Θcr1,mv
[mm/m]

Gcr1,mv
[N/mm2]

Θcr2,mv
[mm/m]

Gcr2,mv
[N/mm2]

Θu,mv
[mm/m]

Gu,mv
[N/mm2]

Unreinforced Y-UR 0.200 387 – – 1.061 288

Reinforced with 
1 layer of mortar 

Y-R-1
0.089 796 0.255* 820* 1.161 383

Reinforced with 
2 layers of mortar 

Y-R-2
0.670 425 1.109 363 2.183 208

* uncertain average values – obtained on the basis of only two results.

Analysis of the in-plane deformation of reinforced specimens, where reinforcement 
was fully covered by the mortar (two layers of mortar were used in Y-R-2), indicated 
a proper behaviour of these elements, especially in relation to masonry wallettes with 
the reinforcement placed only in one mortar layer (Y-R-1 series). The micro-cracking in 
these elements occurred much later than in unreinforced specimens (the difference was 
about 330%). This is associated with higher deformation of specimens and relatively lower 
increase of shear modulus calculated at the development of the first crack. The increase of 
non-dilatational strain angles was up to 235% with a 10% increase in the values of shear 
modulus. This phenomenon was the result of a better adhesion between the reinforcement 
surface and masonry units. The reinforcement deforms together with the specimens when 
applying load and results in the masonry wallette being much more flexible and ductile. 
The increase of ductility was associated with the obvious development of the second crack 
and corresponded with intense in-plane deformation. The calculated average value of the 
non-dilatational strain angle for Y-R-2 series of reinforced specimens (Θcr2 = 1.109 mm/m) 
was comparable to the value determined for unreinforced elements (Y-UR) at failure  
(Θu = 1.061 mm/m). However, the second crack did not cause damage of reinforced elements 
(series Y-R-2). The in-plane deformation of reinforced masonry wallettes observed at 
failure was significant (when compared to the unreinforced specimens) and was as high as  
Θu = 2.138 mm/m. This resulted in a positive impact on the deformation of reinforced 
specimen by correct coating of the reinforcement by mortar. First of all, for reinforced 
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Fig. 6. Comparison of shear stress – non-dilatational strain angle (τ – Θ) relationships for: a) unrein-
forced specimens (Y-UR) and reinforced specimens with one layer of mortar (Y-R-1), b) unreinforced 

specimens (Y-UR) and reinforced specimens with two mortar’s layers (Y-R-2) c) both reinforced 
specimens (Y-R-1 and Y-R-2)
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masonry wallettes, the no-crack phase was significantly extended (almost four times); 
secondly, the possibility of visible cracking development with no damage to the element was 
observed and thirdly, the deformation of the element at failure was two times higher than 
that of the unreinforced specimens. These phenomena are very desirable in the event of the 
occurrence of vertical forces (shearing).

In order to show noticed above remarks and observations, some diagrams with shear 
stress – shear strain (τ - Θ) relationships of all specimens were presented. Figures 4a and 4b 
show the behaviour of deformation of unreinforced specimens (Y-UR) in comparison with 
reinforced specimens with one layer of mortar (Y-R-1) and with two layers of mortar (Y-R-2). 
In the Fig. 4c the comparison of both reinforced specimens was presented.

4. Conclusions

The results of the carried out investigations of unreinforced and reinforced, using truss 
type bed joint reinforcement, masonry wallettes subjected to diagonally compressive loading 
were presented and discussed. Based on them, the significant influence of proper bed joint 
reinforcement covering by mortar on behaviour, mode of failure and positive modification 
of mechanical properties such reinforced masonry made of AAC blocks was recorded. The 
technological problem of bed joint reinforcement correct covering by mortar to ensure 
required adhesion was examined. Simultaneously, a very important influence of workmanship 
quality on behaviour and material properties of such masonry was stated. 

In spite of testing only one type of masonry unit and mortar destined for thin joints, 
the obtained results permitted the formulation of some general conclusions for bed joint 
reinforced masonry walls subjected mainly to in-plane, especially shear loading:
1. A significant enhancement of material properties (i.e. shear strength) is observed only in 

situations where reinforcement is fully covered by mortar. Practically, this is not possible 
to guarantee using only one mortar layer. According to the presented investigation, in 
cases of masonry walls with bed joint reinforcement, two mortar layers (with the total 
thickness ca. 2 × 2 mm) should be used. 

2. Using two layers of mortar has a very positive influence on crack resistance and mode of 
failure, shear (diagonal tensile) strength, and state of in-plane deformations of sheared 
(diagonally compressed) masonry. Splitting effect at the state of failure was not observed, 
but a shear strength enhancement of over 20% was recorded.

3. Reinforced masonry wallettes with two mortar layers were characterised by over three 
times higher shear stresses recorded for the state of first crack appearance and quite similar 
values of corresponded to them shear modulus in comparison to unreinforced members.

4. In case of masonry walls made using thin joints, it is very important to ensure a good qu-
ality of workmanship.

5. It is necessary to introduce Eurocode 6 regulations using joints with medium thickness, 
i.e. between 5 to 8 mm. Using bed joint reinforcement in situations where the maximum 
permitted thickness for thin joints should not exceed 3 mm is practically not possible.

Research works presented in this paper were carried out at the Department of Structural Engineering 
with partially financial support of BEKAERT S.A., Zwevegem, Belgium and own university grant of 
Politechnika Śląska in Gliwice.
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