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1 Introduction 
The NAM Hazard & Risk work as well as the NAM Structural Upgrading heavily depend on nonlinear finite 
element (FEM) analysis for masonry. In addition to nonlinear static push-over analyses, nonlinear dynamic 
time domain analyses become increasingly popular in order to assess the seismic capacity of Groningen 
buildings, of which 75% consist of masonry, see e.g. the Winningsplan research and the terraced house task 
force. These high-end analyses give direct engineering answers, but also serve as validation to simplified 
approaches that can then be inserted in large-scale probabilistic fragility studies or structural design. 
 
Nonlinear FEM codes employ constitutive models that describe the material behaviour. The constitutive models 
require input material parameters for stiffness, strength and ductility in compression, tension and shear. 
Subsets of those material parameters are also required for other purposes, like serving analytical structural 
models, and serving linear lateral force methods or linear response spectrum analyses where results in terms 
of generalized forces for masonry piers and spandrels have to be judged against material capacities. 

 
Apart from the obvious need for the validation of numerical models, it is furthermore necessary to calibrate 
in situ non-destructive test methods as a quick, cost effective (compared to more invasive techniques) and 
efficient way to determine the mechanical properties of masonry structures in the Groningen area. 
 
In order to achieve both goals, an extensive testing program of the various types of in situ masonry was 
carried out, to investigate the mechanical properties of the original masonry and its constituent materials. 
 
In this document, the material properties of the original masonry are reported, as determined by tests carried 
out at the Stevin II Laboratory at TU Delft and TU/e laboratory. Samples have been tested both from 
residential buildings, as well as schools, dating from the 1920s up to 2013. The predominant masonry units 
used are clay bricks (mainly solid, but also perforated and frogged), there are several samples consisting of 
calcium silicate bricks, concrete blocks (both normal and aerated) or calcium silicate elements. To investigate 
the effects caused by the year of construction on the material properties, clay brick specimens are categorised 
into before and after 1945, and calcium silicate specimens are classified as before and after 1985. 
 
 

  



2 Nomenclature 
The symbols used in this report had been previously agreed upon among the partners of the testing program, 
and are not necessarily the same as in European codes and standards. 
 

b  Mean width of bed joint 

1d  Distance between bearing supports 

2d  Distance between loading supports 

3d  Distance between the loading and bearing supports in a four-point bending test 

bf  Masonry uniaxial bond strength between brick and mortar 

,m hf  Compressive strength of masonry in the direction parallel to the bed joints 

vmf ,  Compressive strength of masonry in the direction perpendicular to the bed joints 

,mu cf  Compressive strength of masonry unit 

cbuf ,  Normalised compressive strength of masonry unit 

tmuf ,  Tensile strength of masonry unit derived by a three-point bending test 

2xf  Masonry bending strength with the moment vector orthogonal to the bed joints and in the 
plane of the wall (out-of-plane bending, crack plane perpendicular to bed joints) 

3xf  Masonry bending strength with the moment vector orthogonal to plane of the wall (in-plane 
bending) 

ul  Length of the masonry unit  

uh  Height of the masonry unit  

st  Thickness of the masonry specimen as built 

ut  Thickness of the masonry unit  

elv  Vertical displacement corresponding to the load Fel 

1,m hE  
Young’s modulus of masonry subject to a compressive loading parallel to the bed joints, 
evaluated at a stress equal to 0.3fm 

2,m hE  
Young’s modulus of masonry subject to a compressive loading parallel to the bed joints, 
evaluated at a stress equal to 0.7fm 

hchordE ,
 Chord modulus of masonry subject to a compressive loading parallel to the bed joints, 

evaluated between 0.3fm and 0.7fm 

vchordE ,
 Chord modulus of masonry subject to a compressive loading perpendicular to the bed joints, 

evaluated between 0.3fm and 0.7fm 

cmuE
,

 Chord modulus of masonry unit calculated from compression test, evaluated between 0.3fm 
and 0.7fm 

)(, htmuE  Chord modulus of masonry unit calculated from bending test from horizontal LVDT, 
evaluated between 0.3fm and 0.7fm 

)(, vtmuE  Chord modulus of masonry unit calculated from bending test from vertical LVDT, evaluated 
between 0.3fm and 0.7fm 

)(2, hfxmE  Chord modulus of masonry calculated from out-of-plane bending test from horizontal LVDTs, 
evaluated between 0.3fm and 0.7fm 

)(2, vfxmE  Chord modulus of masonry calculated from out-of-plane bending test from vertical LVDTs, 
evaluated between 0.3fm and 0.7fm 

)(3, hfxmE  Chord modulus of masonry calculated from in-plane bending test from horizontal LVDTs, 
evaluated between 0.3fm and 0.7fm 

)(3, vfxmE  Chord modulus of masonry calculated from in-plane bending test from vertical LVDTs, 
evaluated between 0.3fm and 0.7fm 

1F  Applied vertical load (bond-wrench test) 

2F  Vertical load due to the weight of the clamping system (bond-wrench test) 



3F  Vertical load due to the upper brick (bond-wrench test) 

elF  Selected vertical load value in the linear elastic stage 

maxF  Maximum vertical load 

bjbf ,
 Bond strength of masonry 

hcfG ,
 Fracture energy in compression test (loading parallel to bed joints) 

vcfG ,
 Fracture energy in compression test (loading perpendicular to bed joints) 

W  Section modulus 

  Masonry (bed joint) shear strength coefficient 

0vf  Masonry initial (bed joint) shear strength 

 



3 Arrived samples 
In total 318 samples arrived in the Stevin II laboratory at the Delft University of Technology from 19 different 
sources in the period of 26 of May till 10 of July; including 12 clay bricks specimens, 4 calcium silicate 
specimens, concrete block, aerated concrete and calcium silicate element specimens. Each source had its 
specific code. Figure 1 presents an overview of arrived samples. 
 
Several samples arrived in such degree of disintegration that it was not possible to test them. 
 

  
Figure 1 – Overview of arrived samples. 

 
Table 1 provides a list of the samples, categorised by building code, which were available for each type of 
testing, as well as the disintegrated samples. 
 

Table 1 – Overview of arrived samples. 

 

Compression In-plane Out-of-plane Brick Compression Bending

BEA-S1 0 3 3 12 0 0

BEA-S2 0 3 3 12 0 0

HOO-H2 0 3 3 12 0 3

KWE-H1 0 3 1 12 0 0

MID-H1 0 0 0 12 0 0

MOL-H1 0 0 0 12 0 0

ROE-S1.1 0 3 0 12 0 0

ROE-S1.2 0 3 0 12 0 0

ROE-S2 0 3 3 12 0 0

ROE-S3 0 3 3 12 0 1

WIL-H2 7 3 3 12 1 0

WIR-H1 3 3 3 12 1 0

BEA-H1 3 3 3 12 1 4

LAG-H2 3 3 3 12 0 4

SCH-H1 0 3 3 12 0 3

WIL-H1 3 3 6 12 0 6

Concrete Block JUL-H1 0 3 0 12 0 0

Aerated Concrete HOO-H1 3 3 2 0 0 0

CS Element JOH-H1 0 3 2 0 0 0

Number of 

disintegrated 

specimens

Clay

CS

Type Code
Number of arrived specimens for different test



4 Compressive strength of masonry units 
Compression tests on masonry units were performed in accordance with EN 772-1:2011. The test allows the 
determination of the compressive strength of the units. In order to find Young’s modulus, vertical LVDTs were 
attached to measure relative displacement between upper and lower platens. 

4.1 Testing procedure 
For each code six masonry units were tested by having the bed joint plane perpendicular to the loading 
direction (Figure 2). Table 2 and Table 3 list the average dimensions of the masonry units tested. 
 
The test was carried out by a load-controlled apparatus including a hydraulic jack with 350-ton capacity. The 
hydraulic jack lifts a steel plate, the active side, and there is a passive load plate at the top. A hinge between 
the load cell and the top steel plate reduces possible eccentricities during loading. A load cell that measures 
the applied force is attached to the top steel plate. The rate of loading was set so that maximum load was 
reached within 2 min, according to the standard.  
 

Since the small height of the bricks did not allow attaching LVDTs in this dimension, four vertically oriented 
LVDTs were attached to measure relative vertical displacements between machine platens. The LVDTs have 
a measuring range of 10 mm with an accuracy of 0.5%. 
 

 
Figure 2 – Compression test on brick. 

 
In order to achieve more accurate values of Young’s modulus, it is anticipated to carry out compression tests 
on a pile of five bricks, bonded together with a very thin layer of special plaster. This set up was proposed in 
previous research and reported in CUR report 171 (1994). 
 

Table 2 – Average dimensions of the clay masonry units. 

Masonry type 
Sample 
name 

lu tu hu 
Type 

mm mm mm 

Clay bricks 

BEA-S1 205 99 51 Solid 

KWE-H1 210 99 50 Solid 

HOO-H2 209 98 61 Frogged 

MOL-H1 212 103 51 Solid 

ROE-S1.1 210 102 62 Solid 

ROE-S3 205 95 49 Solid 

WIR-H1 219 110 53 Solid 

 
 
 

Table 3 – Average dimensions of the calcium silicate masonry units. 



Masonry type 
Sample 
name 

lu tu hu 
Type 

mm mm mm 

Calcium silicate 
bricks 

BEA-H1 212 104 52 Solid 

LAG-H2 214 100 67 Solid 

SCH-H1 217 100 72 Solid 

WIL-H1 214 102 52 Solid 

4.2 Experimental results 
Assuming a linear stress distribution over the loaded cross section of the brick, the compressive strength, 
fmu,c ,the normalised compressive strength, fbu,c and the elastic modulus, Emu,c of the brick can be determined 
from the compression test as follows: 
 

 (1) 

 (2) 

 (3) 

 
Where Fmax is the maximum load, A is the cross section of brick; Fel and εave are the load and the average of 

strain of vertical LVDTs in the linear elastic stage, respectively.  
 
Afterwards, the obtained values of the compressive strength were normalised according to Annex A of EN 
772-1, by multiplication with the appropriate shape factor, d, for each case. 
 
Table 4 and Table 5 present the values of compressive strength and chord modulus1 in the linear stages for 
clay and calcium silicate bricks as well as the normalised compressive strength of units. As mentioned before 

new tests are anticipated for investigation of more accurate values of Young’s modulus for units. 
 
Figure 3 shows the histograms of normalised compressive strength for clay and calcium silicate masonry 
categorised according to the year of construction. 
  
Appendix A shows the typical stress-strain diagrams in which the strain is an average of LVDTs readings and 
present the force-jack displacement curves for the six bricks from BEA-S1, LAG-H2 and HOO-H2.  
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Table 4 – Compressive strength and chord modulus for clay bricks. 
 

                                                      
1 The slope of the chord drawn between 30% and 70% of the maximum stress on the stress-strain curve. 

A

F
f cmu

max
, 

cmucbu fdf ,, 

ave

el
cmu

A

F
E


,



Clay bricks < 1945 Clay bricks > 1945 

Sample 
name 

Year 
of 

Cons 

fmu.c Emu.c Shape 
factor 

fbu.c Sample 
name 

Year 
of 

Cons 

fmu.c Emu.c Shape 
factor 

fbu.c 

MPa GPa MPa MPa GPa MPa 

WIR-H1 1920 

27.46 1.13 0.76 20.81 

BEA-S1 1955 

48.10 3.12 0.75 36.17 

33.61 3.19 0.77 25.88 18.99 0.69 0.76 14.49 

35.64 5.57 0.75 26.77 24.46 1.06 0.76 18.71 

35.42 4.02 0.76 26.37 30.21 1.44 0.78 23.47 

21.28 1.88 0.76 16.24 24.80 0.64 0.75 18.60 

55.21 - 0.75 41.19 39.71 1.80 0.76 30.02 

ROE-S1.1 1922 

24.05 0.46 0.77 18.45 

ROE-S3 
 

1985 
 

30.68 1.67 0.74 22.70 

19.97 0.32 0.79 15.72 36.34 0.91 0.74 27.00 

24.13 0.43 0.78 18.72 33.69 0.88 0.74 24.93 

23.64 0.32 0.76 18.04 34.04 0.60 0.75 25.60 

21.16 0.24 0.82 17.31 29.05 0.88 0.74 21.64 

19.58 0.48 0.83 16.23 29.07 0.76 0.75 21.71 

MOL-H1 1932 

31.18 1.19 0.75 23.35 

KWE-H1 1995 

19.59 0.24 0.75 14.59 

27.90 0.97 0.74 20.62 19.32 0.14 0.75 14.41 

23.40 0.86 0.75 17.64 23.70 0.18 0.75 17.80 

32.71 0.95 0.76 24.70 24.25 - 0.75 17.85 

29.79 - 0.75 22.34 18.67 0.34 0.77 14.30 

 

17.77 0.29 0.75 13.24 

HOO-H2 2013 

9.41 0.44 0.82 7.75 

10.46 0.56 0.82 8.56 

12.90 1.52 0.82 10.64 

10.05 0.52 0.82 8.25 

11.04 0.83 0.85 9.36 

21.99 0.95 0.82 18.10 

Weighted 
average 

28.62 1.51 0.77 21.78 
Weighted 
average 

24.10 0.86 0.77 18.33 

Standard 
deviation 

8.71 1.58 0.02 6.24 
Standard 
deviation 

10.06 0.67 0.03 7.31 

Coefficient of 
variation 

0.30 1.04 0.03 0.29 
Coefficient of 

variation 
0.42 0.78 0.04 0.40 

 
 
 
 
 
 
 
 
 
 

Table 5 – Compressive strength and chord modulus for calcium silicate bricks <1985. 

Calcium silicate bricks < 1985 



Sample 
name 

Year 
of 

Cons 

fmu.c Emu.c Shape 
factor 

fbu.c 

MPa GPa MPa 

WIL-H1 1952 

8.81 0.74 0.75 6.59 

11.36 0.64 0.76 8.64 

7.33 0.38 0.77 5.64 

20.85 0.80 0.78 16.24 

BEA-H1 1958 

31.37 5.14 0.75 23.37 

22.45 2.80 0.75 16.72 

24.16 3.10 0.75 18.00 

20.35 2.05 0.75 15.16 

21.68 3.07 0.75 16.15 

20.49 3.03 0.76 15.26 

LAG-H2 1978 

13.83 3.76 0.87 12.03 

17.47 2.24 0.86 15.07 

18.88 2.31 0.87 16.44 

20.32 3.72 0.87 17.68 

22.25 4.69 0.88 19.49 

20.76 5.24 0.88 18.18 

SCH-H1 1978 

18.19 3.04 0.87 15.86 

17.19 4.49 0.87 14.90 

15.49 1.64 0.87 13.51 

22.33 3.27 0.87 19.36 

19.21 3.29 0.87 16.66 

19.85 3.36 0.87 17.21 

Weighted 
average 

18.28 2.67 0.81 14.86 

Standard 
deviation 

5.24  1.41 0.06 4.13 

Coefficient of 
variation 

0.29 0.53 0.07 0.28 

 
 
 
 
 
 
 
 
 



  
(a) (b) 

Figure 3 – Histograms of normalised compressive strength: (a) clay bricks; (b) calcium silicate bricks.  

 



5 Flexural strength of masonry units 
Three-point bending tests on masonry units were performed in agreement with NEN 6790:2005. The test 
allows determining the flexural tensile strength and the elastic modulus of the masonry unit. 

5.1 Testing procedure 
The masonry units (Figure 4) were tested by having the bed joint plane parallel to the loading direction. The 
specimen was supported by two roller bearings, which were placed 10 mm from the end of specimen. A third 
roller was used to apply load to the specimen at mid-span. Table 6 and Table 7 list the average dimensions 
of the masonry units and the distance between the supports. 
 
The test is carried out by a displacement-controlled apparatus including a hydraulic jack with 10-ton capacity. 
To obtain the failure of the specimen in 30 to 90 s, a displacement rate of 0.03 mm/s is adopted. The applied 
load is recorded from the load cell attached to the hydraulic jack. 
 
Two LVDTs are attached to the specimens to measure horizontal and vertical displacements. On the front 

side, a horizontal LVDT measures the elongation between two points on the masonry unit (Figure 5a). On the 
back side the vertical displacement is measured at mid-span of the masonry unit, relative to its supports 
(Figure 5b). The LVDTs have a measuring range of 10 mm with an accuracy of 0.5%. 
 

  
(a) (b) 

Figure 4 – (a) Clay brick; (b) Calcium silicate brick. 

 
Table 6 –Average dimensions of the clay units and distance between the bearing supports. 

Masonry type 
Sample 
name 

lu tu hu d1 
Type 

mm mm mm mm 

Clay bricks 

BEA-S1 207 99 61 197 Solid 

BEA-S2 211 100 59 201 Perforated 

KWE-H1 215 106 61 205 Solid 

HOO-H2 212 100 61 202 Frogged 

MID-H1 210 100 52 200 Solid 

MOL-H1 212 103 51 202 Solid 

ROE-S1.1 210 102 62 200 Solid 

ROE-S1.2 206 97 59 196 Solid 

ROE-S2 215 107 51 205 Solid 

ROE-S3 205 95 49 195 Solid 

WIL-H2 231 102 65 221 Solid 
WIR-H1 219 110 53 198 Solid 

 
Table 7 – Average dimensions of the calcium silicate bricks and concrete block units and distance between 

the bearing supports. 



Masonry type 
Sample 
name 

lu tu hu d1 
Type 

mm mm mm mm 

Calcium silicate 
bricks 

BEA-H1 212 104 52 192 Solid 

LAG-H2 214 100 67 204 Solid 

SCH-H1 217 100 72 207 Solid 

WIL-H1 214 102 52 193 Solid 

Concrete block JUL-H1 214 102 93 204 Perforated-Solid 

 

  
(a) (b) 

Figure 5 – Three-point bending flexural test on bricks (a) horizontal LVDT (b) vertical LVDT. 

5.2 Experimental results 
Assuming a linear stress distribution over the height of the brick’s cross-section, the tensile strength, fmu,t and 
the elastic modulus, Emu,t of the masonry units can be determined from the vertical and horizontal LVDTs from 

the three-point bending test as follows: 
 

 (4) 

 
(5) 

 (6) 

 
Where Fmax is the maximum load, d1 is the distance between the supports, hu is the height of the masonry 
unit, tu is the thickness of the masonry unit, Fel and vel are the load and vertical displacement in the linear 
elastic stage, respectively. I is the moment of inertia of the masonry unit along the cross-section and ƙ is 

curvature (The strain from the horizontal LVDT divided by the distance of the LVDT from the neutral axis). In 
the case of perforated bricks, the reduced moment of inertia is considered. 
If the masonry unit fails at the support, a shear failure is obtained rather than bending failure. As a 
consequence, the elastic modulus cannot be calculated. Table 8 to Table 14 list the results in terms of flexural 
tensile strength and in terms of the elastic modulus from vertical and horizontal LVDTs. 
 
The weighted average2 value of flexural strength for solid clay bricks before and after 1945 is 6.43 and 4.69 
MPa, respectively. Most of the bricks from the individual sample codes are almost in this range except bricks 

                                                      
2 An average in which each sample is assigned a weight according to the number of available samples from 

each code. 

max 1
, 2
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belonging to MID-H1, which showed high values of flexural strength, averaging 10.42 MPa. The calcium 
silicate bricks present the weighted average flexural strength of 4.44 MPa.  
 
As for the Young’s modulus, the weighted average value for solid clay bricks before and after 1945 determined 
from the vertical displacement measurements are 12.8 and 8.4 GPa respectively, whereas from the horizontal 
ones are equal to 29.4 and 18.6 GPa, respectively. For the calcium silicate samples, the obtained values from 
vertical and horizontal LVDTs are 10.7 GPa and 23.8 GPa respectively. In all cases, the Young’s modulus from 
vertical measurements is two to three times lower than from the horizontal measurements. 
 
Figure 6 shows the crack pattern for different types of the bricks including calcium silicate, perforated clay 
brick and concrete block. 
 
Appendix B shows the typical flexural stress-displacement diagrams for each code of bricks. The bricks present 
a brittle failure when the maximum force is reached. 
 
Figure 7 shows the histograms of flexural strength for solid clay bricks and calcium silicate bricks. 

 

   
(a) (b) (c) 

Figure 6 – Crack pattern: (a) calcium silicate brick; (b) symmetric crack pattern for clay brick; (c) crack 
pattern for concrete block. 

 

  
(a) (b) 

Figure 7 – Histograms of flexural strength: (a) solid - clay bricks; (b) calcium silicate bricks.  

 
Table 8 – Flexural strength and elastic modulus for solid-clay-brick bricks < 1945. 

 

Solid-clay-brick <1945  

Building fmu.t [MPa] Emu.t(h) [GPa] Emu.t(v) [GPa] 



Year 
of 

Cons 

 Average  Average  Average 

MID-H1 1920 

10.85 

10.42 

55.9 

45.03 

20.3 

14.88 

8.18 44.9 - 

8.23 35.3 13.3 

8.86 36.9 20.4 

17.35 45.4 6.0 

9.05 51.8 14.4 

WIR-H1 1920 

7.63 

4.73 

25.7 

28.22 

- 

9.89 

6.22 22.6 12.4 

2.71 - 9.1 

6.04 35.4 - 

3.74 30.3 9.2 

3.57 - 5.9 

6.36 - 13.4 

3.24 29.2 9.7 

1.77 14.9 7.4 

3.41 21.4 7.0 

9.38 64.1 20.0 

2.68 10.4 4.8 

ROE-S1.1 1922 

1.54 

4.51 

4.7 

19.85 

1.6 

7.63 

6.22 28.3 1.6 

1.02 1.7 1.1 

6.33 27.8 11.3 

9.79 43.9 25.8 

2.17 12.7 4.4 

ROE-S1.2 1922 

12.21 

9.73 

64.5 

42.38 

26.6 

24.72 

8.39 37.0 29.2 

7.58 25.7 20.9 

2.87 21.1 10.5 

13.79 60.5 31.9 

13.51 45.5 29.2 

MOL-H1 1932 

3.42 

2.78 

15.0 

11.57 

10.7 

8.69 

1.69 11.3 3.9 

6.60 23.8 15.2 

2.76 7.3 - 

0.71 0.9 0.5 

1.49 11.1 13.15 

Weighted average 6.43 29.41 12.76 

Standard deviation 4.11 18.03 8.91 

Coefficient of variation 0.53 0.61 0.70 

 
 
 
 



Table 9 – Flexural strength and elastic modulus for solid clay bricks > 1945. 
 

Solid-clay-brick > 1945  

Sample name 
Year of 
Cons 

fmu.t [MPa] Emu.t(h) [GPa] Emu.t(v) [GPa] 

 Average  Average  Average 

BEA-S1 

D1 

1955 

3.17 

4.06 

20.3 

18.58 

12.3 

9.96 

D2 4.98 25.0 11.7 

D3 4.70 21.8 13.1 

D4 4.76 14.6 9.5 

D5 2.67 11.2 3.2 

KWE-H1 

D1 

1995 

4.11 

5.22 

15.3 

17.80 

10.6 

7.18 

D2 4.50 19.3 3.6 

D3 5.80 20.9 7.5 

D4 4.98 20.6 - 

D5 6.19 - 10.9 

D6 5.71 12.9 3.3 

ROE-S2 

D1 

1955 

1.98 

2.80 

3.3 

11.07 

1.3 

4.65 

D2 2.41 9.3 1.6 

D3 2.63 12.4 4.8 

D4 4.46 22.3 9.3 

D5 3.58 13.5 5.9 

D6 1.75 5.6 5.0 

ROE-S3 

D1 

1985 

8.74 

6.46 

24.7 

20.34 

13.4 

11.86 

D2 8.79 19.8 11.2 

D3 5.31 25.1 11.1 

D4 3.27 9.9 8.8 

D5 6.17 22.2 14.8 

WIL-H2 

D1 

1952 

7.68 

4.94 

30.5 

25.37 

- 

8.17 

D2 2.71 15.3 3.8 

D3 4.96 35.4 10.9 

D4 6.60 25.2 - 

D5 2.60 22.4 - 

D6 5.09 23.4 9.8 

Weighted average 4.69 18.63 8.36 

Standard deviation 1.90 7.42 4.04 

Coefficient of variation 0.40 0.40 0.48 

 
 
 
 

 
 



Table 10 – Flexural strength and elastic modulus for perforated clay bricks. 
 

Perforated -clay-brick > 1945 

Sample name 
Year of 

Cons 

fmu.t [MPa] Emu.t(h) [GPa] Emu.t(v) [GPa] 
 Average  Average  Average 

BEA-S2 

D1 

2001 

4.2 

3.38 

13.5 

12.75 

11.7 

8.23 

D2 3.4 12.6 9.9 

D3 3.0 11.6 5.6 

D4 3.2 13.0 8.7 

D5 3.0 12.5 3.6 

D6 3.5 13.3 9.9 

Weighted average 3.38 12.75 8.23 

Standard deviation 0.45 0.68 3.04 

Coefficient of variation 0.13 0.05 0.37 

 
Table 11 – Flexural strength and elastic modulus for frogged clay bricks. 

 

Frogged-clay brick > 1945   

Sample name 
Year of 
Cons 

fmu.t [MPa] Emu.t(h) [GPa] Emu.t(v) [GPa] 

 Average  Average  Average 

HOO-H2 

D1 

2013 

2.8 

3.18 

18.4 

14.58 

12.4 

8.20 

D2 4.3 15.6 7,7 

D3 1.3 10,2 6.8 

D4 3.3 7.6 8.1 

D5 2.5 15.4 6.5 

D6 4.9 20.3 7.7 

Weighted average 3.18 14.58 8.20 

Standard deviation 1.29 4.84 2.14 

Coefficient of variation 0.41 0.33 0.26 

 
Table 12 – Flexural strength and elastic modulus for concrete block. 

 

Concrete block 

Sample name 
Year of 
Cons 

fmu.t [MPa] Emu.t(h) [GPa] Emu.t(v) [GPa] 

 Average  Average  Average 

JUL-H1 

D1 

1957 

1.7 

1.27 

14.5 

12.6 

10.6 

7.3 

D2 1.5 15.3 - 

D3 2.4 17.9 10.4 

D4 0.4 10.2 9.2 

D5 1.2 - 5.4 

D6 0.4 5.2 1.0 

Weighted average 1.27 12.6 7.3 

Standard deviation 0.78 5.0 4.1 

Coefficient of variation 0.61 0.40 0.56 

 



Table 13 – Flexural strength and elastic modulus for calcium silicate bricks < 1985. 
 

Calcium Silicate bricks 

Sample name 
Year 

of 
Cons 

fmu.t [MPa] Emu.t(h) [GPa] Emu.t(v) [GPa] 

 Average  Average  Average 

BEA-H1 

D1 

1958 

6.07 

4.05 

35.0 

23.4 

- 

10.3 

D2 4.02 18.8 - 

D3 2.14 21.6 2.4 

D4 3.25 18.4 1.1 

D5 3.18 28.3 11.2 

D6 4.32 0.6 0.8 

D7 3.32 27.7 23.9 

D8 3.04 27.5 - 

D9 3.55 27.2 - 

D10 6.25 - 24.6 

D11 2.84 17.5 8.0 

D12 6.66 34.3 - 

LAG-H2 

D1 

1978 

5.43 

4.52 

30.3 

27.2 

14.2 

10.2 

D2 3.41 25.9 8.4 

D3 4.66 26.2 8.5 

D4 5.25 27.5 10.1 

D5 4.02 18.9 9.4 

D6 3.88 23.3 9.2 

D7 4.28 24.5 8.7 

D8 4.69 30.4 12.6 

D9 4.50 32.1 10.1 

D10 5.31 33.4 12.1 

D11 4.20 30.9 7.5 

D12 4.55 22.8 11.5 

SCH-H1 

D1 

1978 

5.55 

5.01 

29.2 

27.7 

15.1 

13.1 

D2 4.55 29.6 - 

D3 5.59 28.4 - 

D4 4.99 24.9 - 

D5 3.78 23.7 9.5 

D6 5.57 30.1 14.8 

WIL-H1 

D1 

1952 

2.70 

4.2 

11.7 

18.1 

- 

8.8 

D2 2.58 12.5 2.6 

D3 1.95 15.5 3.9 

D4 2.17 1.5 - 

D5 7.97 12.8 15.2 

D6 4.47 31.0 8.4 

D7 4.98 26.7 17.7 

D8 3.44 16.0 11.3 

D9 8.36 35.7 - 

D10 7.37 - - 

 



Table 14 – Flexural strength and elastic modulus for calcium silicate bricks < 1985. 
 

Calcium Silicate bricks  

Sample name 
fmu.t [MPa] Emu.t(h) [GPa] Emu.t(v) [GPa] 

 Average  Average  Average 

WIL-H1 
D11 1.16 

4.2 
- 

18.1 
2.2 

8.8 
D12 3.11 17.3 - 

Weighted average 4.44 23.8 10.7 

Standard deviation 1.58 8.6 5.7 

Coefficient of variation 0.36 0.36 0.53 

 



6 Compressive strength of masonry parallel to bed joints 
The compression strength and Young’s modulus of the masonry when the load is parallel to the bed joints are 
determined in agreement with EN 1052-1:1998. Some variations are adopted to investigate the orthotropic 
behaviour of the masonry and the cyclic response of the material. 

6.1 Testing procedure 
The compression strength and Young’s modulus of the masonry are determined along the direction when the 
load is parallel to the bed joints3. Figure 8 shows the adopted configuration. 
 
The sizes of the arrived samples were in agreement with EN 1052-1:1998. The three clay masonry wallettes 
from WIL-H2(F1/2/4) had two bricks in height and eight rows of bricks in length (2x8x1-brick) and specimens 
from WIR-H1 and WIL-H2-(C1/2/3)  had two bricks in height and seven rows of bricks in length (2x7x1-brick). 
The calcium silicate masonry wallettes from BEA-H1 and WIL-H1 had dimensions of (2x7x1-brick) and 
specimens from LAG-H2 had two full bricks in height and five rows of bricks in length. A 10 mm thick layer of 
gypsum is applied to bring the faces in contact with the loading plates, to ensure that the loaded faces of the 

specimens are levelled and parallel to one another.  
 
The testing apparatus is provided with a 350 tons hydraulic jack, positioned at the bottom. The hydraulic jack 
lifts a steel plate, the active side, and there is a passive load plate at the top. A hinge between the load cell 
and the top steel plate reduces possible eccentricities during loading. The hydraulic jack is operated 
deformation controlled, using the jack displacement as control variable. A load cell that measures the applied 
force is attached to the top steel plate.  
 
Four LVDTs (two for each side) are attached to the specimen in accordance with EN1052-1:1998 to register 
vertical relative displacements over the height of the specimen. They are installed as closely as possible to 
the surface of the specimen to reduce possible errors caused by rotation of the contact points to which they 
are attached. Their measuring range is 5 mm with an accuracy of 0.5%. 
 
Two LVDTs (one for each side) are attached to the specimen to register the horizontal relative displacement 
over the length of the specimen. Their measuring range is 2 mm with an accuracy of 0.5%. 
 

Three samples from BEA-H1, WIL-H1/2, LAG-H2 and WIR-H1 were tested by applying a monotonic loading 
as prescribed by EN 1052-1:1998. Half of the expected maximum compression force is applied in three equal 
steps and is kept constant for 2 min ± 1 min. Afterwards the maximum stress in reached monotonically. 
Subsequently the test is continued to explore the post-peak behaviour. The load is applied at a rate of 0.002 
mm/s in order to reach the peak stress in 15 to 30 min. The deformation and the force are registered, including 
the post-peak softening regime. 
 
For each of the codes WIL-H2 and HOO-H1 three samples were tested by applying a cyclic loading. This 
loading configuration is not prescribed by the standard, but it is in line with tests performed in TU/e. It gives 
additional information regarding the loading-unloading behaviour. The target is to have at least three cycles 
before the maximum force. As a result the loading and unloading is carried out with increments of 50 kN. The 
load is applied with a rate of 0.006 mm/s in order to reach the peak stress in approximatively 30 min. The 
deformation and the force are registered. 
 

                                                      
3 This type of compression test is henceforth mentioned as “horizontal compression” in this report. 



 

 
Figure 8 – Compression test on masonry: Horizontal configuration (loading direction parallel to bed 

joint). 

  
(a) (b) 

  
(c) (b) 

Figure 9 – Position of the LVDTs during the compression test on masonry: (a) Clay masonry samples (b); 
(c) Calcium silicate masonry and (d) Aerated concrete wallettes. 

6.2 Experimental results 
Assuming the stress is constant over the cross-section of the specimen, the compressive strength of masonry 
for horizontal, fm,h, configuration can be determined as follows: 
 

 (7) 

 
Where Fmax is the maximum load, hs and ts are the dimensions of the masonry specimens. 
During the test the displacements and the force are measured continuously allowing the determination of the 
stress-strain relationship. Form this relation is it possible to determine the Young’s modulus of masonry.  
 
Three estimations of the Young’s modulus are adopted here: 

 Em1,h is the secant Young’s modulus evaluated at 30% of the ultimate strength; 
 Em2,h is the secant Young’s modulus evaluated at 70% of the ultimate strength; 
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 Echord,h is the chord modulus evaluated in the elastic stage that in the most cases is calculated 
between 30% and 70% of the ultimate strength. 

The displacement control procedure of the test allows determining the post-peak behaviour of the material. 
The fracture energy Gf-c in compression can be determined as the area underneath the stress-displacement 
diagram, while the displacement can be obtained from the LVDTs displacement or the jack displacement. It 
should be mentioned that calculating the fracture energy from the jack displacement, in most cases, leads to 
the overestimation, since the jack displacement also includes the gypsum deformation. Accordingly, the 
fracture energy is calculated, here, from the LVDTs displacement. In this study, it is assumed that the fracture 
energy, calculated from the LVDTs displacement is mapped back to the whole specimen height, but without 
the gypsum deformation, by multiplying it with the ratio of specimen height versus LVDT height. As a result, 
the fracture energy is calculated from the LVDTs outputs, as follows: 
 

LVDT

specimen

LVDTLVDThmcf
Height

Height
dLfG   ..,  (8) 

 
Table 15 and Table 16 list the main experimental results for the clay masonry wallettes.  
 
Figure 10 and Figure 11 show the stress-strain diagram for the clay masonry under horizontal compression. 
In the graphs, the terminology normal strain identifies the deformation in the direction of the loading, while 
the term lateral strain defines the deformation in the orthogonal direction. Both deformations are the average 
of the LVDTs readings. The pre-peak stage is characterized by linear-elastic behaviour up to 1/3 of the 
maximum stress followed by a parabolic non-linear behaviour. Due to the extensive cracking the LVDTs can 
detach; thus the post-peak behaviour can be retrieved by analysing the displacement of the jack (Figure 12). 
 
Figure 13 displays the development of cracks in samples tested under horizontal compression. Cracks start in 
the bricks and are oriented parallel to the loading direction (Figure 13a, Figure 13b). In the post peak phase, 
the external surface of the bricks is spalled (Figure 13c, Figure 13d). 
 

Table 15 – Results of horizontal compressive tests on clay masonry wallettes < 1945. 

Sample name 
Test 
type 

Year 
of 

Cons 

fm,h Mean Em1,h Em2,h Echord,h Mean Gf-c,h Mean 

MPa MPa MPa MPa N/mm 

WIR-H1 
C1 

monotonic 1920 
11.73 

10.86 
13556 11695 10602 

8933 
30.84 

30.84 
C2 9.99 11341 8587 7264 - 

Weighted average 10.86 12449 10141 8933 30.84 

Standard deviation 1.23 1566 2198 2360 - 

Coefficient of variation 0.11 0.13 0.22 0.26 - 

 



Table 16 – Results of horizontal compressive tests on clay masonry wallettes > 1945. 

Sample name 
Test 
type 

Year 
of 

Cons 

fm,h Mean Em1,h Em2,h Echord,h Mean Gf-c,h Mean 

MPa MPa MPa MPa N/mm 

WIL-H2 

F1 

monotonic 

1952 

7.41 

11.00 

6697 5791 5183 

5470 

22.80 

31.55 

F2 8.97 6383 5340 4756 - 

F4 10.58 7486 6095 5349 - 

C4 

cyclic 

14.23 7979 6291 5428 - 

C5 12.57 8731 7175 6327 40.30 

C6 12.22 9062 7017 5778 - 

Weighted average 11.00 7723 6285 5470 31.55 

Standard deviation 2.51 1075 707 536 12.37 

Coefficient of variation 0.23 0.14 0.11 0.10 0.39 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

  

  
Figure 10 – Horizontal compression tests on clay masonry wallettes. 

 



  
Figure 11 – Horizontal compression tests on clay masonry wallettes. 

 

  
Figure 12 – Stress-strain curve derived by LVDTs and jack readings for clay masonry wallettes. 

 

    
 (a)  (b) (c) (d) 

Figure 13 – Crack pattern of wallette tested under horizontal compression test: (a) First crack; (b) 
Maximum stress; (c)-(d) Post-peak phase. 

 
Table 17 lists the main experimental results for the calcium silicate masonry wallettes.  
 



Figure 14 and Figure 15 show the stress-strain diagram for the calcium silicate masonry under horizontal 
compression. In the graphs, the terminology normal strain identifies the deformation in the direction of the 
loading, while the term lateral strain defines the deformation in the orthogonal direction. Both deformations 
are the average of the LVDTs readings. The pre-peak stage is characterized by linear-elastic behaviour up to 
1/3 of the maximum stress followed by a parabolic non-linear behaviour. Due to the extensive cracking the 
LVDTs can detach; thus the post-peak behaviour can be retrieved by analysing the displacement of the jack 
(Figure 16). 
 
Figure 17 analyses the development of cracks in samples tested under horizontal compression. Horizontal 
cracks start in the mortar-brick interface for the head joints, at one of the outer surfaces, similar to buckling 
(Figure 17a). When the maximum stress is reached, vertical cracks develop in the bricks while the damage is 
concentrated in the bottom or upper part, where half bricks are located (Figure 17b). In the post peak phase, 
the vertical cracks appear both in the bricks and the bed joints, which are aligned with the loading direction 
(Figure 17c, Figure 17d). By analysing the crack pattern, it is interesting to note that in this case, the damage 
is mainly located in the brick-mortar interfaces. Bricks and head joints form small columns which are subject 
to buckling rather than cracking in the bricks.  
Figure 18 to Figure 20 show the histograms of compressive strength, chord modulus and fracture energy for 
clay masonry and calcium silicate masonry wallettes. 
 

Table 17 – Results of horizontal compressive tests on calcium silicate masonry wallettes < 1985. 

Sample 
name 

Year of 
Cons 

Test 
type 

fm,h Mean Em1,h Em2,h Echord,h Mean Gf-c,h Mean 

MPa MPa MPa MPa N/mm 

BEA-H1 
C4 

1958 monotonic 
4.93 

4.24 
7620 3633 4788 

5375 
15.35 

15.35 
C5 3.55 4647 5317 5961 - 

LAG-H2 

C4 

1978 monotonic 

7.52 

7.53 

4174 2995 2474 

3386 

26.89 

18.86 C5 6.68 5640 3188 2405 15.16 

C6 8.39 6682 5803 5280 14.54 

WIL-H1 

C4 

1952 monotonic 

6.75 

7.01 

5615 5034 4671 

4450 

21.23 

20.80 C5 8.00 8453 6925 6103 - 

C6 6.27 2985 2736 2576 20.37 

Weighted average 6.26 5772 4456 4404 18.34 

Standard deviation 1.61 1814 1529 1569 2.76 

Coefficient of variation 0.26 0.31 0.34 0.36 0.15 

 

  



  

  

Figure 14 – Horizontal compression tests on calcium silicate masonry wallettes. 

 

  

Figure 15 – Horizontal compression tests on calcium silicate masonry wallettes. 

 



  
Figure 16 – Stress-strain curve derived by LVDTs and jack readings for calcium silicate masonry wallettes. 

 

 

  

(a) (b) (c)  (d) 
Figure 17 – Crack pattern of CS wallette tested under horizontal compression test: (a) First crack; (b) 

Maximum stress; (c)-(d) Post-peak phase. 

  
(a) (b) 

Figure 18 – Histograms of compressive strength: (a) clay masonry; (b) calcium silicate masonry.  



  
(a) (b) 

Figure 19 – Histograms of Young’s modulus: (a) clay masonry; (b) calcium silicate masonry.  

  
(a) (b) 

Figure 20 – Histograms of fracture energy: (a) clay masonry; (b) calcium silicate masonry. 

 
Figure 21 shows the stress-strain diagram for the aerated concrete wallettes under horizontal cyclic 
compression. In the graphs, the terminology normal strain identifies the deformation in the direction of the 
loading, while the term lateral strain defines the deformation in the orthogonal direction. Both deformations 
are the average of the LVDTs readings. The pre-peak stage is characterized by linear-elastic behaviour up to 
1/3 of the maximum stress followed by a parabolic non-linear behaviour.  
 
Figure 22 analyses the development of cracks in samples tested under horizontal compression. Vertical cracks 
start in the surface of samples and are oriented parallel to the loading direction (Figure 22a, Figure 22b). In 
the post peak phase, deep cracks split the wallettes into different columns (Figure 22c, Figure 22d). 
 
Table 18 lists the main experimental results for the aerated concrete wallettes.  
 

Table 18 – Results of horizontal compressive tests on aerated concrete wallettes. 

Sample name 
Year of 
Cons 

Test 
type 

fm,h Em1,h Em2,h Echord,h Gf-c,h 

MPa MPa MPa MPa N/mm 

HOO-H1 
C1 

2013 cyclic 
1.17 640 602 577 5.30 

C2 2.41 1154 1136 1121 10.00 



C3 2.96 1698 1167 946 5.57 

Average 2.18 1164 968 881 6.96 

Standard deviation 0.92 529 318 278 2.64 

Coefficient of variation 0.42 0.45 0.33 0.32 0.38 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

  



 
 

Figure 21 – Horizontal compression tests on aerated concrete wallettes. 

 

 
 

  

 (a)  (b) (c) (d) 
Figure 22 – Crack pattern wallette HOO-H1 tested under horizontal compressive test: (a) First crack; (b) 

Maximum stress; (c)-(d) Post-peak phase. 

 
 
 
 
 
 



7 Bending strength of masonry 
The bending strength of masonry is determined for two configurations: 

 Four-point bending with the moment vector orthogonal to the bed joints and in the plane of the wall 
(Bending test Out-of-Plane, with the crack plane orthogonal to the bed joints) and 

 Four-point bending with the moment vector orthogonal to plane of the wall (Bending test In-Plane 
with the crack plane orthogonal to the bed joints). 

The first test is performed in agreement with EN 1052-2:1999, while the second one is a non-standardised 
test. The in-plane test is carried out in the same way as the out-of-plane test with the specimen rotated by 
90 degrees as seen in Figure 23 b. 

7.1 Testing procedure 
Masonry samples were delivered for 17 different objects, 16 of which were tested. All the samples for WIL-H-
1 had been broken on arrival; hence no tests could be performed for this particular object. For 12 of the 
objects, the samples tested were 4x4 brick wallettes, with the distance between the supports, d1, equal to 
720 mm and the distance between the points of load application, d2, equal to 360 mm. For the in-plane 
testing, one sample from LAG-H-2 and two samples from JUL-H-1 were saw-cut to 4x3 brick, since the larger 
height of the comprising units did not allow for a purely flexural behaviour of the samples.  For HOO-H-1 and 
JOH-H-1 the samples measured 600x200 mm, with d1 = 495 mm and d2 = 220 mm. 
 
The masonry specimens were subjected to a four-point bending test (Figure 23). The load was transferred to 
the sample via steel profiles. To have an uniform distribution of the load along the thickness of the specimen, 
rubber strips were placed between the masonry specimen and the loading frame. The loading frame 
distributed linear loads over two supporting rollers. The distance between the loading rollers, d2, and bearing 
rollers, d1, as chosen in agreement with the prescription of EN 1052-2:1999. A ratio of d2 / d1 = 0.5 was 
chosen. 
 
The load was applied in displacement control by a spherical joint attached to a hydraulic jack with 10 tons 
capacity. The displacement rate of the piston of the jack was 0.002 mm/s. The applied load was recorded 
from the load cell attached to the hydraulic jack.  
 
For each side 5 LVDTs were attached to measure the vertical and horizontal displacements including four 

vertical LVDTs and one horizontal LVDT. However when there is not a head joint in the middle of the specimen, 
3 vertical LVDTs were attached instead of 4, since the mid-span displacement could be obtained accurately 
using only one LVDT in that position. The LVDTs had a measuring range of 10 mm with an accuracy of 0.5%.  
 

 
(a) 

 
(b) 

Figure 23 – Bending tests set-up: (a) Vertical out-of-plane bending test; (b) In-plane bending test. 

  



7.2 Experimental results 
These tests allowed determining the flexural strength fx as follows: 
 

 

(9) 

 
Where Mmax is the maximum bending moment, Fmax is the maximum load at failure, d3 is the distance between 
the loading and the bearing supports, W is the section modulus. 
 
The Young’s modulus of the specimens was calculated as the chord modulus between 30% and 70% of the 
flexural strength from vertical and horizontal LVDTs. 
 
Appendix C shows the force – mid-span displacement and moment – curvature (The strain from the horizontal 
LVDT divided by the distance of the LVDT from the neutral axis) curves for the specimens subject to out-of-
plane bending. The mid-span displacement has been either calculated from the readings of the vertical LVDTs 
through linear interpolation, or obtained directly from the measurements of a LVDT positioned there, 
whenever that was possible. In all cases, the behaviour of the samples was very brittle, with instantaneous 
failure at the formation of a single crack. Three main crack patterns were observed: a) A single, straight crack 
was formed at or close to one of the points of load application, b) a single, straight crack at mid-span, and c) 
a straight crack at mid-span with debonding of the middle brick in the last row. These patterns are shown in 
Figure 24 and Figure 25. In almost all cases, the observed crack propagated along the brick-mortar interface 
and through any bricks in its path. The obtained results are presented in Table 19 to Table 22 according to 
masonry unit type and years of construction. 
 
Figure 26 shows the results as a histogram plot for all types of clay bricks masonry. 
 

 
(a) 

 
(b) 

Figure 24 – Out-of-Plane Bending – Typical crack patterns: (a) Straight crack at the point of load 
application; (b) Straight crack at the middle of the specimen. 

 

 

Figure 25 – Out-of-Plane Bending – Typical crack patterns: Straight crack at the middle and debonding of 
brick. 
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Table 19 – Out-of-Plane flexural strength and elastic modulus for solid-clay-brick masonry<1945. 

Solid-clay-brick masonry < 1945 

Sample name 
Year of 
Cons 

fx2 Mean Em.fx2(v) Mean Em.fx2(h) Mean 

MPa GPa GPa 

WIR-H1 

B2 

1920 

1.28 

0.83 

4.0 

3.8 

10.6 

13.4 B4 0.67 3.3 9.7 

B5 0.55 4.0 19.8 

Weighted average 0.83 3.8 13.4 

Standard deviation 0.39 0.40 5.59 

Coefficient of variation 0.47 0.11 0.42 

 
Table 20 – Out-of-Plane flexural strength and elastic modulus for solid-clay-brick masonry>1945. 

 

Solid-clay-brick masonry > 1945 

Sample name 
Year of 
Cons 

fx2 Mean Em.fx2(v) Mean Em.fx2(h) Mean 

MPa GPa GPa 

WIL-H2 

B1 

1952 

1.16 

1.21 

- 

7.6 

5.6 

7.1 B3 1.03 6.0 5.6 

B5 1.43 9.1 10.1 

BEA-S1 

B1 

1955 

1.38 

1.09 

6.0 

5.4 

5.4 

4.5 B3 0.84 5.8 4.5 

B4 1.06 4.4 3.7 

ROE-S2 

B2 

1955 

0.76 

1.26 

3.1 

7.4 

3.5 

6.4 B5 1.58 9.9 9.7 

B6 1.45 9.2 6.0 

ROE-S3 
B4 

1985 
0.59 

1.14 
4.6 

4.9 
3.4 

4.5 
B6 1.68 5.1 5.5 

KWE-H1 B1 1995 1.38 1.38 4.7 4.7 2.8 2.8 

Weighted average 1.22 5.98 5.06 

Standard deviation 0.11 2.24 2.32 

Coefficient of variation 0.09 0.37 0.46 

 
Table 21 – Out-of-Plane flexural strength and elastic modulus for perforated-clay-brick masonry. 

 

Perforated-clay-brick masonry > 1945 

Sample name 
Year of 
Cons 

fx2 Mean Em.fx2(v) Mean Em.fx2(h) Mean 

MPa GPa GPa 

BEA-S2 

B4 

2001 

0.83 

0.87 

1.9 

2.6 

2.0 

3.1 B5 0.81 2.6 3.8 

B6 0.96 3.4 3.4 

Weighted average 0.87 2.63 3.07 

Standard deviation 0.08 0.75 0.95 

Coefficient of variation 0.10 0.29 0.31 

 



Table 22 – Out-of-Plane flexural strength and elastic modulus for other types of masonry. 
 

Sample name 
Year of 
Cons 

fx2 Mean Em.fx2(v) Mean Em.fx2(h) Mean 

MPa GPa GPa 

HOO-H1 - 
Aerated 
Concrete 

B4 
2013 

0.44 
0.47 

1.7 
1.7 

2.3 
2.1 

B5 0.50 1.7 1.9 

JOH-H1- CS 
elements 

B3 
2008 

1.2 
1.29 

5.7 
5.6 

7 
6.4 

B4 1.38 5.4 5.7 

 

 
Figure 26 – Histogram of out-of-plane flexural strength for all types of clay masonry.  

 
The corresponding graphs for the in-plane bending tests are shown in Appendix C. Again, the specimens 
displayed brittle behaviour, whereas there were some cases in which the propagation of the cracks was more 
gradual. An exception were the specimens from ROE-S-1.1 and ROE-S1.2, which were of double-leaf masonry 
(ROE-S1.1: cross-bond, ROE-S1.2: two parallel walls connected with mortar) and as such still retained a level 
of residual strength post-peak. The main crack patterns observed are presented in Figure 27 to Figure 29 . 
Most specimens displayed a typical stepwise crack pattern in the constant moment zone (regardless of 
whether the joints were properly filled or not), although there were cases of (mostly) straight cracks close to 
a point of load application or at mid-span. In the case of the double-leaf wallettes, separation between the 
two leaves was also observed. The effect of the mortar dowels of the BEA-S-2 samples with the perforated 
clay units is unclear, since the two available results vary greatly. In general, the surface of the units after 
debonding was clean of mortar, particularly for the calcium silicate samples. The obtained results are 
presented in Table 23 to Table 28 according to masonry unit type and year of construction. 
 
Generally, a scatter in the values of flexural strength was observed. This inconsistency, along with the smaller 
number of samples that were available for the out-of-plane bending tests (both in terms of particular buildings 
and of masonry type) does not allow for the extraction of a safe conclusion about the orthotropic bending 
behaviour of the masonry. Nonetheless, the clay brick wallettes subjected to out-of-plane bending presented 
almost double the strength as those subjected to in-plane bending, whereas the values for the perforated clay 
brick samples were almost equal. 
Figure 30 shows the histograms of flexural strength for all types of clay masonry and calcium silicate masonry. 



Table 23 – In-Plane flexural strength and elastic modulus for solid-clay-brick masonry < 1945. 
 

Solid-clay masonry < 1945 

Sample name 
Year of 
Cons 

fx3 Mean Em.fx3(v) Mean Em.fx3(h) Mean 

MPa GPa GPa 

WIR-H1 

B1 

1920 

1.12 

0.75 

9.0 

7.1 

12.2 

8.0 B3 0.83 10.4 8.7 

B6 0.29 2.0 3.2 

ROE-S1.1 

B1 

1922 

0.68 

0.51 

3.0 

4.0 

1.5 

4.1 B2 0.41 5.2 7.1 

B3 0.44 3.7 3.7 

ROE-S1.2 

B1 

1922 

0.85 

0.57 

6.2 

3.9 

5.7 

3.1 B2 0.38 2.0 1.3 

B3 0.49 3.5 2.4 

Weighted average 0.61 5.00 5.09 

Standard deviation 0.12 3.01 3.67 

Coefficient of variation 0.20 0.60 0.72 

 
Table 24 – In-Plane flexural strength and elastic modulus for solid-clay-brick masonry > 1945. 

Solid-clay masonry > 1945 

Sample name 
Year of 
Cons 

fx3 Mean Em.fx3(v) Mean Em.fx3(h) Mean 

MPa GPa GPa 

WIL-H2 

B2 

1952 

0.35 

0.71 

0.9 

3.4 

1.8 

3.5 B4 0.38 0.6 0.8 

B6 1.4 8.6 7.9 

KWE-H1 

B2 

1995 

0.74 

0.82 

5.9 

5.9 

4.7 

3.4 B3 0.77 7.1 3.6 

B4 0.95 4.8 2.0 

BEA-S1 

B2 

1955 

0.83 

1.06 

7.1 

9.5 

3.7 

6.0 B5 1.36 13.2 11.6 

B6 0.99 8.3 2.6 

ROE-S2 

B1 

1955 

0.57 

0.71 

1.0 

2.6 

0.8 

2.8 B3 0.67 2.7 4.2 

B4 0.88 4.1 3.3 

ROE-S3 

B1 

1985 

0.57 
0.48 

4.1 
3.1 

8.1 
4.6 

B3 0.39 2.1 1.0 

B5 Problem with recording of force 

Weighted average 0.76 4.91 4.04 

Standard deviation 0.21 3.60 3.18 

Coefficient of variation 0.28 0.73 0.79 

 
 

  
 
 



Table 25 – In-Plane flexural strength and elastic modulus for perforated-clay-brick masonry. 
 

Perforated-clay masonry > 1945 

Sample name 
Year of 
Cons 

fx3 Mean Em.fx3(v) Mean Em.fx3(h) Mean 

MPa GPa GPa 

BEA-S2 

B1 

2001 

1.05 
0.81 

4.0 
3.0 

4.5 
2.9 

B2 0.56 1.9 1.2 

B3 Pump Dysfunction 

Weighted average 0.81 3.0 2.9 

Standard deviation 0.35 1.48 2.33 

Coefficient of variation 0.44 0.49 0.82 

 

Table 26 – In-Plane flexural strength and elastic modulus for frogged-clay-brick masonry.  

Frogged-clay masonry > 1945 

Sample name 
Year of 
Cons 

fx3 Mean Em.fx3(v) Mean Em.fx3(h) Mean 

MPa GPa GPa 

HOO-H2 

B1 

2013 

Failure immediately after load application 

B4 0.17 
0.14 

1.9 
1.6 

2.9 
1.75 

B6 0.11 1.2 0.6 

Weighted average 0.14 1.55 1.75 

Standard deviation 0.04 0.49 1.63 

Coefficient of variation 0.30 0.32 0.93 

 
Table 27 – In-Plane flexural strength and elastic modulus for calcium-silicate-brick masonry < 1985. 

 

Sample name 
Year of  

Cons 

fx3 Mean Em,fx3(v) Mean Em,fx3(h) Mean 

MPa GPa GPa 

BEA-H1 
B3 

1958 
0.13 

0.24 
2.4 

2.25 
1.1 

2.5 
B6 0.35 2.1 3.9 

LAG-H2 
B1 

1978 
0.46 

0.61 
1.9 

3.35 
1.0 

5.6 
B6 0.76 4.8 10.1 

SCH-H1 

B3 

1978 

0.41 

0.24 

3.2 

1.87 

2.8 

1.7 B4 0.17 2.0 - 

B5 0.13 0.4 0.6 

Weighted average 0.36 2.5 3.3 

Standard deviation 0.23 1.3 3.6 

Coefficient of variation 0.63 0.5 1.1 

 
 
 

 
 
 



Table 28 – In-Plane flexural strength and elastic modulus for other types of masonry. 
 

Sample name 
Year 

of 
Cons 

fx3 Mean Em,fx3(v) Mean Em,fx3(h) Mean 

MPa GPa GPa 

JUL-H1 
Concrete blocks 

B1 

1957 

0.28 

0.31 

1.5 

1.73 

0.6 

1.43 B2 0.33 1.8 1.5 

B3 0.33 1.9 2.2 

HOO-H1 
Aerated Concrete 

B1 

2013 

0.50 

0.58 

1.5 

1.30 

1.8 

1.73 B2 0.69 1.5 1.8 

B3 0.55 0.9 1.6 

JOH-H1 
CS elements 

B1 

2008 

1.44 

0.87 

5.4 

4.23 

6.5 

9.30 B2 0.71 4.5 7.4 

B5 0.47 2.8 14.0 

 

 
(a) 

 
(b) 

Figure 27 – In-Plane Bending – Typical crack patterns: (a) Crack at the point of load application; (b) Straight 
crack at the middle of the specimen. 

 

 

Figure 28 – In-Plane Bending – Typical crack patterns: Stepwise debonding in the brick-mortar interface. 
 

 
(a) 

 
(b) 

Figure 29 – In-Plane Bending – Double-leaf masonry crack patterns: (a) Front face; (b) Cross section of 
separation of leaves. 

 



  
(a) (b) 

Figure 30 – Histograms of in-plane flexural strength for: (a) all types of clay masonry; (b) calcium silicate 
masonry. 

 



8 Bond strength of masonry 
The bond wrench strength of bed joints is determined in agreement with EN-1052-5:2005.  

8.1 Testing procedure 
In total, samples from 14 out of 17 different objects were tested. The tests on 12 of the objects (namely for 
object codes BEA-S-1/-2, ROE-S-1.1/-1.2/-2/-3, HOO-H-2, WIL-H-1, LAG-H-2, WIR-H-1, JUL-H-1, and KWE-
H-1) were performed on specimens saw-cut from the remaining parts of specimens tested in in-plane and 
out-of-plane bending. For two objects (HOO-H-1 and JOH-H-1) special samples were provided specifically for 
bond wrench testing. Finally, for objects BEA-H-1, SCH-H-1 and WIL-H-2 no bond wrench tests could be 
performed, since all samples were broken on delivery and/or during bending tests and subsequent saw-
cutting. Any such zero-results were excluded here, although there is an argument to include them in the later 
interpretation stage of this project. 
 
The specimen is rigidly held by a support frame in accordance with EN 1052-5:2005. A clamp, with a lever 
attached, is applied to the top unit and the lever is used to create a bending moment in the mortar joint. An 

analogue scale registers the moment applied. The mortar-brick interface will fail at the location of maximum 
tensile stress. The apparatus is officially calibrated in the range 20–215 Nm. The tolerance is 4%. Manual 
readings are accurate to 10 Nm. For some tests, an apparatus calibrated up to 400 Nm was used. Figure 31 
shows the test layout. 
 

 

8.2 Elaboration of data 
The bond wrench strength fb,bj is calculated on the assumption that the stress distribution is linear over the 
top brick width: 
 

 

(10) 

 
Where F1 is the failure load, F2 is the weight of the bond wrench apparatus, e1 is the distance from the applied 
load to the tension face of the specimen, e2 is the distance from the centre of gravity of the clamp to the 
tension face of the specimen, F3 is the weight of the masonry unit pulled off the specimen, including the 
weight of adherent mortar, b is the mean width of the bed joint, tu is the mean depth of the masonry unit. If 
a crushing failure of the masonry unit occurs then the bond strength is not governing and only minimum bond 
strength, at the point of unit failure, will be known. The type of failure is classified as described in EN-1052-
5:2005 (Figure 32). 

6

43

2

2

3
212211

,

u

u

bjb
bt

F
FFteFeF

f












 
 

Figure 31 - Layout of the test. 



   
(a) Type A (b) Type B (c) Type C 

   
(d) Type D (e) Type E (f) Type F 

Figure 32 – Classification of failure modes according to EN-1052-5:2005 (1 tension face, 2 compression 
face). 

 
The results are presented according to masonry unit type in Table 29 to Table 32. 
 

Table 29 – Test results for solid clay brick masonry specimens < 1945. 
 

Object 
Year of 
Cons 

Sample 
fb,bj 

[MPa] 
Failure 
Mode 

Mean St. Dev. C.o.V. 

WIR-H1 1920 

1 0.71 Type D 

0.60 0.15 0.25 

2 0.42 Type D 

3 0.70 Type D 

4 0.41 Type D 

5 0.71 Type D 

6 0.62 Type D 

ROE-S1.1 1922 

1 0.34 Type A 

0.25 0.11 0.44 

2 0.24 Type A 

3 0.21 Type B 

4 0.39 Type D 

5 0.22 Type A 

6 0.08 Type A 

ROE-S1.2 1922 

1 0.33 Type C 

0.15 0.11 0.74 

2 0.09 Type B 

3 0.03 Type B 

4 0.08 Type C 

5 0.21 Type A 

6 0.14 Type A 

Solid Clay Brick Masonry 0.33 0.23 0.71 

 



Table 30 – Test results for solid clay brick masonry specimens > 1945. 
 

Object 
Year of 

Cons 
Sample 

fb,bj 
[MPa] 

Failure 
Mode 

Mean St. Dev. C.o.V. 

WIL-H2 1952 

1 0.65 Type D 

0.63 0.17 0.28 

2 0.47 Type D 

3 0.95 Type D 

4 0.63 Type D 

5 0,48 Type D 

6 0,61 Type D 

BEA-S1 1955 

1 0.19 Type A 

0.23 0.05 0.19 

2 0.20 Type B 

3 0.29 Type A 

4 0.29 Type B 

5 0.22 Type A 

6 0.21 Type A 

ROE-S2 1955 

1 0.24 Type C 

0.54 0.21 0.40 

2 0.40 Type C 

3 0.41 Type A 

4 0.69 Type B 

5 0.76 Type C 

6 0.72 Type C 

ROE-S3 1985 

1 0.64 Type A 

0.42 0.24 0.58 

2 0.52 Type A 

3 0.47 Type A 

4 0.12 Type A 

5 0.12 Type A 

6 0.65 Type A 

KWE-H1 1995 

1 0.33 Type A 

0.31 0.09 0.29 

2 0.47 Type B 

3 0.24 Type A 

4 0.25 Type A 

5 0.35 Type A 

6 0.24 Type A 

Solid Clay Brick Masonry 0.43 0.22 0.51 

 
 

  



Table 31 – Bond wrench strength for CS masonry samples. 

Object 
Year of 
Cons 

Sample fb,bj [MPa] 
Failure 
Mode 

Mean St. Dev. C.o.V. 

LAG-H2 1978 

1 0.18 Type A 

0.18 0.06 0.33 

2 0.08 Type A 

3 0.22 Type A 

4 0.20 Type A 

5 0.23 Type A 

No other suitable samples were available. 

SCH-H1 1987 No suitable samples were available. 

WIL-H1 1952 No suitable samples were available. 

BEA-H1 1958 No suitable samples were available. 

 
Table 32 - Test results for other specimens. 

 

Object 
Year of 
Cons 

Sample fb,bj [MPa] 
Failure 
Mode 

Mean St. Dev. C.o.V. 

JUL-H1 
Concrete 

block 
1957 

1 0.47 Type C 

0.23 0.13 0.56 

2 0.19 Type C 

3 0.26 Type C 

4 0.14 Type C 

5 0.13 Type C 

6 0.18 Type C 

BEA-S2 
Perforated 
clay brick 

2001 

1 0.16 Type B 

0.15 0.03 0.20 

2 0.12 Type A 

3 0.16 Type A 

4 0.20 Type B 

5 0.13 Type A 

6 - Crushing 

HOO-H2 
Frogged clay 

brick 
2013 

1 0 No bond 

0.05 0.046 0.92 2 0.06 Type A 

3 0.09 Type A 

No other suitable samples were available for testing, due to the poor 
condition of the original specimens. 

HOO-H1 
Aerated 
concrete 

block 

2013 Crushing of blocks where clamped for small values of M. 

JOH-H1 CS 
element 

2008 Crushing of elements where clamped for M=250 Nm. 

 



As documented in the above tables, the prevalent modes of failure are type A, i.e. failure at the interface 
between the upper brick and mortar, and type D, i.e. failure within the mortar joint. Typical failure mechanisms 
are shown in Figure 33. 
 
Figure 34 shows the failure mechanism for aerated concrete block samples (HOO-H1), which can be attributed 
to the poor mechanical properties of the units. 
 
Figure 35 presents the histograms of bond strength for all types of clay bricks specimens and calcium silicate 
specimens. 
 

 

 

(a) (b) 
Figure 33 - (a) Type A failure (BEA-S-2) and (b) Type D failure (WIR-H-1). 

 

 

Figure 34- HOO-H-1 failure mechanism. 

 
 



  
(a) (b) 

Figure 35 – Histograms of bond strength for: (a) all types of clay masonry; (b) calcium silicate masonry. 



9 Compressive strength of masonry perpendicular to bed 
joints 

 
In this section, the results of cyclic vertical compression tests on masonry are presented, which were 
performed in TU/e. The values of vertical compressive strength, Young’s modulus (defined as the slope of the 
most linear part of the stress-strain curve), and compression fracture energy (calculated as the area 
underneath the stress versus strain (based on the LVDTs displacement) times average of LVDTs length curve) 
are reported.  
Table 33 - Table 37 list the main experimental results of the calcium silicate, clay, concrete, and aerated 
concrete wallettes.  
 

Table 33 – Results of vertical compression tests on calcium silicate masonry < 1985.  

Sample 
name 

fm,v Mean Echord,v Mean Gf-c,v Mean 
MPa MPa N/mm 

BEA-H1 
6.02 

5.72 
5491 

3984 
10.79 

12.54 
5.42 2476 14.28 

WIL-H1 
9.97 

9.55 
5882 

6276 
21.57 

22.72 
9.12 6669 23.87 

LAG-H1 

13.45 

14.15 

9909 

9156 

36.27 

35.22 15.78 9163 34.17 
13.22 8395 - 

SCH-H1  

13.69 

13.63 

11481 

9293 

15.12 

15.55 

12.97 9875 23.18 

13.27 8268 11.73 

14.60 8348 12.16 
13.63 8491 - 

Weighted 
average 

10.76 7177 21.51 

Standard 

deviation 
3.94 2543 10.09 

Coefficient 
of variation 

0.37  0.35 0.47 

 

Table 34 – Results of vertical compression tests on clay masonry < 1945. 

Sample 
name 

fm,v Mean Echord,v Mean Gf-c,v Mean 
[MPa] [MPa] [N/mm] 

WIR-H1 

14.54 

14.40 

12872 

13675 

- 

- 14.94 14477 - 

13.72 - - 

MID-H1  

12.02 

12.01 

5471 

4613 

47.19 

40.91 13.17 4436 - 

10.85 3933 34.63 
15.84 

12.14 

4388 

3864 

24.01 

24.01 10.95 3339 - 

9.61 - - 

ROE-S1 

11.77 

11.62 

9560 

10054 

16.40 

19.42 
9.25 10548 18.50 

12.80 - 23.38 

10.59 - - 

13.70 - - 

MOL-H1 

4.35 

4.00 

3843 

3568 

- 

9.50 4.50 4048 9.29 

3.09 2813 9.72 
3.85 3.92 2445 1690 9.01 6.85 



4.79 1355 6.02 
3.11 1269 5.53 

Weighted 
average 

9.68 6244 20.14 

Standard 
deviation 

4.54 4603 13.57 

Coefficient 
of variation 

0.47 0.74 0.67 

 
Table 35 - Results of vertical compression tests on clay masonry > 1945. 

Sample 
name 

fm,v Mean Echord,v Mean Gf-c,v Mean 
[MPa] [MPa] [N/mm] 

BEA-S1 

13.99 

14.05 

8804 

6779 

15.18 

17.03 
16.54 6301 12.85 
16.50 8662 11.06 

11.97 2213 29.03 

11.27 7916 - 

KWE-H1 

11.48 

10.56 

7287 

5930 

- 

27.11 
11.18 5631 24.35 
10.17 6980 19.62 

9.39 3821 37.37 

WIL-H2 

22.96 
20.51 

14696 
12348 

14.04 
18.86 20.15 9666 29.47 

18.43 12681 13.06 

ROE-S3 

9.38 

9.10 

7151 

4332 

- 

29.67 
9.77 3876 35.36 

8.29 3716 22.33 

8.96 2584 31.31 
28.60 

28.01 
9851 

8419 
- 

33.63 
27.41 6986 33.63 

BEA-S2 

19.44 

20.74 

10918 

8688 

25.85 

27.19 

20.93 9998 - 

18.86 8098 - 
21.41 8121 27.46 

22.18 6883 23.82 

18.17 6718 25.92 
26.26 11327 32.92 

18.66 7444 - 

ROE-S2 

12.91 

15.43 

15248 

13262 

13.28 

16.27 

18.12 15366 9.72 

12.27 7876 13.74 
16.09 12218 28.34 

17.78 15604 - 

HOO-H2 

8.40 

7.95 

2575 

2575 

6.40 

8.87 

8.07 1199 11.96 

7.35 1806 - 

8.05 3423 5.29 
7.89 3871 11.83 

Weighted 
average 

15.79 7792 22.33 

Standard 
deviation 

6.89 3695 8.33 

Coefficient 
of variation 

0.44 0.47 0.37 



Table 36 - Results of vertical compression tests on concrete wallettes. 

Sample 
name 

fm,v Mean Echord,v Mean Gf-c,v Mean 
MPa MPa N/mm 

JUL-H1 

6.12 

5.57 

5674 

5229 

10.88 

9.90 4.60 4688 9.12 

5.99 5326 9.70 

Weighted 
average 

5.57 5229 9.90 

Standard 
deviation 

0.84 500 0.90 

Coefficient 
of variation 

0.15 0.10 0.09 

 
Table 37 - Results of vertical compression tests on aerated concrete wallettes. 

Sample 
name 

fm,v Mean Echord,v Mean Gf-c,v Mean 
MPa MPa N/mm 

HOO-H1 

3.81 

3.77 

1591 

1808 

11.32 

11.11 
3.75 1977 - 

4.62 2105 11.13 

2.88 1558 10.88 

Weighted 
average 

3.77 1808 11.11 

Standard 
deviation 

0.71 275 0.22 

Coefficient 
of variation 

0.19 0.15 0.02 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



  
(a) (b) 

Figure 36 – Histograms of vertical compressive strength: (a) clay masonry; (b) calcium silicate masonry.  

 

  
(a) (b) 

Figure 37 – Histograms of vertical Young’s modulus: (a) clay masonry; (b) calcium silicate masonry.  

 

  
(a) (b) 

Figure 38 – Histograms of fracture energy: (a) clay masonry; (b) calcium silicate masonry. 



10  Shear strength of masonry 
 
In this section, the results of the shear tests carried out at TU/e are presented. The results of all tests for 
each object were processed and plotted in terms of the combination of shear stress and confining compressive 
stress at the onset of cracking, i.e. shear stress and confining stress were measured at the same time at or 
just before the peak. Considering a linear regression of the data, the initial shear strength fv0 and the 
coefficient of friction  can be found as the intercept with the vertical axis and the gradient of the line, 

respectively. Please note that strictly speaking the term friction does not apply here, as at peak there is no 
friction yet, but the stress combination defines a “ cut-off” criterion for crack initiation. 
 
A similar consideration can be applied to determine the residual shear strength fv0,res and the residual 
coefficient of friction res. In this stage, we can really speak about friction. 

 
In the interpretation and re-interpretation of data from TU/e, the peak value of the shear force was indeed 
associated to the value of the horizontal compressive force exactly at the same time. If the horizontal 
compressive force would be measured not exactly at the same time as the shear force, some changes in fv0 

and would be occurred  

 
Table 38 to Table 41 present the results of the triplet tests on calcium silicate, clay, and concrete masonry. 
Since the value of the residual coefficient of friction and the value of the residual shear strength are negative 
for the building SCH-H1 and WIR-H1,respectively, these values are excluded from the evaluation. 
 

Table 38 – Results of the triplet tests on CS masonry < 1985 

Object 

Ultimate Residual 

fv0  fv0,res res 

[MPa] [-] [MPa] [-] 

BEA-H1 0.18 0.74 0.07 0.66 

LAG-H1 0.03 1.10 0.02 0.72 

SCH-H1 0.53 0.53 0.78 -0.39 

WIL-H1 0.22 0.85 0.10 0.57 

Average 0.24 0.81 0.06 0.65 

Standard deviation 0.21 0.24 0.04 0.08 

Coefficient of variation 0.87 0.29 0.64 0.12 

 

Table 39 – Results of the shear triplet tests on clay masonry < 1945 

Object 

Ultimate Residual 

fv0  fv0,res res 

[MPa] [-] [MPa] [-] 

MID-H.1 0.30 0.50 0.10 0.51 

MID-H.2 0.34 0.80 0.05 0.82 

MOL-H.1 0.25 0.62 0.00 0.69 

MOL-H.2 0.17 0.56 0.06 0.54 

ROE-S-1.1 0.38 0.69 0.09 0.65 

ROE-S-1.2 0.26 1.23 0.05 0.73 

WIR-H1 0.43 1.19 -0.04 1.00 

Average 0.30 0.80 0.06 0.66 

Standard deviation 0.09 0.30 0.04 0.12 

Coefficient of variation 0.29 0.37 0.61 0.18 

 
 
 

Table 40 – Results of the shear triplet tests on clay masonry > 1945 

Object 
Ultimate Residual 

fv0  fv0,res res 



[MPa] [-] [MPa] [-] 

BEA-S1 0.46 0.81 0.08 0.77 

BEA-S2 0.84 0.45 0.06 0.72 

HOO-H2 0.15 0.69 0.07 0.70 

KWE-H2 0.60 0.67 0.04 0.79 

ROE-S2 0.46 0.94 0.04 0.69 

ROE-S3 0.21 0.90 0.12 0.66 

WIL-H2 0.52 1.12 0.06 0.70 

Average 0.46 0.80 0.07 0.72 

Standard deviation 0.23 0.22 0.03 0.05 

Coefficient of variation 0.50 0.27 0.41 0.06 

 

Table 41 – Results of the shear triplet tests on concrete masonry. 

Object 

Ultimate Residual 

fv0  fv0,res res 

[MPa] [-] [MPa] [-] 

JUL-H1 0.39 0.94 0.17 0.71 

 
Figure 39 shows the histograms of initial shear strength for clay masonry and calcium silicate masonry which 
are categorised based on the year of construction. 
 

  
(a) (b) 

Figure 39 – Histograms of initial strength for: (a) all types of clay masonry; (b) calcium silicate masonry. 
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11 Summary-overview of material properties 
The material properties, based upon the current test series, are summarised in Table 42 in terms of weighted average value and coefficient of variation. In addition, solid clay and calcium silicate specimens are sub-divided into “Poor Quality” and “Good Quality” 
categories, aligned with in-situ observations. 
 

Table 42 – Overview of mechanical properties based upon the current test series. 

Material property Symbol Unit 

Clay - Solid 

Clay - Perforated Clay – frogged 

Calcium Silicate 

Concrete Block Aerated Concrete CS element (pre 1945) (post 1945) (pre 1985) 

Poor Quality Good Quality Poor Quality Good Quality Poor Quality Good Quality 

Average C.o.V. Average C.o.V. Average C.o.V. Average C.o.V. Average C.o.V. Average C.o.V. Average C.o.V. Average C.o.V. Average C.o.V. Average C.o.V. Average C.o.V. 

Flexural strength of 
masonry unit 

fmu,t MPa 2.78 0.76 7.35 0.43 4.64 0.18 4.73 0.39 3.38 0.13 3.18 0.41 4.12 0.02 4.76 0.07 1.27 0.61 - - - - 

Compressive strength of 
masonry in the direction 
perpendicular to bed joints 

fm,v MPa 3.95 0.01 12.54 0.10 11.25 0.22 21.32 0.30 20.74 0.13 7.95 0.05 7.63 0.35 13.89 0.03 5.57 0.15 3.77 0.19 - - 

Elastic modulus of masonry 
in the direction 
perpendicular to bed joints 

Em,v GPa 2.6 0.51 8.1 0.58 5.7 0.22 11.3 0.23 8.7 0.21 2.6 0.43 5.1 0.32 9.2 0.01 5.2 0.10 1.8 0.15 - - 

Fracture energy in 
compression for loading 
perpendicular to bed joints 

Gf-c,v N/mm 8.18 0.23 28.12 0.40 24.60 0.27 22.92 0.41 27.19 0.13 8.87 0.40 17.63 0.41 25.38 0.55 9.90 0.09 11.11 0.02 - - 

Compressive strength of 
masonry in the direction 
parallel to bed joints 

fm,h MPa - - 10.86 0.11 - - 11.00 0.23 - - - - 5.62 0.35 7.53 0.11 - - 2.18 0.42 - - 

Elastic modulus of masonry 
in the direction parallel to 
bed joints 

Em,h GPa - - 8.9 0.26 - - 5.5 0.10 - - - - 4.9 0.13 3.4 0.48 - - 0.88 0.32 - - 

Fracture energy in 

compression for loading 
parallel to bed joints 

Gf-c,h N/mm - - 30.84 - - - 31.55 0.39 - - - - 18.08 0.21 18.86 0.37 - - 6.96 0.38 - - 

Masonry bending strength 
with the moment vector 
orthogonal to the bed joint 
and in the plane of the wall 

fx2 MPa - - 0.83 0.47 1.20 0.13 1.24 0.03 0.87 0.10 - - - - - - - - 0.47 0.09 1.29 0.10 

Masonry bending strength 
with the moment vector 
orthogonal to the plane of 
the wall 

fx3 MPa - - 0.61 0.20 0.79 0.37 0.71 0.005 0.81 0.44 0.14 0.30 0.24 0.65 0.42 0.62 0.31 0.09 0.58 0.17 0.87 0.58 

 
Flexural bond strength 
 

fb,bj MPa - - 0.33 0.71 0.32 0.30 0.58 0.12 0.15 0.20 0.05 0.92 0 - 0.09 - 0.23 0.56 - - - - 

Masonry (bed joint) initial 
shear strength 
 

fv0 MPa 0.21 0.27 0.34 0.19 0.42 0.47 0.49 0.09 0.84 - 0.15 - 0.20 0.14 0.28 - 0.39 - - - - - 

Masonry (bed joint) shear 
friction coefficient 
 

  0.59 0.07 0.88 0.36 0.79 0.15 1.03 0.12 0.45 - 0.69 - 0.80 0.10 0.82 0.49 0.94 - - - - - 
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Appendix A – Single Brick Compression 
In this Appendix, the graphs obtained from the compression tests on single bricks are presented. In these 
graphs, the compressive stress has been plotted versus the strain calculated from the LVDT measurements, 
whereas the applied force had been plotted versus the recorded jack displacement. 
 

  
(a) (b) 

Figure A.1– BEA-S-1, clay bricks, 6 tests: Compression stress as a function of strain (a) Compression 
force as a function of jack displacement (b). 

  
(a) (b) 

Figure A.2– LAG-H-2, CS bricks, 6 tests: Compression stress as a function of strain (a) Compression force 
as a function of jack displacement (b). 

  
(a) (b) 

Figure A.3– HOO-H-2, clay bricks, 6 tests: Compression stress as a function of strain (a) Compression 
force as a function of jack displacement (b). 
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Appendix B – Single Brick Bending 
In this Appendix, the graphs obtained from the bending tests on single bricks are presented. In these graphs, 
the flexural stress has been plotted both versus the horizontal and the vertical displacements, as recorded 
from the LVDTs. 
 

  
(a) (b) 

Figure B.1– BEA-S-1, clay bricks, 5 tests: Flexural stress vs. LVDT readings: (a) Horizontal displacements 
(b) vertical displacements 

 

  
(a) (b) 

Figure B.2– BEA-S-2, clay bricks, 6 tests: Flexural stress vs. LVDT readings: (a) Horizontal displacements 
(b) vertical displacements 

 
 

 
 



  
(a) (b) 

Figure B.3– KWE-H-1, clay bricks, 6 tests: Flexural stress vs. LVDT readings: (a) Horizontal displacements 

(b) vertical displacements 

  
(a) (b) 

Figure B.4– HOO-H-2, clay bricks, 6 tests: Flexural stress vs. LVDT readings: (a) Horizontal displacements 
(b) vertical displacements 

 

  
(a) (b) 

Figure B.5– MID-H-1, clay bricks, 6 tests: Flexural stress vs. LVDT readings: (a) Horizontal displacements 
(b) vertical displacements 

 



  
(a) (b) 

Figure B.6– MID-H-1, clay bricks, 6 tests: Flexural stress vs. LVDT readings: (a) Horizontal displacements 

(b) vertical displacements 

  
(a) (b) 

Figure B.7– ROE-S-1.1, clay bricks, 6 tests: Flexural stress vs. LVDT readings: (a) Horizontal 
displacements (b) vertical displacements 

 

  
(a) (b) 

Figure B.8– ROE-S-1.2, clay bricks, 6 tests: Flexural stress vs. LVDT readings: (a) Horizontal 
displacements (b) vertical displacements 

 



  
(a) (b) 

Figure B.9– ROE-S-2, clay bricks, 6 tests: Flexural stress vs. LVDT readings: (a) Horizontal displacements 

(b) vertical displacements 

  
(a) (b) 

Figure B.10 – ROE-S-3, clay bricks, 6 tests: Flexural stress vs. LVDT readings: (a) Horizontal 
displacements (b) vertical displacements 

 

  
(a) (b) 

Figure B.11 – WIL-H-2, clay bricks, 6 tests: Flexural stress vs. LVDT readings: (a) Horizontal 
displacements (b) vertical displacements 

 



  
(a) (b) 

Figure B.12 – WIR-H-1, clay bricks, 12 tests: Flexural stress vs. LVDT readings: (a) Horizontal 

displacements (b) vertical displacements 

 

  
(a) (b) 

Figure B.13 – BEA-H-1, CS bricks, 12 tests: Flexural stress vs. LVDT readings: (a) Horizontal 
displacements (b) vertical displacements 

 

  
(a) (b) 

Figure B.14 – LAG-H-2, CS bricks, 12 tests: Flexural stress vs. LVDT readings: (a) Horizontal 
displacements (b) vertical displacements 

 



  
(a) (b) 

Figure B.15 – SCH-H-1, CS bricks, 6 tests: Flexural stress vs. LVDT readings: (a) Horizontal displacements 

(b) vertical displacements 

 

  
(a) (b) 

Figure B.16 – WIL-H-1, CS bricks, 12 tests: Flexural stress vs. LVDT readings: (a) Horizontal 
displacements (b) vertical displacements 

 

  
(a) (b) 

Figure B.17 – JUL-H-1, concrete block, 6 tests: Flexural stress vs. LVDT readings: (a) Horizontal 
displacements (b) vertical displacements 

 



Appendix C – Four-point bending tests on wallettes 
In this Appendix, the graphs obtained from the four-point bending tests on wallettes are presented. The 
applied force is plotted as a function of the mid-span displacement, whereas the resulting moment is plotted 
versus the curvature (The strain from the horizontal LVDT divided by the distance of the LVDT from the neutral 
axis) of the specimen at the middle of the bottom row of bricks. 
 

  
(a) (b) 

Figure C.1– BEA-S-1, clay brick masonry, 3 tests: Out-of-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

 

  
(a) (b) 

Figure C.2– BEA-S-2, clay brick masonry, 3 tests: Out-of-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 
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(a) (b) 

Figure C.3– KWE-H-1, clay brick masonry, 1 test: Out-of-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

 

  
(a) (b) 

Figure C.4– ROE-S2, clay brick masonry, 3 tests: Out-of-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

 

  
(a) (b) 

Figure C.5– ROE-S3, clay brick masonry, 2 tests: Out-of-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 
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(a) (b) 

Figure C.6 – WIL-H2, clay brick masonry, 3 tests: Out-of-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

  
(a) (b) 

Figure C.7 – WIR-H1, clay brick masonry, 3 tests: Out-of-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

 

  
(a) (b) 

Figure C.8 – HOO-H1, gasbeton, 2 tests: Out-of-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 
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(a) (b) 

Figure C.9– JOH-H1, CS element, 2 tests: Out-of-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

  
(a) (b) 

Figure C.10 – BEA-S-1, clay brick masonry, 3 tests: In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

 

  
(a) (b) 

Figure C.11– BEA-S-2, clay brick masonry, 2 tests: In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 
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(a) (b) 

Figure C.12 – KWE-H-1, clay brick masonry, 3 tests: In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

  
(a) (b) 

Figure C.13 – HOO-H-2, clay brick masonry, 2 tests: In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

 

  
(a) (b) 

Figure C.14 – ROE-S-1.1, clay brick masonry, 3 tests: In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 
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(a) (b) 

Figure C.15 – ROE-S-1.2, clay brick masonry, 3 tests: In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

  
(a) (b) 

Figure C.16 – ROE-S-2, clay brick masonry, 3 tests:  In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

 

  
(a) (b) 

Figure C.17– ROE-S-3, clay brick masonry, 2 tests:  In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 
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(a) (b) 

Figure C.18 – BEA-S-1, clay brick masonry, 3 tests: In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

  
(a) (b) 

Figure C.19 – WIR-H-1, clay brick masonry, 3 tests: In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

 

  
(a) (b) 

Figure C.20 – BEA-H-1, CS brick masonry, 2 tests: In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 
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(a) (b) 

Figure C.21– LAG-H-2, CS brick masonry, 2 tests: In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

  
(a) (b) 

Figure C.22 – SCH-H1, CS brick masonry, 3 tests: In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 

 

  
(a) (b) 

Figure C.23 – JUL-H-1, concrete block, 3 tests: In-plane bending tests: (a) Force vs. Mid-span 
displacement; (b) Moment vs. curvature. 
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(a) (b) 

Figure C.24 – HOO-H-1, gasbeton, 3 tests: In-plane bending tests: (a) Force vs. Mid-span displacement; 
(b) Moment vs. curvature. 

  
(a) (b) 

Figure C.25 – JOH-H-1, CS element, 3 tests: In-plane bending tests: (a) Force vs. Mid-span displacement; 
(b) Moment vs. curvature. 

 


